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1. INTRODUCTION 
 

In past papers, we have analyzed the 
effectiveness of lightning warnings in a point-
specific frame of reference based on a variety of 
sources of lightning information. Murphy and 
Cummins (2000), Murphy et al (2002a), and 
Holle et al. (2003) used cloud-to-ground (CG) 
lightning data from the U.S. National Lightning 
Detection Network (NLDN) at various locations 
to determine how well the prior existence of CG 
lightning activity could be used to anticipate 
future CG activity around particular points of 
interest. Murphy et al (2002b) added two 
sources of cloud lightning data, one that 
provided minimal detection and spatial 
specificity and a second, which was a total 
lightning mapping system, to the NLDN CG 
information to determine the value of the 
additional cloud lightning information. Murphy 
and Holle (2005) combined total lightning 
mapping data with radar composite reflectivity 
information to provide warnings for cloud-to-
ground (CG) lightning in the particularly difficult 
situation of mesoscale convective systems 
(MCS) with extensive stratiform regions. These 
stratiform regions often produce CG flashes that 
are widely separated in space and time, and 
they constitute the most difficult situation for an 
automated CG lightning warning system. Finally, 
Murphy and Holle (2006) used the same 
combination of data sources to determine the 
effectiveness of warning for a larger sample of 
storms, including many that were not MCSs.  

 
These prior studies were all carried out in 

different regions with different storm 
characteristics, and they also employed different 
lightning detection systems with varying 
characteristics. Moreover, subtle differences in 
the analysis methods were necessary in order to 
make the best use of the available data. These 
differences make it difficult to compare all of 
these prior studies without a thorough rereading 
of all of them. With this in mind, our principal 
objective for this paper is to synthesize the 
various analysis results from previous studies 

concisely by using consistent data from a single 
location and discussing the (necessary) 
differences in analysis methods that are applied 
to different combinations of data sources. 
 
2. DATA AND METHODS 
 
2.1 Data 
 

The analyses presented in this paper involve 
various combinations of data sets providing 
information about CG flashes, cloud flashes, and 
radar reflectivity information. The specific ways 
in which these data are combined for analysis 
purposes are described in subsections 2.2 and 
2.3. 

 
As in the prior studies described above, the 

CG flash data for this analysis are taken from 
the U.S. National Lightning Detection Network 
(NLDN). All positive-polarity events with an 
estimated peak current less than 10 kA‡ are not 
considered as CG flashes because of the high 
likelihood that they are mis-classified cloud 
discharges. Depending on the cloud discharge 
data set, these low-amplitude positive events 
are either reclassified as cloud discharges or are 
ignored.  

 
Cloud lightning information comes from one 

of two sources. The first is the Vaisala LDAR II 
network (Demetriades et al. 2002) in the vicinity 
of Dallas-Fort Worth, Texas (DFW). This system 
provides high-resolution mapping of cloud 
flashes and in-cloud components of CG flashes. 
The LDAR II VHF source data are processed 
into “flash extent density” grids according to the 
method described by Lojou and Cummins 
(2005). The second source of cloud flash data is 
a small test network of low-frequency (LF) 
sensors in the DFW area discussed by Murphy 
et al. (2002b). This network detects typically 20-
30% of cloud flashes in the vicinity of DFW, but 
rather than mapping the spatial extent of the 
flashes as the LDAR II does, this system 
typically detects only 1-2 points somewhere 
within the spatial extent, when it does detect a 
cloud flash. The difference between cloud 
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lightning mapping using the LDAR II and the LF 
test network is illustrated in Figure 1. The LF 
cloud discharge data clearly do not describe the 
full spatial extent of lightning activity within the 
cloud. The total lightning mapping gives a much 
fuller spatial representation in the stratiform 
region and in front of the main convective line, 
as well as on the southwestern part of the line 
where the LF network’s detection efficiency for 
cloud discharges is apparently poorer. 

 
Radar information comes from the National 

Weather Service WSR-88D radar south of Ft. 
Worth. The radar data are processed with the 
NEXRAD ORPG software described by Reed et 
al. (2002). In the parts of the analysis requiring 
radar data, we use the maximum column 
reflectivity product, or “composite reflectivity” in 
NEXRAD parlance. 

 
In this study, we have expanded the number 

of storm cases significantly from the set of 3 
MCSs analyzed by Murphy and Holle (2005). 
Table 1 summarizes the dates, times, and storm 
types analyzed in this paper. These analysis 
periods were selected to start prior to the first 
flash of any type within about 100 km of DFW. 
For several of the air-mass convection cases, 
storms developed in several widely-separated 

locations at various times during the analyzed 
time period. For these cases, we used several 
different widely separated cells. The purpose for 
doing this was to expand the sampling of storms 
at their earliest development in order to explore 
the relationship between first cloud lightning and 
first CG lightning. 

 
Table 1. List of cases analyzed in this study. All 
are from 2005 in the DFW area. (continued next 
page). 
Date Time (Z) Storm description 
3-4 12:00-18:00 scattered showers/ 

thundershowers 
4-10/11 21:00-07:00 marginal svr. supercells 
4-25 12:30-24:00 severe supercells 
5-14 03:30-11:00 nascent MCS 
5-25 16:30-21:30 developing cells merging 

into SW end of MCS 
5-28 12:00-19:30 on-end MCS stratiform 

region 
6-1 03:30-10:00 line of storms breaking up 
6-5 07:30-14:00 air-mass convection 
6-14 02:00-09:00 broken MCS/MCC 
7-1 14:30-20:30 broken line to MCS 
7-12/13 17:00-01:00 air-mass convection 
7-13 17:00-22:30 air-mass convection 
7-14/15 20:30-03:30 air-mass convection 
7-15 09:00-14:30 air-mass/broken line 

Fig. 1. LDAR II data (small white squares) and LF cloud discharges (purple squares) for a 10-minute 
period superimposed on maximum column reflectivity data in the middle of that 10-minute period. 
Note that LDAR II (total lightning mapping) data provides a fuller description of spatial extent of cloud 
lightning activity in areas where LF cloud detection efficiency is poor (southwest end of line), in the 
stratiform region, and where cloud flashes reach out into the forward “anvil” portion of the storm. 



7-15/16 19:00-01:30 air-mass convection 
8-6 18:00-24:00 air-mass convection 
8-7 16:00-23:00 air-mass convection 
8-14/15 17:00-02:00 air-mass/broken line 
8-15/16 20:00-05:00 air-mass/broken line 
9-28/29 21:00-05:00 marginal svr. supercells 
 
2.2 Warning Method Involving Two Regions 
 

The analysis method involving two regions is 
similar to that described by Murphy et al. 
(2002a), and an illustration of this method is 
given in Fig. 2. A particular location where 
warning information is needed is referred to as a 
Point of Interest, and that location is surrounded 
by an inner region that we call the Area of 
Concern (AOC). The AOC is then surrounded by 
a second region that we refer to as the Warning 
Area (WA). The WA is so named because the 
occurrence of CG flashes within the WA is used 
to provide the advance notice, or warning, of the 
possibility of CG lightning within the AOC. This 
two-region method is used to analyze the 
effectiveness of warnings based on CG lightning 
information only, and we also use it when we 
add cloud flash data from the LF test network 
(hereafter, “LF cloud”). In the latter case, 
advance notice of the threat of CG lightning 
within the AOC is provided either by (1) CG 
flashes within the WA or (2) cloud flashes within 
the AOC.  
 

In this study, the point of interest in almost 

all cases is the DFW International Airport, 
although for a couple of cases where lightning 
was observed in the area but not at the airport, 
we moved the point to a nearby location. The 
half-width of the AOC was 10 km for all cases, 
and the half-width of the WA was 20 km. In 
addition to the sizes of these regions, there is 
also a “dwell time”, which is the time that any 
warning state persists beyond the last event 
capable of triggering that state. Throughout this 
study, the dwell time value is 15 minutes. 
 
2.3 Warning Methods Involving One Region 
 

Murphy et al. (2002b) employed total 
lightning mapping data from the original LDAR 
system at the NASA Kennedy Space Center to 
explore the value of high-resolution cloud 
lightning mapping data for improving upon the 
warning capabilities provided by CG lightning 
information alone. They used basically the same 
analysis method as described in section 2.2, 
except that it involved not only two regions but 
three. However, they found that the total 
lightning data produced a significant jump in the 
false alarm ratio (FAR). Based on that result, it 
was suggested that perhaps total lightning data 
be used only within the AOC in order to limit the 
FAR. For that reason, we also have a one-
region method in this study that involves only the 
AOC. Figure 3 provides an illustration of how 
this method works, particularly highlighting the 
fact that the spatial extent of in-cloud lightning 
activity as detected by a total lightning mapping 
system usually extends beyond the area where 
CG flashes are observed. 

 
There are two methods that involve an AOC-

only approach, a “five-state” method and a “two-
state” method. The five-state method combines 
maximum column reflectivity and total lightning 
information to define five alert states. These five 
states are as follows: (1) reflectivity above 10 
dBZ but without any lightning, (2) cloud lightning 
only with no reflectivity above 10 dBZ, (3) cloud 
lightning only with reflectivity above 10 dBZ but 
below a second threshold, (4) cloud lightning 
only with reflectivity above the second threshold, 
and (5) CG lightning in progress, regardless of 
reflectivity. Reflectivity values below 10 dBZ are 
not considered. We consider a lightning warning 
to be in effect whenever state 4 or 5 is reached 
within the AOC. The two-state method excludes 
the radar information and is therefore simpler: 
state 1 occurs with cloud lightning activity only, 
and state 2 is reached whenever CG lightning 
occurs. A warning is considered to be in effect if 
either state 1 or state 2 is observed within the 
AOC. 

WA

AOC

storm
motion

Fig. 2. Illustration of a two-region warning 
method, with a “Warning Area” (WA) and an 
“Area of Concern” (AOC). The illustration shows 
a storm moving toward the AOC, producing 
flashes (lightning symbols) first in the WA, which 
provide the warning of the lightning threat for the 
AOC. 



 
As in the methods involving two regions 

(section 2.2), the half-width of the AOC is 10 km 
in all analysis involving one region. The dwell 
time is always 15 minutes. Based on the results 
of Murphy and Holle (2005), the maximum 
column reflectivity threshold used to differentiate 
between states 3 and 4 in the five-state method 
is 20 dBZ. 

 
Although the one-region method strictly 

applies only when total lightning mapping data 
are available, it is instructive to compare the 
total lightning-based methods with what would 
happen if we used a one-region method with a 
CG-only data set or a data set made up of CG 
plus LF cloud information. Therefore, we will 
show a comparison of one-region results using 
all possible combinations of data sets. 
 

As in all of our previous warning studies, we 
have four metrics for quantifying warning 
performance. These are (1) the probability that 
there were at least 10 minutes between the start 
of a warning and the onset of CG lightning within 
the AOC, (2) the false alarm ratio (FAR), (3) the 
fraction of cases with a failure to warn (FTW), 
and (4) the total warning duration. The first 
quantity (probability of at least 10 minutes of 
warning) is referred to as the probability-of-
detection-10 (“POD10”) in the remainder of this 
paper. The total warning duration is expressed 
in units of weeks, for the simple convenience of 
giving a number in the same range of values as 
the other three metrics. 
 

3. RESULTS FOR TWO-REGION ANALYSIS 
 

Figure 4 shows a comparison between the 
CG-only and the CG-plus-LF cloud data 
combinations for the four statistical metrics 
discussed above. The bars with diagonal 
hatching show the CG-only results, and the solid 
bars show the results for the CG-LF cloud 
combination. The addition of LF cloud data 
within the AOC provides only a very slight 
increase in POD10 and a very slight decrease in 
FAR. The most noteworthy contribution of the LF 
cloud data is about a 30% reduction in FTW. 
This is to be expected. Cloud discharge 
information is most valuable in cases where 
storms initially develop overhead, because in the 
vast majority of storms in the DFW area, several 
cloud flashes are produced before the first CG 
flash. Most storms do not develop overhead but 
rather move in from somewhere else and are 
already producing CG flashes by the time they 
arrive. Therefore, nearly all of the available 
cases of at least 10 minutes of lead time 
(POD10) are provided by the CG data alone. 

 
4. RESULTS FOR ONE-REGION ANALYSIS   
 

Figure 5 presents the results of all one-
region analyses, including the two that involve 
total lightning mapping (the “five-state” and “two-
state” methods), as well as CG-only and CG-
plus-LF cloud. Strictly speaking, it is not possible 
to have any advance warning of the onset of CG 
flashes in the AOC if the only place we look for 
CG flashes is in the AOC itself. Likewise, it is not 
possible to have any false alarms. Therefore, we 
first point out that the POD10, FTW, and FAR for 
the CG-only case in Fig. 5 are 0.0, 1.0, and 0.0, 
respectively. Because the WA is not present in 
these analyses, the total warning durations are 
considerably lower for the CG-only and CG-plus-
LF cloud cases. In terms of the two total-
lightning based methods, the five-state method, 
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Fig. 4. Comparison of two-region method 
results for CG-only (diagonal hatch) and CG-
LF cloud combination (solid). 

AOC

area of in-cloud
activity from lightning
mapping system

Fig. 3. Warning method involving one region 
only, the AOC. In this case, the area of cloud 
lightning activity detected by a total lightning 
mapping system extends outside the area of 
CG flashes (lightning symbols) and provides 
warning of the CG lightning threat for the AOC. 



which does involve radar data, provides a 
somewhat lower total duration of warnings than 
the two-state method, but it does not perform as 
well in terms of either POD10 or FTW. Recall 
that the original motivation for using total 
lightning mapping data in Murphy and Holle 
(2005) was to minimize FTW in cases that are 
highly susceptible to this problem. 

 
 

5. BEST USE OF THE DIFFERENT DATA SETS 
 
Finally, Figure 6 compares the best mode of 

use of the different data sets. For the CG-only 
and CG-plus-LF cloud data sets, the best mode 
of use is to use both the WA and AOC (two-
region method). This is the only way to obtain 
any warning with CG data alone, as we noted 
previously. When total lightning mapping is 
available, the best use of the data is with just the 
AOC because, as Murphy et al (2002b) pointed 
out, the FAR can get very large when total 
lightning data from outside the AOC are also 
taken into account. The results in Figure 6 show 
that there are significant advantages to using 
total lightning mapping and being able to 
eliminate the WA. The inclusion of total lightning 
mapping data, as Murphy and Holle (2006) 
pointed out, reduces the FTW significantly. In 
addition, if the WA is not present, there is a 
much lower likelihood of false alarms, so we 
also see significantly lower FAR in the total 
lightning-based methods. The total duration of 
warnings is also slightly lower when we can 
eliminate the WA. On the basis of these results, 
we suggest that the two-state method based on 
total lightning provides the best balance of 
performance (especially FTW) and total warning 
duration. 

 
6. CONCLUSIONS 
 

In this paper, we have synthesized a 
collection of work on various ways to use 
different lightning detection data sets to provide 
warning for the threat of CG lightning for a fixed 
Area of Concern. By analyzing the same set of 
storm cases with different lightning data sets, we 
are clearly able to demonstrate the two major 
benefits of total lightning mapping data for this 
application. These benefits are (1) the ability to 
eliminate the extra region (the WA) and use just 
the AOC, and (2) the ability to reduce “surprises” 
(FTW) significantly, especially in MCSs that 
have large stratiform rain regions that produce 
widespread but intermittent CG flashes. 
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