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ABSTRACT 

 

COMPARISON AND VERIFICATION OF A STANDALONE LIGHTNING SENSOR 

AGAINST OBSERVATIONS FROM THE CLOUD-TO-GROUND LIGHTNING 

SURVEILLANCE SYSTEM II (CGLSS-II) AT KENNEDY SPACE CENTER 

by 

Katie Leigh Laro 

Plymouth State University, March 2014 

 

Thunderstorms can cause major impacts for range activities in the Kennedy Space 

Center (KSC)/Cape Canaveral Air Force Station region. Lightning from thunderstorms is 

one of the principal phenomena that cause the most frequent problems for these activities. 

This study involved verifying and comparing the observations from a prototype lightning 

sensor produced by the New Hampshire based company, Airmar Technology 

Corporation, against the Cloud to Ground Lightning Surveillance System II (CGLSS-II), 

at Kennedy Space Center (KSC) in Cape Canaveral, Florida. Cape Canaveral, Florida is 

an ideal site for which to perform the verification for two reasons: Florida is the lightning 

capital of the United States; and, for monitoring purposes, Kennedy Space Center 

requires a plethora of lightning networks which are publicly available. Various methods 

were implemented to determine the validity of the Airmar sensor in comparison to the 

CGLSS-II network including detection efficiency, logistic regressions, false detections, 

and location biases. This being the first generation of lightning sensor for this company, 

the data set it provided was limited, subsequently limiting the verification methods. A 
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sample from the results can be seen in the following: the sensor is largely noisy, 

statistically proven to have higher detection with lightning at closer distances and with 

higher absolute peak currents, and may have a problem with oversaturation of lightning 

with high absolute peak currents, a similar affliction seen with the CLGSS-II network. 

Future generations of this sensor will offer an alternative for NASA and/or numerous 

other agencies, businesses, organizations, and even individuals to obtain a reliable 

inexpensive lightning detection capability. 
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CHAPTER 1 

1. Introduction and background 

a. Overview  

 The Airmar Technology Corporation (2014), a New Hampshire company, 

requested that the Plymouth State University (PSU) Meteorology Program perform a 

comparative study of their recently developed, low-cost commercial lightning detector 

against observations from a reputable lightning detection network, which could basically 

be used as “ground truth”. PSU had previous experience with verifying the performance 

of a commercial lightning network using comprehensive data from the U.S. Air Force 

(USAF) Cloud to ground component of the Four Dimensional Lightning Surveillance 

System (4DLSS) (Jacques 2011). The 4DLSS consists of a cloud-to-ground lightning 

component, better known as the second generation Cloud-to-Ground Lightning 

Surveillance System (CGLSS-II), and the second generation lightning aloft component, 

better known as the Lightning Detection and Ranging (LDAR-II) system. PSU proposed 

a project to document the performance of the Airmar detector as compared to the 4DLSS. 

This thesis provides a summary of this comparative verification study. 

 A 30-year average of U.S. storm related fatalities from 1983 through 2012 

revealed that lightning ranked third highest in casualties behind flooding and tornadoes 

out of all weather events (Roeder 2012, NWS 2014a). Lightning has historically been the 

second leading source of storm deaths in the U.S., with floods taking the first spot  

(Roeder 2012). However, the fatality rate of lightning in the U.S. has been generally 

declining for many decades.  Trend analysis has shown that lightning has now fallen to 

the third leading source of storm deaths, with tornados now ranked second, and this 
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change in rank was found to be statistically significant (Roeder 2012). In New England, 

specifically in New Hampshire and Maine, lightning has been the cause of 35 deaths and 

250 injuries over the past 50 years (Jensenius 2014). States ranked by lightning fatalities 

weighted by population from 1959 though 2006 revealed two of the six New England 

states ranked in the top ten with Rhode Island in fourth and Massachusetts in ninth 

(Ashley and Gilson 2009). Even as recent as 24 June 2013 in Gilmanton NH, a group of 

boy scouts had their own close call with lightning as a tree next to where they were 

camping was struck. There were 23 boy scouts and three adults that sustained burns with 

six of the boys having severe burns to their chests (WMUR 2014). 

 While Airmar is based in New Hampshire, conducting a comparative study on 

lightning in this location would not be prudent. Due to the limited time available for this 

study, observations were taken at Kennedy Space Center (KSC) / Cape Canaveral Air 

Force Station (CCAFS) due to it’s high frequency of lightning events and the expansive 

and state-of-the-art data from the USAF high-performance lightning detection network. 

Figure 1 displays the Cloud-to-Ground (CG) lightning flash density over the Continental 

US (CONUS) (Vaisala 2014). It shows that the highest lightning flash density in the U.S. 

occurs in central Florida, known as the ‘Lightning Alley’ of the U.S., with an average of 

14+ flashes per km2 per year. This location is not only known for frequent lightning, but 

is also well monitored by multiple lightning surveillance systems making it an ideal 

location for this study.    
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Figure 1. The average US cloud to ground lightning flash density from the National 
Lightning Detection Network (Vaisala 2014). 

 
 The strict weather criterion for rocket launches is one of the many reasons 

lightning in this area is heavily monitored. A CG lightning strike exceeding a distance 

threshold and a peak current (Ip) threshold requires that a thorough inspection of the 

sensitive electronics on a payload or launch vehicle to be performed to determine if there 

was damage inflicted (Boyd et al. 2005, Merceret et al. 2014). A set of Lightning Launch 

Commit Criteria (LLCC) were created in the early years of space launch at CCAFS/KSC 

to provide guidelines to avoid triggered and natural lightning strikes to in-flight space 

launch vehicles. At the time, the only limitation was that there would be no launches in a 

thunderstorm. The LLCC was significantly updated, adding various criteria, following 

the Apollo XII mission in 1969, which endured two lightning strikes upon liftoff 

(Merceret et al. 2014).  

The LLCC have gone through several updates since the Apollo XII mission with 

the current criteria seen in Table 1. The 11 conditions involve safety regulations for when 

lightning is occurring and environments in which lightning can be triggered. Each 
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criterion contains several subsets of rules. For example, under the lightning section, one 

condition is that a launch must be delayed for 30 minutes after lightning or the 

thunderstorm cloud occurs within 10nm of the flight path, and for another condition 

based upon thresholds of electric field measurements (McNamara et al. 2010). The 

rationale for the LLCC is documented in the Space Shuttle Weather Launch Commit 

Criteria and KSC End of Mission Weather Landing Criteria (NASA 2014a). 

Table 1. Lightning Launch Commit Criteria involving all aspects involved in natural and 
triggered lightning occurrences (McNamara et al. 2010). 

1. Lightning  
2. Cumulus Clouds 
3. Attached Anvil Clouds 
4. Detached Anvil Clouds 
5. Debris Clouds 
6. Disturbed Weather 
7. Thick Cloud Layers 
8. Smoke Plumes 
9. Surface Electric Fields 
10. Triboelectrification  
11. “Good Sense” Rule 
(Suspected triggered 
lightning threat, not 
explicitly listed in other 
LLCC) 

 
 Lightning procedures are not limited only to launch events. Procedures are also 

used to protect outside workers from lightning. A two-phase lightning policy is 

conducted by the 45th Weather Squadron (45WS), the USAF unit that provides weather 

support to CCAFS/KSC (NASA 2014b, 45WS 2014). The 45WS issued 2,392 

watches/warnings from 2002 though 2009, making this product their most frequently 

released product (Roeder 2014, personal communication). The lightning Phase-1 watch is 

issued that lightning is expected within five nautical miles of various pre-specified 

locations with significant outside activity within CCAFS/KSC with a desired lead-time of 
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30-minute lead-time. A lightning Phase-2 Warning is issued when lightning is imminent 

or occurring within five nautical miles of the designated site(s). There are 13 sites for 

which lightning advisories are issued, as shown in Figure 2. The overlapping and close 

proximity of some of the lightning advisory areas can make forecasting cumbersome 

(Roeder and McNamara 2011). These lightning advisory procedures provide personnel 

safety and resource protection while minimizing the downtime so that outdoor work can 

proceed in preparation for space launch.  

  
Figure 2. The 13 lightning advisory sites and their five nmi radii. The colors of the circles 
representing varying areas, six red at CCAFS, five blue at KSC, and three purple at other 
locations such as Patrick AFB (Roeder 2014, personal communication).  
 
 The main reason for the cloud-to-ground component of 4DLSS is to help assess 

the risk of induced current damage from nearby cloud-to-ground strokes to sensitive 

electronics in satellite payloads, space launch vehicle avionics, and ground test 

equipment (Roeder 2010; Roeder et al. 2005).  It is critical to test electronics for induced 
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current damage to avoid the risk of mission failure or even launch accidents under 

extreme conditions. However, it also important to avoid unneeded inspections of 

electronics due to the cost and delays to processing for space launch and possible impact 

on launch schedule. Therefore a cloud-to-ground lightning detection system with better 

detection rate and location accuracy than national lightning detection systems is critical to 

operations at CCAFS/KSC.  

The 45WS provides daily lightning reports to the space launch customers 

whenever cloud-to-ground lightning has occurred in the area of their facilities.  These 

reports include the time, location, and peak current of the detected strokes.  In recent 

years, the 45WS has made several improvements to these lightning reports (Flinn et al. 

2010a; Flinn et al. 2010b), especially in using the lightning location error ellipses. This 

includes the integration of the lightning location probability density distribution over a 

critical radius around the various facilities (Huddleson et al. 2012; Huddleson et al. 

2010). Though not yet published, the 45WS updated their lightning reports further to 

adjust the size the lightning location error ellipses based on the quality of the lightning 

solution for each individual stroke (Roeder 2014, personal communication).   

The 45WS uses several lightning systems in support of America’s space program 

at CCAFS/KSC for evaluating LLCC, issuing lightning advisories, and providing 

lightning detection reports.  These systems include CGLSS-II, LDAR-II, the Launch Pad 

Lightning Warning System (LPLWS), and a satellite link to the National Lightning 

Detection Network (Roeder and McNamara 2011). In addition, extensive use of a 

dedicated weather radar (Roeder et al. 2009; McNamara et al. 2005; Boyd et al. 2003) is 

used to forecast locally developing lightning and lightning cessation (Woodward et al. 
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2012; Preston and Fuelberg 2012; Roeder and McNamara 2011; Yang and King 2010; 

Stano et al. 2010; Anderson-Melvib and Fuelberg 2010; D’Arcangelo 2000; Gremillion 

and Orville 1999; Roeder and Pinder 1998). The WSR-88D radar at Melbourne, FL is 

used as a back-up to the 45WS radar. These sensors, combined with the large amount of 

lightning in central Florida, make east central Florida a superb location for lightning 

research, including this evaluation of the Airmar Technology Corporation lightning 

sensors.    

b. Background  

 Data from the CGLSS-II network were used to accomplish the majority of 

verification of the Airmar detector. The LDAR-II network could be used in analyses of 

subsequent prototypes that produce elevation data to determine the performance of this 

aspect of the sensor. LPLWS was not used in this study since it has very limited total 

lightning location capability (Roeder and McNamara 2011). Prior to the correlation 

analysis, performance metrics required compiling to understand under what conditions 

the networks work well and any shortfalls the networks may have. 

 1) CLOUD TO GROUND LIGHTNING SURVEILLANCE SYSTEM  

 The original development of the CGLSS was in 1979, prior to the first shuttle 

launch of Columbia in 1981 to detect and record CG lightning in the vicinity of 

KSC/CCAFS. At the time, the CGLSS consisted of three magnetic direction finders 

(DFs) sensors (Mata et al. 2012). In 1983 though 1984, the system was updated and 

expanded to include two low gain DFs and three medium gain DFs. These direction 

finders were located on Merritt Island, as well as at airports in Titusville-Cocoa, Orlando, 
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and Melbourne. The system was once again updated from 1989 to 1994 to work on five 

LLP Model 141 Advanced Lightning Direction Finders (Boyd et al. 2005).  

 In 1998, CGLSS was converted to a short-baseline 6-antenna magnetic direction-

finding/time-of-arrival Improved Accuracy from Combined Technology (IMPACT) 

system, with six sensors placed ~30 km apart (Boyd et al. 2005; Mata and Wilson 2012). 

The six locations included Shiloh, Seminole, Tosohatchee, Cape Canaveral, Duda Ranch, 

and Melbourne. In 2002 the Duda Ranch site ran into leasing issues and was relocated to 

Deseret Ranch. This resulted in the six location sites that are still used in operation today, 

as seen in Figure 3.  

  
Figure 3. Locations of the six CGLSS-II sensors (Roeder 2014, personal communication). 

 
CGLSS transitioned to CGLSS-II upon the upgrade to a faster processor in 2009, 

the CP-8000, and other changes to 4DLSS (Roeder 2010). This enabled the system to 

provide stroke solutions in real-time rather than flash solutions (Flinn et al. 2010a). Flash 

solutions provided a single location for each cloud-to-ground lightning flash, regardless 

of its multiplicity (number of strokes per flash). The average multiplicity is 3.5 but can 

vary from 1 to over 28 strokes per flash.  
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The availability of stroke solutions was an important improvement for 

CCAFS/KSC since about half of the cloud-to-ground flashes with multiple strokes also 

have multiple ground strike points (NWS 2014b).  This upgrade increases real-time 

reports by 250% and fixed the CGLSS-I issue of reporting lightning closer than it 

actually was, if it was well outside the KSC/CCAFS (Roeder 2010). The location 

problem was the result of the average distance between multiple ground strike points 

being 3 to 10 km (Flinn et al. 2010a).  Thus, a user of flash report could think the 

lightning struck over 10 km away while their facility may have been struck. 

 There were several maintenance problems with CGLSS-II from 2009-2012, but 

were all resolved before this evaluation of the Airmar sensor.  This included installing 

two of Vaisala’s newer LS-7001 sensors into the network. A Network Performance 

Evaluation Program (Vaisala 2008) was conducted on CGLSS-II in August 2012 to 

optimize the network performance (Roeder, personal communication 2014). 

 CGLSS-II has an effective range of about 100 km and operates 24 hours a day, 

seven days a week, producing data including microsecond time, latitude, longitude, 

number of sensors used, multiplicity, lightning strike polarity, and peak current (Merceret 

et al. 2014; Mata et al. 2012). In processing data, the first step the CGLSS-II performs is 

having two or more sensors detect an electromagnetic waveform that is the result of a CG 

return stroke. Next, a landline communication to a central processor is used to send over 

the GPS time, stroke amplitude, polarity, and magnetic direction data. The time 

coincident data from two or more sensors are then used by the central processor in order 

to compute the optimum stroke location and the peak current (Ip), with latter being based 
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on the range-normalized signal amplitude. Lastly, the lightning data are sent to users in 

real-time (Mata and Wilson 2012). 

 The CGLSS-II incorporates four Vaisala Model 141-T IMPACT and two Vaisala 

LS-7001 sensors, an IMPACT 283-T Advanced Position Analyzer (APA), and a Network 

Display System (NDS). The IMPACT system involves using GPS technology in aiding in 

the location of lightning, while the Advanced Lightning Direction Finders (ALDF) 

operates as field sensors, the APA for the central data processor, and the NDS for 

graphical displays of the data. The sensors independently measure the relative signal 

strength, direction, and time of arrival to a CG strike and has a detection efficiency of 

75% within 50nmi (92.5 km) on the low gain setting, reported by the vendor (ESRL-GSD 

2014a).  

 The ALDF component provides lightning detection 24 hours a day by using an 

antenna assembly of two magnetic direction finding antennas – oriented east-west and 

north-south, three horizontal electric field antenna plates, and a GPS antenna. The ALDF 

process begins when a lightning strike is detected and includes measuring variables, 

encoding the data, and then sending them to the APA. The resulting data comprise time 

to the nearest ms, azimuth angle, signal strength, multiplicity, and a confidence message 

indicating how the device is functioning. The normal range for the ALDF on the extra 

high gain setting is 400 nm, while on the low gain setting it is about 50 nm and the 

direction accuracy is better than 1 degree within the normal range using an average GPS 

position to determine the strike locations (ESRL-GSD 2014a).  

 The final component of the CGLSS-II, the APA, is where all of the data gets 

processed. The APA first receives the data, which it then decodes, correlates, and stores. 
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It does this for each of the ALDFs, when ever lightning is detected. It correlates the data 

to determine the location and amplitude of each stroke while also determining the number 

of strokes per flash using two possible methods. The first method uses the time and angle 

at which the strokes were recorded, while the second uses the time and location of where 

they were recorded (ESRL-GSD 2014a).  

 CGLSS-II determines the location of return strokes using magnetic direction 

finding and time of arrival (Figure 4). At least two of the six sensors are needed for the 

magnetic direction finding method and at least three pairs of sensors are required for the 

time of arrival method. Lastly, using Chi-Squared minimization, the optimal location is 

determined (Roeder 2010). The peak current is estimated using measurements of peak 

field, or signal strength. For each sensor involved in a solution, the propagation effects 

are utilized to make a range-normalized value of the signal strength, with the 

normalization range set to 100km. The values of the range-normalized signal strength 

found for each sensor in a solution are then averaged and subsequently converted to an 

estimate of the peak current. The polarities of the return strokes are found using the 

direction of the electric field change associated with the lightning signal (Cummins et al. 

1998; Roeder 2014, personal communication).  
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a)  

b)  
Figure 4. Return stroke located by (a) magnetic direction finding, and (b) time of arrival 
(Roeder 2010). 

 
 There are some operational limitations as outlined by the CGLSS handbook. 

Electric noise can result in interference, which can lower the detection capability with 

buildings closer than 200 ft to the instrument. Another limitation can be the time it takes 

to travel to an instrument in the case of an outage, which can be longer than an hour and 

may not be possible if there’s flooding at the site. Lastly, if high flash rates occur, the 

data transfer rate might not be able to keep up, meaning some data would be lost. 

Furthermore, when there is only partial data for a flash, the rest is discarded (ESRL-GSD 

2014a).  
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 The performance metrics of CGLSS have been outlined in several studies. Ward 

et al. (2008) performed a comparative study between the CGLSS-I and the National 

Lightning Detection Network (NLDN). The only data analyzed for this study were the 

time-correlated strokes, excluding strokes missed by the CGLSS-I and detected by the 

NLDN. Thus, the missed strokes due to the slower processor were not a factor in the 

performance metrics. The data selection started by using counts of the CGLSS strokes 

from June through August of 2005 and 2006, within 100 km of an origin near the Launch 

Complex. The four days with the highest number of strokes were the cases that were 

analyzed. Ward et al. (2008) concluded that to be considered time-correlated, a stroke 

detected from CGLSS-I needed to be within a 2ms interval after the time of the related 

NLDN event.  

 The detection efficiency (DE) analysis was performed on the first negative strokes 

and subsequent negative strokes that produced new ground contacts. It was found that the 

DE for CGLSS-I of high current strokes, i.e. |Ip| ≥ 50kA, was 72% meaning it failed to 

report 28% of all high current strokes detected by NLDN. With high current strokes 

typically accounting for 10% of all strokes, this leads to an overall DE of 97.8%, or 2.8% 

of failed detections for the CGLSS-I.  Ward et al. (2008) explained that this could be 

attributed to CGLSS’s short sensor baseline causing the high current strokes to saturate 

the sensors.  

 The 45WS worked with Aerospace Corporation to estimate that the total amount 

of flashes lost due saturation across all flashes is 4.9% (Roeder and Saul 2012).  

Interestingly, given the previous overall detection rate of about 96% inside the network, 

this suggests that most of the missed detections are due to the strong local flash saturation 
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problem.  The 45WS is working to mitigate this problem by integrating the in-range 

NLDN sensors into their replacement for 4DLSS, scheduled to become operational in late 

2014. This will integrate the raw sensor observations from those NLDN sensors, not the 

NLDN lightning solutions, with the new local sensors in the new central processor so that 

the final solutions will represent the best combination of those sensors.  

By integrating the raw NLDN sensors, some up to 300 nmi away, with the new 

local sensors, the saturation problem from strong local strokes should be nearly 

eliminated. A strong local flash that would saturate the local sensors should be well 

detected by the more distant NLDN sensors.  While the lightning solution from just the 

NLDN will not have location accuracy as good as from the local sensors, the flash will be 

detected and the increased location error will be handled through the location error 

ellipse. If the local flash does not saturate the local sensors, the lower quality data from 

the more distant NLDN sensors will not degrade the quality of the lightning solutions 

since the central processor will always provide the optimal solution, essentially giving 

more weight to the local sensors in this case (Roeder 2014, personal communication). 

 One of the most recent studies, performed by Mata et al. (2012), involved 

evaluating the performance characteristics of the CGLSS-II to the NLDN using ground 

truth data from the Lightning Protection System (LPS) at Launch Complex 39B 

(LC39B). This LPS consists of three towers and nine downleads/downconductors, as seen 

in Figure 5 (Mata and Rakov 2008). It runs 24 hours a day, seven days a week and uses a 

100MS/s event driven data acquisition (DAQ) system. It has sub-microsecond time 

accuracy and has seven high-speed video cameras, capable of recording up to 455 frames 

at 3,200 fps. The LPS locates strikes using methods such as time of arrival (TOA), 
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magnetic direction finding, high-speed video frames, or downconductor currents (Mata et 

al. 2012). It is important to note that this study was conducted during the period of 

maintenance problems with CGLSS-II, during which CGLSS-II often had degraded 

performance. As noted above, the CGLSS maintenance problems were resolved in 2012, 

before this evaluation of the Airmar sensor began.     

 

 
Figure 5. View of the LPS on LC39B at KSC (Mata and Rakov 2008). 

 
 This study used data ranging from late March through December 2011. In all, 

there were 48 flashes consisting of 89 return strokes, occurring over 14 days. Only eight 

of the 48 flashes, all of which were negative, and 19 of the 89 return strokes were used, 

as this evaluation was limited to strokes that attached directly to the towers of the LPS.  

There were 63% of the eight flashes composed of multiple strokes, with only 20% having 

all return stokes ending in the same location (Mata et al. 2012).  

 Data were gathered for both CGLSS-II and NLDN for the 14 days of this study, 

including UTC time to the millisecond, decimal coordinates, Ip, polarity, number of 

reporting sensors, CG or IC (NLDN), and error ellipse parameters. The stroke DE was 

computed using correlations of each return stroke with a GPS time stamp. Location errors 

were determined using geographical coordinates for the strokes. The Ip was calculated by 

adding the currents of all nine downconductors, with a sum larger 10-90% rise time. In 

order to conclude multiple return strokes were from the same flash, the interstroke time 
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interval threshold was set to ≤500ms. To determine that either system detected a flash, 

there needed to be at least one match of a return stroke to the LPS (Mata et al. 2012).  

 With the results of this study, Mata et al. (2012) discovered that CGLSS-II did not 

keep up with multiple return strokes from a single flash if they ended in different 

locations. In one case with two strokes in different locations, CGLSS-II failed to detect 

either and in another case with three strokes in different locations, CGLSS-II only 

identified the first stroke. Table 2 displays the DE for both flash and stroke data for 

CGLSS-II and NLDN. The flash and stroke DE for CGLSS-II was 63%, with only 33% 

DE of single stroke flashes. The subsequent stroke DE was actually one percent higher 

than the first stroke DE, with 64% and 63%, respectively.  

Table 2. (a) Flash and (b) Stroke Detection Efficiencies for both CGLSS-II and NLDN 
for directly attached cases (Mata et al. 2012). 

a)  b)  
 
 The Ip for both CGLSS-II and NLDN were found to underestimate by 20-40%. 

There was one event where the peak current was so large that it saturated the LPS. The 

recorded Ip for this case was 174.3 kA, but could have actually been 200-220 kA. 

Excluding this one occurrence, the median absolute peak current was found to be 30 kA 

for the dataset. The overall rise times were between 1-6 µs with a mean rise time of 

2.9 µs and the interstroke time intervals were between 23 and 180 ms with a mean of 
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84 ms. Figure 6 shows the location accuracy in terms of overall location error and 

location error related to rise time. CGLSS-II outperforms NLDN in both categories, with 

a minimum, maximum and median location error of 51m, 467 m and 155 m, respectively. 

There is a definite trend seen in the CGLSS-II data in Figure 6b, which shows that with 

the larger the rise time, the smaller the error will be (Mata et al. 2012).  

a)  b)  
Figure 6. Strike location errors of CGLSS-II and NLDN in terms of (a) overall location 
error and (b) location error with respect to rise time. For Figure 5a, actual strike location 
denoted by the X and arrow indicates north direction (Mata et al. 2012). 
 
 Roeder (2010) raised an important consideration for this study. In his paper, 

Roeder outlined some modeled performance characteristics for the CGLSS-II network 

with a five-sensor network versus its full capability with six sensors. The median number 

of sensors used in a solution decreases from 4.8 sensors at the full six-sensor 

configuration to 2.58 sensors when only five sensors are operating. The median area of 

error ellipses also dramatically changes from .349km2 to .699km2 (Roeder 2010). Thus, 

the results of Mata et al. (2012) are likely an underestimate of the CGLSS-II network, 

since not all six sensors were working properly at the time of that study.  

 Murphy (2012) performed a study to determine the modeled location accuracy 

and detection efficiency of the CGLSS-II network for specific locations in and around the 
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CCAFS/KSC/Patrick AFB using a standard Vaisala performance model. It is essential to 

recognize that this study was mostly for stroke performance, as compared to flash 

performance metrics that are more traditionally cited—stroke detection efficiency will 

usually be less than for flashes. The results for this model are only representative for data 

with semi-major axis error ellipses ≤ 2.5 km and for the most common category of 

lightning, negative CG lightning. Detection efficiencies were modeled for first stroke, 

subsequent stroke, and average stroke for each combination of sensors having two to six 

sensors used in the solution, at each location. Other results given were median location 

accuracy for any stroke and the probability of detecting every stroke in a two to ten stroke 

flash were also given, again for each combination of sensors ranging from two to six 

sensors used in the solution at each of the 12 locations (Murphy 2012). An average of the 

average Stroke Detection Efficiencies (SDE) of all possible combinations of locations 

indicates that with four sensors the SDE is 79%, five sensors is 84%, and six sensors is 

87%. The average of all possible combinations of the median location accuracy for any 

stroke resulted in 334m with four sensors, 261m with five, and 200m with all six. As 

previously stated, the average number of sensors used in a solution, assuming all six 

sensors are operational, is 4.8 (Roeder 2010). This would imply that the modeled average 

SDE and location accuracy, inside the network, are roughly the same as the metrics listed 

for a five-sensor solution. 

2) NATIONAL LIGHTNING DETECTION NETWORK 

The NLDN has been around since 1989 and consists of 114 Vaisala thunderstorm 

cloud to ground enhanced lightning sensors (LS-7001). The NLDN is described in 

publications by Cummins and Murphy (2009), Orville (2008), Cummins et al. (2006), 
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and Cummins et al. (1998) and the performance of the NLDN is documented in Mata et 

al. (2012) and Ward et al. (2008). The Ward et al. (2008) study, as described previously, 

provides some performance metrics on the NLDN in the CCAFS/KSC area. The NLDN 

was found to miss 17.5% of negative CG strokes that were less than -12 kA on the 

specific day examined. NLDN missed 2% of the overall strokes on this day, which is 

thought to also represent the overall missed strokes in the entire data set. The median 

location error in this study was found to be consistent with the Vaisala model estimates of 

600-700 m (Ward et al. 2008). 

As seen in the CGLSS section, a paper by Mata et al. (2012) also examined the 

performance of the NLDN and CGLSS-II using lightning that directly connected to the 

LC39B LPS towers. The study used eight flashes consisting of 19 strokes that directly 

connected to the tower. The NLDN results were that the DE for ground flashes and 

strokes was 75% and 74%, respectively. The network had a DE for first strokes at 75% 

and a DE for subsequent strokes at 73%, which is not surprising given the NLDN is 

known for its capability in capturing high current stokes and less proficiency with the low 

current strokes (Mata et al. 2012:Nag et al. 2011:Mata and Wilson 2012). The absolute 

location error for direct return strokes in the Mata et al. (2012) study was a median of 

405m. While the location error proved to be more than double that of the CGLSS-II 

network, it still outperforms the CGLSS-II with its detection of high Ip strokes, which is 

why it is an ideal network to use in addition to the CGLSS network to obtain a complete 

representation of lightning with the entire range of intensities (Mata et al. 2012; Roeder 

and Saul 2012).  

 3) LIGHTNING DETECTION AND RANGING  
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 The Lightning Detection and Ranging (LDAR) system was designed in 1971 and 

was shortly after implemented at KSC (Merceret et al. 2014). LDAR is sensitive to very 

high frequencies (VHF); while the CGLSS network is sensitive to very low frequencies 

(VLF), so together they provide a complete representation of lightning activity at 

CCAFS/KSC (Murphy et al. 2008). The LDAR-I system had seven sensors opposed to 

the nine new sensors for LDAR-II. There was one central site, which had the capability 

of observing, controlling, and computing; and there were six other sites positioned 

radially about 10 km away from the central site. These six sites were able to observe 

lightning and send their received signals back to the central site 24 hours a day, seven 

days a week.  

 The LDAR-I sensors detected VHF radiation emitted by lightning at a frequency 

centered on 66 MHz and used TOA methods to locate the lightning. The TOA of multiple 

sites needed to agree within a specific certainty to plot the lightning in three dimensions. 

Four out of the six sensors were required to locate lightning, resulting in 20 possible 

combinations of sites. The data were quality controlled using a 0-22 quality indicator 

value, where the higher the number, the more of a consensus there was among solutions. 

To pass this quality control, the number required was ≥ 8.  LDAR-I had a location error 

of 300 m within 20 km of the central site, as specified from the vendor, and had six 

subsystems: Data Gathering, Data Buffering and Backup Archival, Data Computation, 

Communication, Display, and Calibration (ESRL-GSD 2014b).  

 The locations of lightning aloft detected by LDAR-II are determined from 

calculating the difference in the time of arrival of radio pulses from the sensors involved 

in the solution. Each pair of sensors provides a three dimensional hyperbolic surface. 
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Two pairs producing two hyperbolic surfaces intersect, resulting in a curved line on 

which the event lies. Using a third pair, a third hyperbolic surface intersects with the 

curved line, creating two points where the event can be located. The location of step 

leaders in three dimensions can then be determined by the intersection of a fourth pair 

and subsequent hyperbolic surface intersecting with one of the two points from the third 

pair. Figure 7 displays the location of step leaders using hyperbolae intersections from 

various pairs of sensors. Similar to the CGLSS-II network, there are many potential true 

solutions; therefore the optimal location of the step leader is found using Chi-Squared 

minimization (Roeder 2010).  

 
Figure 7. Step leader location using differences in time of arrival between pairs of sensors 
(Roeder 2010). 

 
 While the LDAR-I has the advantage of locating lightning in three dimensions, 

there are several limitations. The first is that unlike the CGLSS network, LDAR-I does 

not provide peak current estimates. Additionally, LDAR-I does not locate ground strike 

points; it uses the CGLSS network’s location data to provide this information. It also 

does not indicate potential triggered lightning due to its reduce DE below 2 km. Lastly, 

for the sensors to function properly, they need to be on the same plane of view to one 
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another. In addition to the limitations, the network has some problems with false signals 

passing quality control. Radial scatter from active storms >20 km away from KSC were 

picked up by LDAR-I as well as aircraft, jets, and other random noise. If an aircraft were 

in the vicinity of KSC flying low, below 10 kft, it would track its electromagnetic 

interference, whereas it would also track jets flying about 20 kft. The network could also 

pick up random noise if a local event was continuously triggering the central site (ESRL-

GSD 2014b).    

 The new LDAR-II system vastly improved upon the old system, resolving the 

majority of the issues that the old system produced. It is composed of nine LDAR-II 

sensors, seen in Figure 8, and is run on the same processor as the CGLSS-II, the CP-

8000. The sites baseline is 2.5 times wider than the original LDAR baseline. This 

widening of the network was possible because the sensors no longer transmitted an 

analog signal back to the central station, meaning the sensors did not need to be in line of 

site, or on the same plane as one another (Murphy et al. 2008).  

 
Figure 8. Locations of the nine LDAR-II sensors (Roeder 2014, personal 
communication). 
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LDAR-II uses differences in the TOA of radio pulses, generated by IC and step 

leaders, in order to calculate a hyperbolic volume. The intersection of three or four 

hyperbolae from various sensors is where the step leader is located. The statistical chi-

squared minimization is used to solve for the best location of the step leader. The new 

and improved network shows an increase in detection of 140% to what the old LDAR-I 

system was capable of detecting and has also drastically reduced the radial smearing 

(Roeder 2010). Additionally, it has eradicated the signals produced by aircraft by 

implementing a better noise reduction and quality control algorithm that requires that a 

signal emission to be above a threshold for at least five of the nine LDAR-II sensors 

(Murphy et al. 2008). 

 4) FOUR-DIMENSIONAL LIGHTNING SURVEILLANCE SYSTEM  

 The Four-Dimensional Lightning Surveillance System (4DLSS) was first 

implemented in April 2008. This system combines the CGLSS-II and LDAR-II networks 

to create an enhanced dataset. The 4DLSS was employed upon the update of the CGLSS 

to the CGLSS-II and the Lightning Detection And Ranging (LDAR) system to the 

LDAR-II. The 4DLSS network is displayed in Figure 9. One of the first 4DLSS 

performance studies conducted by Murphy et al. in 2008 looked at detection efficiency 

and location accuracy of the new network compared to that of LDAR system using data 

from 6 May 2007 and 2 August 2007. The 4DLSS captured 30228 VHF sources 

compared to the LDAR’s 24854 VHF sources.  
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Figure 9. Locations of 4DLSS sensors with red and orange markers denoting CGLSS-II 
and LDAR-II sensors, respectively (Roeder 2014, personal communication). 
 

The detection accuracy was performed using two methods, depending on the 

lightning situation. If storms were isolated and produced discrete flashes at a low rate, 

then a manual flash count between the LDAR and 4DLSS was performed. In situations 

with complicated storms, an automated DE analysis algorithm was used that broke the 

datasets into 0.2s intervals and counted events in a 10x10 km grid. The results for relative 

DE, or the 4DLSS flash count relative to the original LDAR flash count, ranged from 95-

109%. Values over 100% represented DE improvements at longer distances to the 

network caused by the widening of the space between sensors (Murphy et al. 2008). 

Additionally, in Roeder’s (2010) study, a modeled flash DE and location accuracy of the 

LDAR-II network were identified as 100% and 100 m.  

The location accuracy in the Murphy et al. (2008) study was also determined 

using two methods. The primary method compared the chi-squared distribution for 

located sources to a theoretical chi-squared distribution. The second method compared 

individual flashes located by the 4DLSS to the LDAR to verify the flash structure. The 
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results of location accuracy showed that both networks detect and locate sources that 

follow the same channel structure within the flash well, and that the 4DLSS handled 

small-scale features better than LDAR (Murphy et al. 2008).  

 The 4DLSS has encountered many technical issues with some of the sensors, as 

seen in the CGLSS section. Therefore, the current sustainability of the network is non-

existent. A complete replacement of all sensors is under work with an implementation 

date scheduled for late 2014. With the conclusion of this upgrade, the new system will be 

referred to as MERLiN, or the Mesoscale Eastern Range Lightning Network. Currently, 

three of the Vaisala’s LS-7001 sensors have been purchased with one being used to bring 

the CG component of the 4DLSS back to its six-sensor configuration, while the two extra 

are spares (Roeder and Saul 2012).  

In terms of updating other sensors, one suggestion was to update the LDAR 

sensors to the Vaisala LS-8000 sensors and the CGLSS-II sensors to the Vaisala LS-7001 

sensors. Another suggestion, directed in long-term sustainability, was to replace both the 

LDAR and CGLSS sensors with TLS-200 sensors. Unfortunately, any replacements of 

the LDAR sensors would result a loss of the capability of detecting lightning in the 

vertical component and therefore, no IC lightning detection (Roeder 2010). Another 

problem, as seen from the CGLSS section, is that the 4DLSS suffers from the failed 

detection of high Ip lightning. To eradicate this problem, also under the implementation 

of MERLiN, the in-range NLDN sensors will be integrated into the network (Roeder and 

Saul 2012). While MERLiN will provide several benefits over 4DLSS, most importantly 

being long-term sustainability, it will have one major shortfall relative to 4DLSS.  While 

MERLiN will still detect lightning aloft, it will only provide the ground projection of 
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those events, i.e. the x-y coordinates, but not the height z coordinate. Unfortunately, that 

is not a commercial off the shelf capability for the sensors being purchased in MERLiN. 

Once again, the 45WS estimates that the 4DLSS with only the CGLSS and LDAR 

networks misses about 4.9% of all local CG flashes due to the high peak current problem. 

The model flash detection rate of the 4DLSS is 96%, which means that nearly all of the 

missed flashes are from saturation due to high peak current events. Under MERLiN, the 

detection efficiency should approach 100%, regardless of peak current.  Until the 

integration of the local NLDN sensors is complete, KSC and the 45WS have and will 

continue to use Vaisala’s Strikenet to obtain the high Ip events from NLDN that the 

4DLSS fails to detect (Roeder and Saul 2012).  

5) AIRMAR SENSOR 

Airmar’s lightning detector is fundamentally different than the sensors 

incorporated in the networks at KSC/CCAFS. The CGLSS-II, LDAR, and NLDN 

measure the electric and magnetic fields of electromagnetic waves created by lightning, 

whereas the Airmar sensor detects lightning from the measurement of the magnetic field 

component of electromagnetic waves using a broadband antenna. The Airmar sensor, 

shown in Figure 10, has four antennas on either end of two perpendicular arms, each with 

a specified direction of North, East, South, and West. The two arms of the antenna are 

staggered on different planes to allow for simplified azimuth and elevation calculations. 

Located in the center of the device are the rest of the components, which collect and store 

the data. 
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Figure 10. Airmar sensor at Shuttle Landing Facility.  

The process of detecting lightning with the Airmar sensor begins when the 

induced voltage to the antenna with the DC offset of a specified value exceeds a 

minimum threshold value. The DC offset is a value manually chosen to reduce noise. 

This value can be changed, where an increase would result in more noise and lightning 

with lower intensities captured, where a decrease would provide less noise and only 

lightning with stronger intensities being captured. When the threshold is met, the device 

starts collecting comparator output, or data points, which can be either rising or falling 

edges in tens of picoseconds and collects this data from each antenna. This comparator 

output is then sent to a time to digital converter (TDC), which holds all of the data points 

from one event.  

Once the waveform passes, the TDC communicates with a microcontroller to get 

the data and empty the TDC to allow for the next event to be captured. The 

microcontroller then creates the timestamp for that set of data, which is the time at which 

the dataset reached the microcontroller. The amount of time it takes for the recorded data 
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to receive a timestamp is less than a millisecond, however, this process also does not take 

into consideration the time it took for the waveform to reach the sensor, as the device 

currently has no way of detecting lightning distance. The final step for the Airmar sensor 

is to send the data to a logger and communications port. The logger is the component that 

stores the data on an SD card and the communication port is where a computer can be 

physically connected to the device to receive real time data and upload time and 

sensitivity information.  

c. Objectives  

 The aim of this study was to determine the validity of an initial prototype of a new 

low-cost commercial lightning detector manufactured by Airmar Technology 

Corporation. This was accomplished by comparing the lightning data detected by the 

Airmar sensor against those of the well-established USAF/NASA lightning networks in 

Florida. East-central Florida was chosen as the location of this study due to the vast 

amount of lightning that occurs in this region and the availability of quality lightning 

observations from multiple lightning detection networks. Performing this study in Florida 

not only saved time but resources.  
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CHAPTER 2 

2. Data and methodology 

a. Data 

 1) CGLSS-II DATA AND FORMATTING 

 The CGLSS-II provided the data for the verification of the Airmar sensor. These 

data were extracted from the NASA Spaceport Weather Data Archive at 

http://kscwxarchive.ksc.nasa.gov/. Both a user interface, used to filter through specific 

criteria, and raw archival download were created. For the purposes of this study, raw real-

time CGLSS-II stroke data were acquired for quick retrieval. The raw data, as the name 

implies, were not quality controlled meaning there was the possibility of some bad data. 

A sample of the raw data is shown in Figure 11. The variables measured from the 

CGLSS-II network can be found in Table 3, with the time of observation given in tens of 

microseconds and the error ellipses are based off of the 50% confidence error ellipses for 

each stroke. The sensor numbers involved in detecting the stroke were not utilized in this 

study, as the Airmar sensor detects flashes and not strokes. Table 4 denotes the datum 

from Figure 11 with the variable names from Table 3. 

Figure 11. Example of CGLSS-II’s raw data output from the NASA Spaceport Weather 
Archive. 

 
 
 
 
 
 
 

09/01/2013	  21:01:58.5016025	  28.61306	  -‐80.77000	  -‐40.00	  Real	  0.10	  0.10	  17	  1	  2	  3	  5	  
6	  
09/01/2013	  21:05:32.5258418	  28.63583	  -‐80.76611	  	  -‐16.00	  Real	  	  0.10	  	  0.10	  	  79	  1	  2	  3	  
4	  5	  6	  
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Table 3. CGLSS-II measurements and associated units provided by the NASA Spaceport 
Weather Archive. 
Format Text 
Delimiter Space 
Variables (Units or Format) in output order  Date (MM/DD/YYYY) 

Time in UTC (HH:MM:SS.sssssss)  
Latitude (DMS) 
Longitude (DMS) 
Peak Current (kA) 
Test/Real stroke classification 
Error Ellipse Semi-major axis (km) 
Error Ellipse Semi-minor axis (km) 
Error Ellipse Orientation (Degrees) 
Sensor number if stroke is detected 

 
Table 4. Example of real CGLSS-II datum from Figure 9 with associated variable names 
from Table 3. 

Variable (from Table 3) Example (from Fig. 9) 
Date (MM/DD/YYYY) 09/01/2013 
Time in UTC (HH:MM:SS.sssssss)  21:01:58.5016025 
Latitude (DMS) 28.61306 
Longitude (DMS) -80.77000 
Peak Current (kA) -40.00 
Test/Real stroke classification Real 
Error Ellipse Semi-major axis (km) 0.10 
Error Ellipse Semi-minor axis (km) 0.10 
Error Ellipse Orientation (Degrees) 17 
Sensor number if stroke is detected 1 2 3 5 6 

 
2) AIRMAR DATA AND FORMATTING  

Data retrieval from the Airmar detector was done manually. This involved 

travelling to the sensor site daily on Mondays through Fridays and downloading the data 

from the sensors Micro SD memory card. The lightning detector’s data fields, shown in 

Table 5, include date and time of observation in local military time. This prototype did 

not record azimuth, elevation, distance from the sensor that the lightning occurred, the 

latitude and longitude of lightning, peak current, or multiplicity.  
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Table 5. Airmar sensor’s measurements and associated units. 
Format Text 
Delimiter Space 
Variables (Units/Format) in output 
order 

Date (MM-DD-YYYY) 
Time in military (HH:MM:SS) 

 

b. Temporal and spatial restraints 

 The Airmar detector was installed near the KSC Shuttle Landing Facility on 31 

July 2013. Once set up was complete, the sensitivity was thought to be low and the 

comparator level was increased beyond its default setting, subsequently increasing the 

devices sensitivity. The following weekend an impressive storm developed and moved 

overhead of the shuttle landing facility, where the Airmar sensor was located. Figure 12 

displays the CGLSS-II flash data from 2047 to 2049 on 3 August 2013. This figure 

includes the raw data of the flash that was likely responsible for oversaturating the 

sensor. This storm had a significant amount of lightning, which effectively oversaturated 

the sensor with so much data that it nearly filled the capacity of the 2 GB memory card. 

In reviewing the data, the detector reported a significant amount of lightning well before 

any convective thunderstorm activity was evident in the area. This may be a result of the 

sensor detecting the lightning further away than expected, as this thunderstorm was so 

strong over the central part of the state before moving eastward into Brevard County. 

Subsequently, the detector was reset to default comparator setting to obtain more 

manageable data for this study.  
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Figure 12. CLGSS-II flash data from 2047-2049 on 3 Aug 2013, denoted by purple 
boxes, centrally overlaid over the location of the Airmar sensor at the Shuttle Landing 
Facility. Each ring represents a ten-mile radii. Raw CGLSS-II data for the flash event 
occurring nearly overhead of the Airmar sensor location is also displayed in blue. 
 

The day (6 August 2013) the sensor was reset is used as the start date for 

collection of data. The final day of data collection was on 26 September 2013. This 

resulted in 40 days worth of CGLSS-II data and 29 days worth of Airmar sensor data. 

After 26 September 2013 there was a break in thunderstorm activity for several weeks. 

When activity was once again observed, the battery that supplied power to the Airmar 



	  
	  

33 

sensor could not be replaced because of the government shutdown at the Kennedy Space 

Center. When the battery was finally replaced, there were a few weak events in late 

October, but the sensor produced distorted, unusable data.  Additionally, on 20 August 

through 23 August 2013, the sensor malfunctioned due to insufficient voltage. The data 

for these dates were thrown out of the study, since this was not related to the sensor’s 

performance.  

 The CGLSS-II network, comprised of six sensors, has a location accuracy of 

250 m at 50% confidence in the center of the network, assuming all six sensors were used 

in the solution. However, it was found that the median number of sensors used in a 

typical solution was only 4.8. The resulting 50% confidence location accuracy in the 

center of the network is 333 m (Roeder 2010). The statistically significant 95% 

confidence location accuracy is at 693 m within the network. Figure 13a displays the 

detection rate of the CGLSS-II network, indicating lower rates with increasing distance to 

the network. Figure 13b shows the 50% confidence location accuracy in kilometers 

(Roeder 2010). As expected, as the distance to the network increases, so does the 

variability in the location of the lightning.  
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a)  

b)  
Figure 13. (a) Detection rate and (b) location accuracy of CGLSS-II, assuming all sensors 
are used in the solution (Roeder 2010). 

 
 Airmar indicated that the largest range the lightning sensor could detect was 60 

miles. Gathered from figure 13b, the 50% confidence location accuracy at 60 miles is 

4000 m for CGLSS-II, meaning actual location of the lightning could be ±4000 m, or 

about 2.5 miles from the reported position. Within the network, however, the actual 

location of lightning, even at 95% confidence may be about a half mile off the reported 

location. This means that the location error within the network is much less than outside 

the network, as can be expected. Based on the specified maximum range from Airmar, 

the greatest distance analyzed for this study was set to 60 miles.  
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c. Decoding and quality controls  

 1) CGLSS-II DATA  

 The CGLSS data were collected hourly with individual events denoted by 

separate lines. Since one of the aspects of this study was to analyze daily datasets, it was 

necessary to convert these hourly files to daily files. This was done using a simple Perl 

script. The next step in decoding the data was to use a flash algorithm to modify the 

CGLSS data from strokes to flashes. Since the Airmar sensor reports to the second, it was 

a logical approach to simply define a flash as the highest peak current stroke within one 

second, as this was expected to be the most likely waveform that the Airmar sensor 

would observe.  

 In order to coordinate CGLSS observations with Airmar’s, the times were 

converted to total seconds (Zulu) per day using the following formula: 

                                     !"#$%  !"#$ = (ℎℎ ∗ 3600)+ (!! ∗ 60)+ !!.                          (1) 

This conversion method was also used in Jacques (2011) study. Furthermore, the 

coordinates were converted from decimal to azimuth and distance away from the Airmar 

sensor site to obtain more sensible variables. The equation used for the azimuth 

calculation was:  

!"#$%&ℎ = !"!#2(cos !"#! ∗ sin !"#! − sin !"#! ∗ cos !"#! ∗ cos !"#! −

                                                                                              !"#! , sin !"#! − !"#! ∗ cos !"#! ),                                    (2) 

where latitude and longitude with the subscript “1” are the coordinates of the Airmar 

sensor site and the latitude and longitude with the subscript “2” are the coordinates of any 

specific CGLSS flash event (Veness 2014). Lastly, the distance from CGLSS event 

locations to the sensor was calculated using the haversine formula:  
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                                ! = !"#! ∆!
!

+ cos !! ∗ cos !! ∗ !"#! ∆!
!

,                           (3a) 

                                ! = 2 ∗ !"!#!( !, (1− !)),                                                       (3b) 

                                !"#$%&'( = ! ∗ !,                                                                           (3c) 

where Φ is latitude, λ is longitude, and R is the radius of the earth (Veness 2014). For this 

study, distance was obtained in two measures, kilometers and miles. The units that 

formula 3 produce are kilometers, so an additional conversion was made to find the 

distance in miles. The flash algorithm and time calculation, or equation 1, were executed 

using a FORTRAN script. The azimuth and distance calculations, or equations 2 and 3, 

were performed with a Perl script.  

 2) AIRMAR DATA 

 As stated previously, the data recorded by the Airmar sensor with this prototype 

needed to be manually downloaded from a microchip inside the instrument. The company 

generated a Matlab script, which was designed to decode the raw data and convert them 

to a more digestible format including date, time, azimuth, and elevation on one line per 

event. Unfortunately the data from real world observations behaved unlike the results 

from their lab testing, resulting in an error and failure to produce any output. Further 

testing has been performed in Airmar Technology Corporation’s lab to diagnose the 

problem, however, the updates could not be implemented before the field-testing season 

was over. All data for this study were obtained through the raw data files downloaded 

straight from the sensor without prior decoding, which is why this prototype only 

produced date and time of events. Using a Perl script, the time and date were extracted 

and converted to total seconds in Zulu time from local military time.  
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d. Correlation procedure 

With the Airmar sensor’s time resolution to the second, it was only possible to 

correlate to this temporal resolution. A FORTRAN script was created to determine 

correlated events. One of the challenges in this step was incorporating the fluctuating 

daily time lag, introduced by the timing mechanism in the Airmar sensor. This was 

overcome by determining the mode of the minimum change in time between all Airmar 

and CGLSS detected events in one day. Once the lag was established, if a CGLSS flash 

was within ± one second, incorporating the time lag, the event was classified as 

correlated. For this prototype, further correlations were not possible. Future analyses of 

subsequent prototypes that produce azimuth data will likely correlate the azimuths in 

addition to time, to determine if events were matches with more confidence. Events 

correlated with both time and direction will ensure that the lightning that the sensor 

detected was in fact the same flash that the verifying network sensed as well and not a 

flash from another location.  

e. Detection efficiency  

 1) OVERALL DETECTION EFFICIENCY (DE)  

A standard performance metric used in sensor verifications is DE. This simple 

formula: 

!" = !"##
!"#$$

 ,                                                                     (4)
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incorporates the number of correlated observations (Corr) with the number of total 

observations found by the CGLSS-II (CGLSS). There are two main types among many in 

which to calculate DE, flash or stroke DE. For this study, flash DE was the type analyzed 

due to the magnitude of time reported by the Airmar sensor.  

 Flash DE was calculated for each day in the study that observed lightning to 

determine the overall DE without overlooking daily variances. Larger weights were given 

to days with more lightning observations and smaller weights were given to days with 

less observations. By weighting each individual day, a better representation of the overall 

Flash DE is produced, in comparison to simply performing one DE calculation for the 

entire period covered in this study. The formula for calculating the overall DE is as 

follows:  

!" =   !!!"! +   !!!"! + ... +!!!"! ;                               (5a) 

with 

     !! =   
!"#$$!
!"#$$!

 ,                                                                    (5b) 

where the “!” subscript is the ith day examined and the “T”  subscript is for the total 

number of flashes detected by CGLSS-II. All detection efficiency calculations were 

executed using Perl scripts. 

 An additional performance metric frequently used in instrument and forecast 

verifications are contingency tables. These tables are used to produce probability of 

detection (POD) and false detection (FD) and other skill evaluators of predictands with 

discrete variables (Wilks 2006). In this study, the predictand, or forecast, are Airmar’s 

observations and the observed, or the discrete variable, are the ground truth observations 

by the CGLSS-II. The contingency table shown in Table 6 displays the four possibilities 
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that can occur. If an event is classified as category “a”, it constitutes a hit where both the 

CGLSS-II and the Airmar sensor observed the event. Category “b” represents an event 

that the Airmar sensor observed but the CGLSS-II did not, “c” is where an event was not 

detected by the Airmar sensor but was observed by the CGLSS-II, and d is when an event 

wasn’t detected by either the Airmar sensor or the CGLSS-II (Wilks 2006). The formula 

for POD is: 

               !"# = !
!!!

 .                                                            (6) 
 

Table 6. 2x2 Contingency table. 
Observed 

Yes No 

Forecasted 
Yes a b 

No c d 
 
 Most verification studies use POD to determine the skill in various grid boxes 

within a target area, rather than the total area as a whole (Lagouvardos et al. 2009; 

Jacques 2011). Performing this calculation on the entire test area would result in the same 

value as produced by detection efficiency. The only difference between the two is that in 

the denominator of POD, the total ground truth data set is separated into correlated and 

non-correlated, for which they are added, producing the same denominator as seen in the 

DE equation.  

 Another facet often utilized with POD is the false detection (FD) (Wilks 2006). In 

this equation: 

!" = !
!!!

 ,                                                       (7) 

the number of correlated events and the number of non-correlated Airmar events are 

incorporated. The FD is a great addition to DE in the determination of skill of the Airmar 



	  
	  

40 

sensor. DE uses the number of correlated observations and the total number of CGLSS-II 

observations in its calculation. FD is slightly different in that it includes the correlated 

observations and the total number of Airmar observations. The FD is an excellent way to 

utilize all of the observations that the Airmar sensor records.  

 To reiterate, the CGLSS-II was found to have a detection rate of 96% within the 

network, assuming all sensors are used in the solution, as found by a Vaisala detection 

model (Roeder and Saul 2012). This percentage is likely an overestimate of the actual 

detection rate, since not all sensors are typically used in the solutions and because not all 

lightning occurs in the confines of the networks (Roeder 2010). This being said, there is a 

small chance that the Airmar sensor observed and recorded lightning that was missed by 

the CGLSS-II network, which is the reason the FD technique was implemented.  

Critical success index (CSI) is yet another statistic that can be utilized to 

understand the performance of the Airmar sensor. It takes into account all of the CGLSS-

II and Airmar datasets, which includes the data that is correlated and the data from both 

that are not correlated. The result of the CSI will indicate the skill of the Airmar sensor, 

with values ranging from 0, being poor skill, to 1, being perfect skill. The equation,  

                                !"# =    !
!!!!!

 ,                                                      (8) 

represents events that are correlated, ‘a’, over all data collected from the CGLSS-II and 

Airmar sensors, which includes correlated data, ‘a’, uncorrelated CGLSS-II data, ‘b’, and 

uncorrelated Airmar data, ‘c’. 

2) RANGE VARIATION 

As previously stated, the Airmar sensor does not report the distance from the 

detector to the lightning event. So finding the flash detection efficiency as a function of 
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range reported by the CGLSS-II is a logical process to perform, in order to determine the 

maximum range capability of the Airmar sensor. One way in which to analyze the DE as 

a function of distance is by logistic regression (LR), which allows the predictand, DE, to 

be a probability, rather than a concrete number.   

In the most common application of LR, the predictand is converted to a binary 

variable, with values of either zero or one (Wilks 2006). To follow this approach, a value 

of one was assigned to correlated observations between the Airmar sensor and the 

CGLSS-II network, and non-correlated observations were assigned a value of zero. Other 

data needed for the LR were the CGLSS-II distance data, which served the purpose of the 

predictor data set. Due to the predictand data set taking a binary form, a simple linear 

regression is not able to fit the data as well as the LR can. Therefore, LR was the type 

selected to implement in this study. The product of the LR yielded the variance in DE 

explained by the variance in distance of the lightning to the sensor. A similar method 

using LR was used in Jacques (2011) study where the LR was performed using stroke DE 

of the United States Precision Lightning Network (USPLN) and the CGLSS-II as a 

function of peak current.  

Minitab, a statistical package, was used to perform the logistic regression for this 

study. This application has a graphical user interface for easy use. Minitab has data cells, 

similar to excel; thus, the data from the text files were converted to this format. The 

columns that were required for the predictand and predictor in the LR (i.e. binary values 

and direction, in this case) were highlighted and with a simple selection from a menu, the 

LR was performed. An additional method used to observe the range variation was simply 

calculating the overall DE (Equation 5) for each of the various distances. The ranges 
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were ≤ 60, 50, 40, 30, 20, 10, and 5 miles. A Perl script was used to separate the CGLSS-

II data, including correlation values, into various distance text files. A second Perl script 

was created to calculate the overall DE for each of the different ranges of distance.  

3) PEAK CURRENT VARIATION 

 The Airmar sensor detects the magnetic field component of the electromagnetic 

waveform that is produced by lightning. Therefore, a reasonable hypothesis is that the 

sensor will have higher detection efficiency with peak currents of larger magnitudes, due 

to the intensity of the waveform. It would also indicate whether the Airmar sensor has a 

problem with saturation of high peak currents, which is a known issue for the CGLSS-II 

network. The variation in detection efficiency due to peak current was determined in the 

same fashion that the range variation was found. A logistic regression using Minitab was 

implemented, this time with peak current rather than distance for the predictor data set. 

The binary data set was again used for the predictand. This logistic regression produced 

the variation of detection efficiency explained by the variation in peak current. The peak 

current variation was also observed as overall detection efficiency (Equation 5) for each 

peak current range, with the predictor as the peak current and the predictand as the binary 

correlation values. The ranges of peak currents used in the detection efficiency 

calculations were < 25 kA, 25-49 kA, 50-74 kA, and ≥ 75 kA. This aspect was 

accomplished using the same two Perl scripts that separated and calculated the detection 

efficiency from the Range Variation section. 
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f. Location bias 

AZIMUTH VARIATION 

While this Airmar sensor prototype does not produce azimuth, it is still possible 

that there is a range bias with the detection efficiency. In order to observe if the detector 

performed better in certain locations, Cardinal and Ordinal directions were used as 

azimuth ranges and the overall detection efficiency calculation (Equation 5) was 

implemented for each range. Directions and associated azimuth ranges are defined in 

Table 7. 

Table 7. Directions and their corresponding azimuth angles. 

Direction Azimuth Range 
(Degrees) 

North 337.5-22.5 
Northeast 22.5-67.5 

East 67.5-112.5 
Southeast 112.5-157.5 

South 157.5-202.5 
Southwest 202.5-247.5 

West 247.5-292.5 
Northwest 292.5-337.5 

 

The detection efficiency by direction was calculated once text files were 

generated for the separate azimuth ranges. Separating the files was performed in Perl 

script and the overall detection efficiency calculations were completed using a separate 

Perl code. 

g. Other data considerations 

It is important to note the frequency of the CGLSS-II data in various categories 

such as direction, distance, and strength. Certain values in detection efficiency or location 

bias of the Airmar sensor may be explained by the frequencies of the CGLSS-II dataset in 

any specific class. Therefore, any influence the CGLSS-II dataset has on the detection 
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efficiency or location bias will be better understood with these frequencies defined. In the 

following chapter, the CGLSS-II dataset will be examined and the results from the 

methods previously described will be discussed. 
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CHAPTER 3 

3. Results  

a. CGLSS-II dataset 

After the completion of data collection, the CGLSS-II data set was stratified in 

several categories. Between the dates of 6 August and 26 September 2013, a total of 40 

days of CGLSS-II data had been collected, resulting in 14,387 flash events. Of these 

events, the most prevalent directions of lightning with respect to the sensor were West 

with 4211 events, followed by Southwest, Northwest, and South. In distance ranges of 10 

miles, the largest number of flash events occurred within the 51-60 mile range with a 

total of 4,656 events. With the data separated into absolute peak current ranges, the 

largest number of events, 7,232, had absolute peak currents of less than 25 kA. The 

percentages of occurrences in these various categories can be seen in Figure 14. 

An expected result was the stratification of CGLSS-II observations by direction. 

In a convective wind climatology centered over KSC/CCAFS, events by direction were 

also observed and can be seen in Figure 15 (Koermer 2014). It is clear that the peaks in 

the West, Southwest, Northwest, and South are similar in the climatology and in the 

CGLSS-II dataset used in this study, or Figure 14a. The total number of observations for 

the different maximum ranges is shown in Table 8. 
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a)  

b)  

c)  
Figure 14. Percent of CGLSS-II flashes in (a) various directions, (b) various distance 
ranges, and (c) various absolute peak current ranges. 

!"

#"

$!"

$#"

%!"

%#"

&!"

&#"

'" '(" (" )(" )" )*" *" '*"

!"
#$
"%

&'(
)'*
+,
-.
"-
'/
'

01#"$2(%'

!"#$"%&'()'*+,-."-'1%'3,#1(4-'5,#61%,+',%6'
7#61%,+'01#"$2(%-'

!"

#"

$!"

$#"

%!"

%#"

&!"

&#"

'!(#$" #!()$" )!(&$" &!(%$" %!($$" $!('" *"#"

!"
#$
"%

&'(
)'*
+,
-.
"-
'/
'

01-&,%$"'2,%3"-'451+"-6'

!"#$"%&'()'*+,-."-'1%'7,#1(8-'2,%3"-'

!"

#!"

$!"

%!"

&!"

'!"

(!"

)"$'"" $'*&+"" '!*,&" -",'"

!"
#$
"%

&'(
)'*
+,
-.
"-
'/0

1'

23-(+4&"'!",5'64##"%&'7,%8"-'/521'

!"#$"%&'()'*+,-."-'9:&.';,#:(4-'23-(+4&"'!",5'
64##"%&-'



	  
	  

47 

 
Figure 15. Percentage of convective wind events by direction (Koermer 2014).  

 
Table 8. Number of CGLSS-II observations for specific ranges. 

Range Number of 
Observations 

≤ 60 14387 
≤ 50 9731 
≤ 40 6463 
≤ 30 3569 
≤ 20 1525 
≤ 10 269 
≤ 5 63 

 
b. Overall detection efficiency  

 1) RANGE VARIATION 

 (i) Detection efficiency 

 The overall DE can also be considered the overall DE of ≤ 60 miles, as to include 

all ranges, directions, and peak currents. For this study, the maximum range was 

decreased several times to estimate the distance the Airmar sensor, as configured, could 

realistically detect lightning. Figure 16 displays the DE with the various ranges and the 

percent of CGLSS-II detected flashes associated with those ranges. 
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Figure 16. Overall DE and percent of CGLSS-II flashes with various ranges. 

 As shown by Figure 16, the detection efficiency increases as the distance of the 

lightning to the Airmar sensor decreases. The highest detection efficiency at ≤ 5 miles is 

53.97% and the lowest detection efficiency at ≤ 60 miles is 2.35%. Once more, the 

detection efficiencies less than the ≤ 60 mile range include all peak currents and from all 

directions with respect to the sensor location. The DE value at ≤ 60 miles includes all 

data collected in the study. In the subsequent sections, the detection efficiency will be 

broken down not only by distance, but also by peak current and azimuth as indicated by 

the CGLSS-II observations.  

 (ii) Logistic regression 

 In order to obtain a tangible understanding of the relationship between the 

detection efficiency and variables such as range, a logistic regression was implemented. 

The results, shown in Table 9, display the concordant, discordant, ties, and p-test values. 

The proportion of concordant to discordant pairs is a way to describe the level of 

agreement between the observations and the model predictions; this demonstrates how 

well the model reflects the observed data. The total number of pairs is determined by 
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multiplying the number of correlated events with the number of uncorrelated events. A 

pair is considered concordant if the observation with a binary value categorized as a hit 

also has a higher estimated probability, i.e. with observations that are either closer to the 

sensor or higher in peak current. Concordant pairs can also be assigned if a binary value 

of a miss also has a lower estimated probability, i.e. with observations that are either 

farther from the sensor or have low peak currents. Discordant pairs are the opposite, if the 

binary value categorized as a hit also has lower estimated probability, or observations that 

are farther or have lower peak current. Another possibility for a discordant pair is if the 

binary value classified as a miss also has observations that are either close or high in peak 

current. The higher the concordant value is, the more the variability in distance plays a 

role in the variability in detection efficiency. A typical alpha level in statistics can be 

from 0.05 - 0.01. Since the p-test value is less than the alpha level value, the model is 

significant at the 95% and 99% confidence level.  

Table 9. Logistic regression results for detection efficiency versus range. 
Concordant 90.0% 
Discordant 8.2% 

Ties 1.7% 
P-Test 0.000 

 

2) PEAK CURRENT VARIATION 

 The variation in the performance of the Airmar lightning sensor, due to the 

intensity of lightning, was determined using two methods, the detection efficiency 

calculation and logistic regression. The detection efficiency calculation was performed 

with the different peak current categories for every range, as previously mentioned.  
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(i) Detection efficiency 

In Figure 17, the overall DEs for the ranges ≤ 20 through ≤ 60 miles show a clear 

trend; an increase of absolute peak current corresponds to higher detection efficiencies. 

The ≤ 20 miles data show the strongest relationship, while the ≤ 60 miles data shows the 

weakest relationship, in this linear trend. The ≤ 10 miles data has a similar trend, 

however, the highest peak currents (≥ |75| kA) had the second highest detection efficiency 

to the second highest peak current range (|50| - |74| kA). The closest range (≤ 5 miles) had 

a perfect detection efficiency for the peak current ranges between |25| and |49| kA, with 

the next highest detection efficiency with peak currents ≥ |75| kA, followed by < |25| kA. 

Due to a lack of any observations in the peak current range of |50| - |74| kA, the DE for 

this range was null.  

 
Figure 17. Overall DE with various distances and absolute peak currents. 

 
 In Figure 18a-g, the detection efficiencies are plotted along with the percentages 

of CGLSS-II flashes for the various ranges of peak current. For Figures 18a through 18f, 

the trend of the percentage of CGLSS-II observations with increasing peak currents has a 

sharp decrease from < |25| kA to the |50| - |74| kA range, with a more gradual decrease 
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from the |50| - |74| kA range to ≥ |75| kA. At ≤ 5 miles, or Figure 18g, the CGLSS-II 

percentages decrease rapidly from the weakest peak currents to the |50| - |74| kA range, 

where there are no observations; then increase again in the ≥ |75| kA category.  

The first distance where any detection efficiency rises above 50% in at least one 

of the four absolute peak current categories is at ≤ 20 miles displayed in Figure 18e. At 

this range, the percentages of events observed by CGLSS-II are nearly inversed to the DE 

percentages. A similar trend can be seen for the ≤ 10-mile range. The highest DE for this 

category was 81.82% with the |50| - |74| kA range, which is unlike the ≤ 20 mile range 

which had the greatest DE at ≥ |75| kA. At ≤ 5 miles, the lowest DE disregarding the |50| 

- |74| kA was 42.86% in the < |25| kA peak current category. In the |50| - |74| kA range 

the DE was null due to not having CGLSS-II observations in this group. The highest DE 

at ≤ 5 miles was 100% in the |25|-|49| kA peak current range. 
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a)  b)  

c) d)  

e)   f)  

g)  
Figure 18. Overall DE with various absolute peak currents with distances (a) ≤ 60 miles, 
(b) ≤ 50 miles, (c) ≤ 40 miles, (d) ≤ 30 miles, (e) ≤ 20 miles, (f) ≤ 10 miles, and (g) ≤ 5 
miles. 
 (ii) Logistic regression 

 Once more, in order to determine the magnitude to which peak current plays into 

the detection efficiency, logistic regression was performed. The results of this LR can be 

seen in Table 10. Compared to the range LR which had a concordant value of 90%, the 

!"

#!"

$!"

%!"

&!"

'!"

(!"

)"$'" $'*&+" '!*,&" -",'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-'

./01233"45"

6"78"9:;<<*=="

!"

#!"

$!"

%!"

&!"

'!"

(!"

)"$'" $'*&+" '!*,&" -",'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-''

./01233"45"

6"78"9:;<<*=="

!"

#!"

$!"

%!"

&!"

'!"

(!"

)"$'" $'*&+" '!*,&" -",'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-''

./01233"45"

6"78"9:;<<*=="

!"

#!"

$!"

%!"

&!"

'!"

(!"

)"$'" $'*&+" '!*,&" -",'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-'

./01233"45"

6"78"9:;<<*=="

!"

#!"

$!"

%!"

&!"

'!"

(!"

)!"

*"$'" $'+&," '!+)&" -")'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-'

./01233"45"

6"78"9:;<<+=="

!"
#!"
$!"
%!"
&!"
'!"
(!"
)!"
*!"
+!"

,"$'" $'-&+" '!-)&" .")'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@A'B:/"-'

/012344"56"

7"89":;<==->>"

!"
#!"
$!"
%!"
&!"
'!"
(!"
)!"
*!"
+!"

#!!"

,"$'" $'-&+" '!-)&" .")'"

!"
#$
"%

&'(
)
*'

+,-./0&"'!"12'30##"%&'(2+*'

45"#1//'6"&"$7.%'89$:"%$;'<:&='>1#:.0-'
+,-./0&"'!"12'30##"%&-'1&'?'@'A:/"-'

/012344"56"

7"89":;<==->>"



	  
	  

53 

absolute peak current concordant value at 60.9%, which is still a significant value when 

looking at the proportion to the discordant, indicates that variance in range has a larger 

impact on detection efficiency than the absolute peak current. Similar to the range LR, 

the p-test value for the absolute peak current LR was also 0.000, which is again less than 

the widely accepted alpha level of 0.05 or even 0.01 meaning that the model is significant 

at higher than the 95% and 99% confidence levels.  

Table 10. Logistic regression results for detection efficiency versus absolute peak current. 
Concordant 60.9% 
Discordant 35.2% 

Ties 3.9% 
P-Test 0.000 

 

c. Location bias 

 AZIMUTH VARIATION AND DETECTION EFFICIENCY  

 The ≤ 60, 50, 40, and 30 mile data in various directions have similar trends with 

maxima in DE to the North and minima to the Southwest, as shown in Figure 19. It can 

also be seen in Figure 19 that only directions in the ≤ 5-mile range rise above 50% 

detection efficiency. Unlike the longer distances, at ≤ 5 and ≤10 miles the highest DE is 

from the Northwest direction and different from all other ranges. At ≤ 20 miles, the 

highest DE is from the East.  
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Figure 19. Overall DE with various distances and directions. 

 
 Figure 20 displays the detection efficiency and percent of CGLSS-II events for 

the cardinal and ordinal directions for the various maximum distances used in this study. 

From ≤ 60 miles through ≤ 30 miles, a similar trend is found in the percentage of 

CGLSS-II observations, which is also shown in Figure 14a where the highest percentages 

of flashes are from the westerly and southerly directions. At ≤ 20 miles, the highest 

percentage of CGLSS-II events is skewed to where the peak is centered on the westerly 

and northerly directions. For ≤ 10 miles, the largest percentages in CGLSS-II 

observations are from the South and Northwest and at ≤ 5 miles, the greatest percentages 

of observations are from the South and West directions.  

Similar trends are shown from Figure 20a through 20d, where the three highest 

detection efficiencies are from the North, Southeast, and Northwest directions. In Figure 

20e for the range ≤ 20 miles, the three highest DEs are from the East, North, and 

Southeast directions. At ≤ 10 miles, the greatest detection efficiencies are in the 

Northwest, Southwest, and Northeast directions and for ≤ 5 miles, the largest DEs are 
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from the Northwest and Southeast. Theories for the directional dependency of DE are 

described in the discussion section of Chapter 4.  

 

a)  b)   

c)  d)  

e)  f)  

g)  
Figure 20. Overall DE with various directions with distances (a) ≤ 60 miles, (b) ≤ 50 
miles, (c) ≤ 40 miles, (d) ≤ 30 miles, (e) ≤ 20 miles, (f) ≤ 10 miles, (g) and ≤ 5 miles. 
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d. False detection and critical success index 

 Implementing the false detection equation with Airmar events determined as hits 

divided by the total number of Airmar events is a way to analyze the Airmar dataset 

overall. This calculation produced a result of 59.09%, with only 40.01% of events 

determined to be hits. This implies that the first generation of the Airmar lightning sensor 

is notably noisy.  

 The critical success index (CSI) value calculated using the total number of hits 

divided by all of the data collected from this study yielded a value of 0.024. The range for 

CSI can be from 0, where none of the data is correlated, to 1, where all of the data is 

correlated. With a CSI of 0.024, it indicates that the Airmar sensor has very little skill at 

detecting lightning while looking at data out to 60 miles from the sensors location.  

 The FD and CSI were calculated using all data out to 60 miles from the sensor 

site, as there were no way to determine the distance of Airmar data that were uncorrelated 

with the CGLSS-II dataset. The overall detection efficiency at 60 miles was 2.35%, 

which is also poor. With the FD, CSI, and DE statistical values all in agreement, it 

concludes that the Airmar sensor has poor detection within 60 miles from the sensor 

location.  
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CHAPTER 4 

4. Discussion and conclusions 

a. Discussion  

The result of detection efficiency with range showed that as the range decreased, 

the detection efficiency increased. The logistic regression for range has a similar result 

with the 90.0% concordant value. This 90.0% indicates the variability of detection to be 

substantially explained by the distance away from the sensor that lightning occurred, with 

observations of binary values categorized as hits paired with observations that are closer 

to the sensor, or with observations of binary values classified as misses paired with 

observations that are at greater distances to the sensor. When waveforms propagate over 

distance they loose magnitude, so it’s not surprising that the Airmar sensor performed 

better with nearby lightning.  

The analysis of detection efficiency with various absolute peak currents produced 

results that indicated an increase in detection occurred with an increase in the peak 

currents at the longer distances. However, the shorter distances of less than or equal to 10 

and 5 miles, at the highest peak current range of greater than or equal to |75| kA displayed 

the second highest detection efficiencies. At ≤ 10 miles, the highest detection efficiency 

occurred at the |50-74| kA range, where at ≤ 5 miles the highest DE occurred with peak 

currents ranging from |25-49| kA. The result of the highest DE with distances ≤ 5 miles 

from the sensor would likely have been the same as for the ≤ 10 mile distance, however, 

there were no data for this peak current range bin.  

These lower detection efficiencies at the highest range of peak currents are likely 

due to a saturation problem with the Airmar sensor. To compare, the CGLSS-II network 
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was also documented to have this very problem (Ward et al. 2008; Jacques 2011). Thus, 

it is possible that the detection efficiency is actually higher than the true detection 

efficiency, since both the CGLSS-II network and the Airmar sensor are found to have 

saturation issues. In future work, perhaps with the next Airmar lightning sensor 

prototype, additional ground truth data from another source less sensitive to saturation 

would need to be used to understand the magnitude of the Airmar sensor saturation 

problem. The NLDN would be an ideal secondary network to integrate into a future 

study, due to its performance with high peak current strokes. While sensors in the NLDN 

are still susceptible to saturation, the great distance between sensors and a vast number of 

sensors in the network allow for the lightning solutions for these high peak current 

lightning to be unaffected.  

The saturation of high peak currents at close distances to the sensor can explain 

the lower concordant value from the logistic regression of peak currents compared to the 

LR of range. The LR model determines pairs based on whether the prediction was 

correct, it was predicted that with the higher the peak current, the more likely the pair 

would be a hit, or correlated. Since some of the closest lightning with strong peak 

currents oversaturated the sensor, resulting in an uncorrelated event, there were more 

pairs found to be discordant than from the logistic regression of range.  

Detection efficiency in various directions was used to determine if there was any 

location bias of the Airmar sensor. At longer distances, ≤ 60, ≤ 50, ≤ 40, and ≤ 30 the 

higher DEs, or location biases, were from the North, Northwest, and Southeast. At the 

closer distances, or the ≤ 20, ≤ 10, and ≤ 5 mile ranges, the DE showed no discernable 

direction bias. The lack of a bias at closer distances is a sign that the sensor at these 
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distances performs reasonably well. The biases at the longer distances might be attributed 

to the way the sensor is constructed. The detector has eight antennas; two antennas are 

located at the end of each of the four arms. The first two sensors in the order that appear 

in the raw data, not necessarily the first antennas to report an event, is the North-facing 

antenna. An additional explanation for the easterly bias at the longer distances could be 

the sample size for these directions. There were minimums in the percentage of CGLSS-

II data for the easterly directions, so it is possible that since more of these events were 

found as correlated, the small sample size simply enhanced the DE.  

The last parameters used in this study were false detection and critical success 

index. The higher the false detection value, the larger the ratio of flashes that were 

uncorrelated to correlated. With a false detection of 59.09%, this means that there were 

more Airmar events that were uncorrelated than correlated. This indicates that the sensor 

was very noisy. The critical success index illustrates the performance of the Airmar 

sensor by comparing the correlated data to all data within 60 miles from both the ground 

truth (CGLSS-II) and Airmar datasets. Values close to one represent perfect performance, 

where values close to zero represent poor performance. The value calculated for this 

study was 0.024, indicating poor performance of the Airmar sensor. It is likely that the 

CSI would show better performance with ranges closer to the sensor, however, since 

there were no distance data from the Airmar dataset, this stratification was not possible to 

perform.   

A factor that contributed to the high false detection is the fact that the sensor does 

not have any filter of the magnetic field in place. This can lead to the sensor picking up 

on things other than lightning that produce this part of an electromagnetic wave. An 
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additional possibility that contributed to the high noise detection was how the data were 

obtained. The Matlab code, which Airmar developed, would neglect events that were not 

complete, thus acting as a filter to throw away possible noise. Unfortunately the code was 

developed before field measurements were taken, resulted in the Matlab code not 

working properly. The code that was used to obtain the data for this study in lieu of that 

generated by the Airmar Matlab program used any data that was from a real event, 

regardless of whether it was complete.  

Although the data collection process resulted in slightly higher false detection 

values, it is still probable that the results were over-correlated. This is due in part to the 

time correlation window of ± 1 second and from insufficient data to prove an event 

uncorrelated, e.g. azimuth or even distance. A time window of this magnitude is 

significantly large, since many strokes can occur within one second, so it is probable that 

the results were over-correlated, identifying events that happened around the time of the 

Airmar detection as correlated when they were actually different flashes. Due to the 

magnitude of time reported by the Airmar sensor, it was not possible to reanalyze the data 

with a smaller correlation window.  

Another possibility of miscorrelations is from events that may have been time 

correlated, but the Airmar sensor may have actually been observing events that were not 

produced by lightning, or were from flashes from completely different locations. With the 

time resolution of the sensor of one second, it is unclear what might be observed if nearly 

simultaneous flashes occur. There are two possibilities that might transpire, either the 

sensor will consider the multiple events to be grouped together as one, or the sensor will 

drop the first captured event, leaving it incomplete and start a second one.  
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The first case is plausible based on how the sensor works. It requires a minimum 

voltage threshold to be met before starting an event. If a simultaneous event were to 

occur, the voltage would still be above this threshold, resulting in the continuation of the 

first event, seamlessly into the second, being counted as a single flash. This will be a 

problem in later generations of this sensor that report azimuth or location; it is unclear 

what the sensor will report for the location if this were to occur. In the latter possibility, 

the sensor might not know how to handle a rapid transition from one event to another. If 

this is the case the sensor may stop reporting the first event and simply start a new event. 

With this possibility, the Matlab code furnished by Airmar would throw away the first 

event since it was not complete. Either of these situations would result in lower detection 

efficiencies than those reported in this study.  

b. Conclusions 

 With this being the first prototype of a magnetic field lightning sensor created by 

Airmar Technology Corporation, it performed reasonably well at close range. The higher 

detection efficiencies with closer distances and a lack of location bias at these closer 

ranges show promise for future iterations of this sensor. Improvements will need to be 

made to increase the detection efficiency and lower the noise level with future sensors. In 

order to fully evaluate the sensor performance, it would be ideal to have derived local 

information such as azimuth, elevation, or distance associated with the flashes. This is 

typically how networks and sensors report lightning data, and thus it would provide more 

useful in the correlation procedure.  

The most important improvement necessary for a future sensor is to increase the 

time resolution by using GPS or atomic clock synchronization as well as adding a filter 
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for the magnetic field to reduce the amount of noise and over correlation. Increasing the 

time resolution would also aid in reducing problems introduced with multiple lightning 

flashes within a short time span. The last thing to note about this prototype is that this 

sensor uses straight line of sight measurements and is unclear how it would perform in 

more complex terrain.  
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CHAPTER 5 

5. Recommendations for future work and summary 

a. Azimuth correlation 

If Airmar continues with further development of the lightning detector, it is very 

important that azimuth be produced to provide a more accurate way to verify the detected 

flash. If the location of study was again in East Central Florida, this variable is essential 

to accurately compare the azimuth detected against the azimuth calculated from the 

CGLSS-II data, since there may be several thunderstorms in the vicinity of the sensor and 

the associated lightning can occur rapidly from many locations. To verify that the sensor 

is detecting the correct waveform a direction filter will need to be put in place to remove 

lightning that was found to be time-correlated, but from vastly different locations. 

Additionally, with future iterations of the Airmar sensor, it is ideal to gather data more 

rapidly as to obtain more comparable data with the verification sensors.  

One way to correlate the Airmar sensor reported azimuth with the CGLSS-II 

azimuth is to create windows for both the CGLSS-II data and Airmar sensor data, using ± 

two degrees of the actual CGLSS-II azimuth values and ± one degree for Airmar data. 

The one-degree value for the Airmar data is to account for possible human calibration 

errors in setting up the device. For the CGLSS-II data, it was tested to see if adding and 

subtracting the maximum value from the individual error ellipse data to each flash would 

show a moderate change to the azimuth degree. However, even when increasing the 

confidence interval to 95%, this would only change the azimuth marginally, less than a 

half of a degree. Therefore, the two-degree window should be selected to incorporate 

Airmar identified events that are moderately close to the CGLSS-II reported events. An 
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event can be classified as correlated, if any part of the Airmar azimuth window lies 

within the CGLSS-II azimuth window. These windows can be used in an effort to capture 

all possible matches between the Airmar sensor and the CGLSS-II for further analysis 

into the detection efficiency, DE variations, directional error, and directional bias.  

b. Location error 

 If another variable is added to the flash data, its performance will then need to be 

tested. With the addition of azimuth to the flash data, a statistical value for the location 

error can be found. A suggested measure of the location error is to calculate the root 

mean square error (RMSE) shown in Equation 9. The RMSE would represent the 

standard deviation of the differences between correlated CGLSS-II flash locations to the 

Airmar flash locations. This is an excellent way to test the accuracy of the location data 

the sensor produces, with the smaller RMSE values representing more accurate location 

data.  

                                                  !"#$ =   
(!!

!!! !,!!!!,!)
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!
                                             (9) 

c.  Elevation correlation 

 Elevation with the flash data would be useful to have in order to differentiate 

between inter-cloud and cloud to ground flashes. What future prototypes should produce 

is elevation in degrees above the horizon. In order to determine if the Airmar sensor was 

detecting the same flash as other networks, the elevation would need to be found to match 

that of the other network flash. The Lightning Detection and Ranging (LDAR-II) network 

at KSC/CCAFS also provides elevation in meters above ground level, so it would be an 

ideal network to use correlate with the time and azimuth correlation procedures.  
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 In order to correlate elevation between the LDAR-II network and the Airmar 

sensor, the LDAR-II data would first need to be converted to degrees above the Airmar 

sensor. This can be done using simple trigonometry shown in Equation 10. Once the 

conversion is complete then the data can be correlated within an acceptable window of 

degrees and statistics to determine the accuracy of this measurement can be performed.  

                                         !"#$%&'() ° = !"#!! !!"#$ !
!"#$%&'( !

                                  (10) 

d. Elevation error 

Adding elevation data to the Airmar sensor data would require further evaluation. 

Once events were determined to be correlated, statistics could be generated. The RMSE, 

shown in Equation 8, would again be an ideal statistic for this assessment. It would 

demonstrate the accuracy of the elevation produced by the Airmar sensor, with the 

smaller values representing smaller error and thus better accuracy. An additional 

accuracy check that could be used for assessing the elevation capability is detection 

efficiency. The elevations, reported from the LDAR-II network, would first need to be 

stratified into various elevation bins and then detection efficiency could be calculated for 

the different bins to determine if there are any biases with elevation.  

e. Distance  

A logical variable to incorporate into the Airmar data output would be distance 

from the sensor that lightning occurred. Although range is a difficult variable to 

accurately produce with a stand-alone sensor, due to the assumptions needed in the 

algorithms, it is a feature customers find important while also reducing ambiguity that 

may occur if flashes occur nearly simultaneous from a certain direction and/or elevation. 

After incorporating distance into the correlation procedure, the RMSE equation can be 
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applied to determine the accuracy of distance data, with smaller values representing 

smaller error and thus better accuracy.  

f. Thesis summary 

 After 40 days of data collection from 6 August to 26 September 2013, an 

assessment was performed to evaluate the Airmar Technology Corporation’s first 

lightning detector prototype by comparing its observations to that of the CGLSS-II 

network that covers the Kennedy Space Center and Cape Canaveral area in Florida. A 

total of 14,387 lightning observations from CGLSS-II were found, which were within a 

60-mile radius of the Airmar sensor, located near the Shuttle Landing Strip on KSC, and 

875 observations were taken from the Airmar sensor for this period. The only useable 

Airmar sensor data included time and date of the event, while the CGLSS-II stroke data 

included time, date, latitude, longitude, peak current, error ellipse information, and 

number of sensors per solution.  

After the CGLSS-II data were run through a flash algorithm, which denoted a 

flash as the highest peak current stroke within a one second time interval, then converted 

to azimuth and distance from the Airmar sensor location, a time correlation procedure 

was implemented to determine if Airmar events were associated with CGLSS-II events. 

For logistic regression, binary values were given to both the CGLSS-II and Airmar 

dataset, with a value of 1 denoting a correlated event and 0 denoting an uncorrelated 

event. The CGLSS-II data were then stratified into peak current, distance, and azimuth 

bins.  

Using the CGLSS-II stratified data, overall detection efficiencies were found and 

logistic regressions for distance and peak current were performed. False detection was 
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also calculated using the Airmar dataset to determine the noise level of the Airmar 

sensor. The distance detection efficiencies and logistic regression results showed that the 

sensor performed better with lightning that occurred closer to the sensor, as to be 

expected. The absolute peak current detection efficiencies and logistic regression 

indicated that strong flashes occurring very close to the sensor can oversaturate the 

sensor. This problem was not seen at distances 20 miles or more.  

The results of the detection efficiency with direction indicated an azimuth bias in 

the North, Northwest, and Southeast directions at distances 30 miles and greater. At 

closer distances, there was no discernable azimuth bias. Lastly, the false detection proved 

that the sensor is very noisy, detecting more noise than events correlated with the 

CGLSS-II network. Overall, for this being the first sensor of its kind and the first 

lightning sensor from this company, it performed fairly well at close range. With 

modifications and the inclusion of more variables it has the potential to improve 

immensely.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  
	  

68 

REFERENCES  
 

45th Weather Squadron, cited 2014 [Available online at  
 http://www.patrick.af.mil/weather/] 
 
Airmar Technology Corporation, cited 2014 [Available online at    
  http://www.airmartechnology.com/] 
 
Anderson-Melvib, H., and H. E. Fuelberg, 2010:  Characteristics of decaying storms 
  during lightning cessation at Kennedy Space Center and Cape Canaveral Air 
  Force Station, 3rd International Lightning Meteorology Conference, 21-22 Apr 
  2010, 17 pp. 
 
Ashley, W. S., C. W. Gilson, 2009: A Reassessment of U.S. Lightning   
  Mortality. Bull. Amer. Meteor. Soc., 90, 1501–1518 
 
Boyd, B. F., J. W. Weems, W. P. Roeder, C. S. Pinder, and T. M. McNamara, 2003:  Use 
  of weather radar to support America’s space program – past, present, and future, 
  31st International Conference on Radar Meteorology, 6 – 12 Aug 03, Paper 
  11B.7, 815-818, 4pp. 
 
Boyd, B. F., W. P. Roeder, D. Hajek, and M. B. Wilson, 2005: Installation, upgrade, and  
  evaluation of a short-baseline cloud-to-ground lightning surveillance system in 
  support of space launch operations. 1st Conf. on Meteorological Applications of 
  Lightning data, Amer. Met. Soc., San Diego, CA, P2.4. 
 
Cummins, K. L., and M. Murphy, 2009:  An Overview of Lightning Locating Systems: 
  History, Techniques, and Data Uses, With an In-Depth Look at the U.S. NLDN, 
  IEEE Transactions on Electromagnetic Compatibility, 51, 499-518 
 
Cummins, K. L., M. J. Murphy, E. A. Bardo, W. L. Hiscox, R. B. Pyle, and  
 A. E. Pifer, 1998:  A combined TOA/MDF technology upgrade of the U.S. 
 National Lightning Detection Network, Journal of Geophysical Research, 
 103, 9035-9044 
 
Cummins, K. L., J. A. Cramer, C. J. Biagi, E. P. Krider, J. Jerauld, M. A. Uman, and V. 
  A. Rakov, 2006:  The U.S. National Lightning Detection Network:  Post upgrade 
  status. Preprints, Second Conference on Meteorological Applications of  
  Lightning Data, Paper 6.1 
 
D’Arcangelo, D. L., 2000:  Forecasting The Onset Of Cloud-Ground Lightning Using 
  Layered Vertically Integrated Liquid Water, M. S. Thesis, Pennsylvania State 
  University, Aug 00, 60 pp. 
 



	  
	  

69 

ESRL-GSD, cited 2014a: Cloud to Ground Lightning Surveillance System (CGLSS). 
 [Available online at         
 http://www.esrl.noaa.gov/gsd/isb/RSA/cglss/CGLSS_inst_handbook.pdf] 
 
ESRL-GSD, cited 2014b: Lightning Detection And Ranging (LDAR). [Available online 
  at http://www.esrl.noaa.gov/gsd/isb/RSA/ldar/LDAR_inst_handbook.pdf] 
 
Flinn, F. C., W. P. Roeder, D. F. Pinter, S. M. Holmquist, M. D. Buchanan, T. M.  
  McNamara, M. McAleenan, K. A. Winters, P. S. Gemmer, M. E. Fitzpatrick, and 
  R. D. Gonzalez, 2010a: Recent improvements in lightning reporting at 45th 

  weather squadron. Extended Abstracts, 14th Conf. on Aviation, Range and 
 Aerospace Meteorology, 17-21 Jan 10, Paper 7.3, 14 pp. 
 
Flinn, F. C., W. P. Roeder, M. D. Buchanan, and T. M. McNamara, M. McAleenan, K. 
  A. Winters, M. E. Fitzpatrick, and L. L. Huddleston, 2010b:  Lightning reporting 
  at 45th Weather Squadron:  Recent Improvements, 21st International Lightning 
  Detection Conference, 19-20 Apr 10, 18 pp. 
 
Gremillion, M. S., and R. E. Orville, 1999:  Thunderstorm characteristics of cloud-to 
 -ground lightning at the Kennedy Space Center, FL:  A study of lightning  
  initiation signatures as indicated by the WSR-88D, Weather And Forecasting, 14, 
  640-649 
 
Huddleston, L. L., W. P. Roeder, and F. J. Merceret, 2010:  A method to estimate the 
  probability that any individual lightning stroke contacted the surface within any 
  radius of any point, 21st International Lightning Detection Conference,  
  19-20 Apr 10, 14 pp. 
 
Huddleston, L. L., W. P. Roeder, and F. J. Merceret, 2012:  A probabilistic, facility-
 centric approach to lightning strike location, NASA/TM—2012–216308, Jan 2012, 
  46 pp. 
 
Jacques A. A., 2011: Comparison of the United States Precision Lightning Network 
 (USPLN) and the Cloud-to-Ground Lightning Surveillance System (CGLSS).  
 M.S. thesis, Dept. of Atmospheric Science and Chemistry, Plymouth State 
 University, 126.   
 
Jensenius, J., cited 2014: Public Information Statement, Lightning and Lightning Safety – 
 An Introduction. [Available online at http://www.erh.noaa.gov/gyx/Monday.txt] 
 
Koermer J. P., cited 2014: Plymouth State University CCAFS/KSC Warm-Season  

Convective Wind Climatology. [Available online at 
http://www.vortex.plymouth.edu/conv_winds] 

 
Lagouvardos, K.,V. Kotroni, H.-D. Betz, and K. Schmidt, 2009: A comparison of 
 lightning data provided by ZEUS and LINET networks over Western Europe.  
 Natural Hazards and Earth System Sciences,9, 1713-1717. 



	  
	  

70 

 
Mata C. T., and V. A. Rakov, 2008: Evaluation of Lightning Incidence to Elements of a 
 Complex Structure: A Monte Carlo Approach. Extended Abstracts, 
 International Conference on Grounding and Earthing, Florianopolis, Brazil. 
 
Mata, C. T., and J. G. Wilson, 2012: Future expansion of the Lightning Surveillance 
 System at the Kennedy Space Center and the Cape Canaveral Air Force Station, 
 Florida, USA. Extended Abstracts, 22nd international Lightning Detection 
 Conference, Royal Met. Soc., Broomfield, CO.  
 
Mata, C. T., A. G. Mata, V. A. Rakov, A. Nag, and J. Saul, 2012: Evaluation of the 
 performance characteristics of CGLSS II and U.S. NLDN using Ground-Truth 
 data from Launch Complex 39B, Kennedy Space Center, Florida. Extended 
 Abstracts, 22nd International Lightning Detection Conference, Royal Met. Soc., 
 Broomfield, CO. 
 
McNamara, T. M., W. P. Roeder, J. W. Weems, S. B. Cocks, and B. F. Boyd,  
  2005:  Unique uses of weather radar for space launch, 32nd Conference on Radar 
  Meteorology, 23 – 29 Oct 05, Albuquerque, NM, Paper P8R13, 13pp. 
 
McNamara, T. M., W. P. Roeder, and F. J. Merceret, 2010: The 2009 update to the 
 Lightning Launch Criteria Criteria. Extended Abstracts, 14th Conf. on Aviation 
 Range and Aerospace Meteorology, Amer. Met. Soc., Atlanta, GA, 469. 
 
Merceret, F. J., J. C. Willett, H. J. Christian, J. E. Dye, E. P. Krider, J. T. Madura, T. P. 
 O’Brien, W. D. Rust, and R. L. Walterscheid, cited 2014: A History of the 
 Lightning Launch Commit Criteria and the Lightning Advisory Panel for 
 America’s Space Program. [Available online at 
 http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110000675_2010046844.pd
 f] 
 
Murphy J. M., 2012: Stroke Detection Efficiency and Location Accuracy study the    
 Cloud-to-Ground Lightning Surveillance System (CGLSS). [Available at 
 https://mail.plymouth.edu/service/home/~/?auth=co&loc=en_US&id=54857&p 
 art=1.3] 
 
Murphy J. M., K. L. Cummins, and W. P. Roeder, 2008: Performance of the new Four-  
 Dimensional Lightning Surveillance Systems (4DLSS) at the Kennedy Space  
 Center/Cape Canaveral Air Force Station complex. Extended Abstracts, 13th  
 Conference on Aviation, Range and Aerospace Meteorology, Amer. Met. Soc.,  
 New Orleans, LA.   
 
Nag A., S. Mallick, V. A. Rakov, J. S. Howard, C. J. Biagi, J. D. Hill, M. A. Uman, D.  
 M. Jordan, K. J. Rambo, J. E. Jerauld, B. A. DeCarlo, K. L. Cummins and J. A.  
 Cramer, 2011: Evaluation of U.S. National Lightning Detection Network  
 performance characteristics using rocket-triggered lightning data acquired in  



	  
	  

71 

 2004-2009, Journal of Geophysical Research, 116, doi:10.1029/2010JD014929. 
 
NASA, cited 2014a: Space Shuttle Weather Launch Commit Criteria and KSC End of  
 Mission Weather Landing Criteria. [Available online at  
 http://www.nasa.gov/centers/kennedy/pdf/423407main_weather-rules- 
 feb2010.pdf] 
 
NASA, cited 2014b: Lightning Safety: Protect Yourself. [Available online at: 
 http://www.nasa.gov/centers/kennedy/news/lightning_tips.html] 
 
NWS, cited 2014a: Natural Hazard Statistics, Weather Fatalities. [Available online at  
 http://www.nws.noaa.gov/om/hazstats.shtml] 
 
NWS, cited 2014b: Lightning Safety, Little Known Lightning Facts. [Available online at  
 www.lightningsafety.noaa.gov/little_known_facts.htm] 
 
Preston, A. D., and H. E. Fuelberg, 2012:  The use of polarimetric radar data in  
  determining lightning cessation, 4th International Lightning Meteorology  
  Conference, 4-5 Apr 12, 17 pp. 
 
Roeder, W. P., 2010: The Four Dimensional Lightning Surveillance System. Extended 

Abstracts, 21st International Lightning Detection Conference, Royal Met. Soc.,  
Orlando, FL.  

 
Roeder, W. P., 2012: Lightning has fallen to third leading source of U.S. storm deaths.  
 Preprints, 37th Natl. Wea. Assoc. Annual Meeting, Madison, Wi, Natl. Wea. 
 Assoc., P2.29 
 
Roeder, W. P., and C. S. Pinder, 1998:  Lightning forecasting empirical techniques for 
  central Florida in support of America’s space program, 16th Conference On 
  Weather Analysis And Forecasting, 11-16 Jan 98, 475-477 
 
Roeder, W. P., and T. M. McNamara, 2011:  Using temperature layered VIL as  
  automated lightning warning guidance, 5th Conference on Meteorological  
  Applications of Lightning Data, 23-27 Jan 11, Paper 688, 10 pp. 
 
Roeder, W. P., and J. M. Saul, 2012: Four Dimensional Lightning Surveillance System:  
 Status and Plans. Extended Abstracts, 22nd International Lightning Detection  
 Conference, Royal Met. Soc., Broomfield, CO.  
 
Roeder, W. P., J. W. Weems, and P. B. Wahner, 2005: Applications of the Cloud-to-
 Ground Lightning Surveillance System database. Extended Abstracts, 1st Conf. on  
 Meteorological Applications of Lightning Data, Amer. Met. Soc., San Diego, CA,  
 8.5. 
 



	  
	  

72 

Roeder, W. P., T. M. McNamara, B. F. Boyd, and F. J. Merceret, 2009:  The new weather 
  radar for America’s Space program in Florida:  An overview, 34th Conference on 
  Radar Meteorology, 5-9 Oct 09, Paper 10B.6, 9 pp. 
 
Stano, G. T., H. E. Fuelberg, and W. P. Roeder, 2010:  Developing empirical lightning 
  cessation forecast guidance for the Cape Canaveral Air Force Station and  
  Kennedy Space Center, Journal of Geophysical Research, 115, D09205,  
  doi:10.1029/2009JD013034, 14 May 2010, 18 pp. 
Vaisala, 2008: Vaisala Thunderstorm Lightning Network Performance Evaluation  
  Program (NPEP) datasheet, Vaisala, Inc.,      
  www.vaisala.com/files/NPEPDataSheet. pdf, 2008, 2 pp. 
 
Vaisala, cited 2014: National Lightning Detection Network. [Available online at  
 http://www.vaisala.com/en/products/thunderstormandlightningdetectionsystems/P 
 ages/NLDN.aspx] 
 
Veness, C., cited 2014: Movable Type Scripts: Calculate distance, bearing and more  
 between Latitude/Longitude points. [Available online at http://www.movable- 
 type.co.uk/scripts/latlong.html] 
 
Ward J. G., K. L. Cummins, and E. P. Krider, 2008: Comparison of the KSC-ER Cloud- 
 to-Ground Lightning Surveillance System (CGLSS) and the U.S. National  
 Lightning Detection NetworkTM (NLDN). Extended Abstracts, 20th International  
 Lightning Detection Conference, Royal Met. Soc., Tucson, AZ.  
 
Wilks, D. S., 2006: Statistical Methods in the Atmospheric Sciences. 2nd ed. Elsevier  
 Academic Press Publications, 627 pp.  
 
WMUR, cited 2014: 23 Boy Scouts taken to hospital after lightning strike. [Available  
 online at http://www.wmur.com/news/nh-news/several-reported-hit-by-lightning- 
 at-boy-scout-camp/-/9857858/20700536/-/82apye/-/index.html] 
 
Woodward, C. J., L. D. Carey, W. A. Petersen, and W. P. Roeder, 2012:   Operational 
  utility of dual-polarization variables in lightning initiation forecasting, Electronic 
  J. Operational Meteor., 13 (6), Jul 12, 79-102 
 
Yang, Y. H., and P. King, 2010:  Investigating the potential of using radar echo 
 reflectivity to nowcast cloud-to-ground lightning initiation over southern Ontario, 
  Weather And Forecasting, Vol. 25, No. 4, Aug 10, 1235-1248 
 
 
 
 
 


	Comparison and Verification of a Standalone Lightning Sensor Against Observations from the Cloud-to-ground Lightning Surveillance System II (CGLSS-II) at Kennedy Space Center.
	Recommended Citation

	Microsoft Word - Katie_Laro-Thesis.docx



