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ABSTRACT 

Nitrogen oxides (NOx) produced by lightning (LNOx) play an important role in 

atmospheric chemistry, including the formation of tropospheric ozone (O3). Chemical transport 

models such as the Weather Research and Forecasting (WRF-Chem) model can simulate some 

aspects of ozone chemistry related to anthropogenic pollution, but to produce accurate O3 

concentrations, it is important to accurately specify the LNOx.  WRF-Chem currently only 

includes lightning and the production of the resulting NOx when run at cloud scale resolution.  

These cloud scale parameterizations are based on previous studies that have shown that lightning 

flash rate is strongly correlated with radar-derived storm height, updraft strength, the vertical 

flux of ice, and other storm parameters.  We describe a new way to parameterize lightning 

occurrence and the formation of LNOx when WRF-Chem is run at the regional scale (e.g., 36 or 

12 km grid spacing). 

We present a comparison of three regional scale lightning parameterizations during 

NASA’s Intercontinental Chemical and Transport Experiment (INTEX-A, 2004).  Two of the 

parameterizations use previously reported relations between lightning flash rate and radar-

derived storm top height.   We have developed the third parameterization which uses a 

relationship between convective precipitation, depth of the mixed phase layer, and flash rate.  

We investigated each lightning parameterization in the WRF-Chem model.  After comparing 

them at 36 km and 12 km grid spacing for six different summer days during 2004, we found that 

our parameterization, called LCLIPER (Lightning Climatology and Persistence), produces total 

lightning (IC+CG) results that generally are comparable to “observations” of NLDN' total 

lightning.  Two other parameterizations, Futyan and Del Genio (FDG) (2007) and Yoshida et al. 

(2009) were compared with LCLIPER.  Since both parameterizations use a relationship with 

radar echo top and total lightning, they both produced similar results.     

Contingency table statistics, domain wide total flash counts and mean flash rate of 

coinciding observations and model lightning are presented to help determine which 

parameterization is superior.  Results show that FDG and the Yoshida et al. (2009) schemes 

underestimated flash rate at 36 km grid spacing, and overestimated them at 12 km.  LCLIPER 

also overall underestimates flash rate, but to a lesser extent.   LCLIPER is the focus of the study 

since it provided the best results.       
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The predicted flash rates and a NOx production term determine the two dimensional 

pattern of LNOx.  The LNOx then is vertically distributed using our previously calculated 

climatological vertical distributions of lightning sources measured by the Lightning Detection 

and Ranging (LDAR) network at Kennedy Space Center that are functions of storm top.  Warm 

season vertical distributions of lightning sources and flashes are presented using data from the 

Lightning Detection and Ranging (LDAR) network at Kennedy Space Center, FL. We emphasize 

the percentage of sources/flashes at each level compared to the vertical total and present the 

distributions as a function of storm top above ground level (AGL). The vertical profiles of 

sources and flashes are compared with each other and with those from previous studies.  Results 

indicate that storms with tops higher than ~10 km AGL often have a bimodal or multiple peak 

distribution of percentage sources and flashes.  However, distributions for storms with tops lower 

than ~10 km AGL exhibit only a single dominant peak.  Temporal variations in the vertical 

distributions of flash percentages are examined for four clusters of storms occurring on different 

days.  Results reveal considerable storm-to-storm and intra-storm variability. However, two 

similarities are observed between the four cases: 1) Maximum flash density (flashes km-3) occurs 

as the maximum storm top is reached, and 2) As the storms increase in intensity, both maximum 

flash density and flash percentage increase in altitude, and then both decrease in altitude as the 

storms decay.  

When compared to aircraft measurements during the INTEX-A field campaign, results of 

WRF-Chem LNOx indicated that the addition of lightning improved values of upper tropospheric 

NOx, but underestimated the values when considering the mean of the entire flight.  At 12 km 

grid spacing, WRF-Chem without lightning predicted 61 pptv NOx in the layer between 7-9 km, 

while 248 pptv NOx was observed during the 12 July 2004 INTEX-A flight.  WRF-Chem with 

the addition of lightning from LCLIPER increased NOx in this layer to 220 pptv.  When the 

model produced lightning, LNOx was overestimated throughout the atmospheric column.  

Results indicate that radar derived echo tops may be underestimated causing the incorrect 

vertical distribution method to be selected.  
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CHAPTER 1 

INTRODUCTION 

Knowledge about the occurrence and distribution of lightning is valuable to many 

disciplines.  For example, lightning is an important source of nitrogen oxides (NOx = NO+NO2) 

in the upper troposphere as well as a direct factor in the production of tropospheric ozone (O3) 

(Crutzen 1973, 1974).    

The high pressure and temperature occurring in the lightning channel cause dissociation 

of nitrogen gas (N2) and oxygen gas (O2) in the atmosphere.  As a result, free nitrogen and 

oxygen atoms react with O2 and N2 in the chemicals reactions below to create nitrogen 

monoxide (NO). 

N + O2 → NO + O(3P)                                    (1) 

O(3P) + N2 →NO + N                                     (2)  

Then NO is oxidized to form nitrogen dioxide (NO2) as below: 

NO + O(3P) → NO2                                        (3) 

Another way NO2 is formed is: 

2NO → 2NO2 + N                                          (4) 

The concentration of NO and NO2 comprise NOx; however, NO is more prevalent in the 

atmosphere because NO2 is photolyzed by UV and visible radiation to form NO: 

NO2 + hv → O(3P) + NO                                (5) 

NO2 can be further oxidized by the hydroxyl (HO) radical to form gaseous nitric acid (HNO3): 

HO + NO2 → HNO3                                           (6) 

Although lightning produces smaller amounts of NOx than anthropogenic sources such as 

fossil fuel combustion, and almost equal amounts of NOx compared to biomass burning, and 

microbial processes in the soil, it is important because the majority of lightning produced NOx 

occurs in the middle and upper atmosphere where it is relatively long lived, and therefore more 

efficient at producing ozone.  Prior studies have shown that lightning produced NOx (LNOx) 

increases upper tropospheric NOx and ozone concentrations over the eastern United States by 60-

75% and 15-25% respectively, and surface ozone concentrations by several ppbv (Zhang et al. 

2003; Cooper et al. 2006; Allen et al. 2010).  Approximately 10% of the Earth's ozone is found 

in the troposphere where it plays a key role in providing oxidizing radicals, OH•, that cleanse the 
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lower atmosphere of pollutants such as carbon monoxide (CO) and sulfur dioxide (SO2) (Levy 

1971).    The following reactions describe ozone production (using the free oxygen from 

equation 5) and ozone loss in the clean troposphere: 

O(3P) + O2 + M  → O3 + M               (7) 

NO + O3   → NO2 + O2                     (8) 

Molecular and atomic ozone combine to form one ozone molecule (equation 7), which is 

then destroyed by NO (equation 8), resulting in no net loss or gain of ozone.  Ozone also 

undergoes photolysis (equation 9), and the OH radical is produced from equation 10. 

O3 + hv  → O(1D) + O2                        (9) 

O(1D) + H2O  → 2OH                        (10) 

In the polluted troposphere, greater quantities of HO2 result from reactions which 

produce hydrogen (H) or hydrocarbons (HCO).  Hydrocarbons are then oxidized to produce 

peroxy radicals such as RO2.  HO2 and RO2 react with NO to create NO2 without consuming an 

ozone molecule.   

HO2 + NO →  OH + NO2                   (11) 

RO2 + NO →  RO + NO2                     (12) 

Reactions 7-12, demonstrate how ozone can accumulate in the troposphere when NOx 

and hydrocarbons are present. 

Due to its importance in tropospheric ozone formation, many studies have investigated 

LNOx.  Modeling, laboratory, and field studies have been performed to better understand its 

source rate as well as its horizontal and vertical distributions (Lawrence et al. 1995; Lee et al. 

1997; Levy et al. 1996; Pickering et al. 1998; Price et al. 1997; Zhang et al. 2003).  Other 

research has studied the relation between lightning and storm parameters such as thunderstorm 

height, radar reflectivity, precipitation rate, updraft speed, Convective Available Potential 

Energy (CAPE), and ice volume or mass (e.g., Chauzy et al. 1985; Goodman et al. 1988; 

Goodman and Buechler 1990; Williams et al. 1992; Cheze and Sauvageot 1997; Tapia et al. 

1998; Petersen and Rutledge 1998; Soula and Chauzy 2001; Lang and Rutledge 2002; Petersen 

et al. 2005; Deierling et al. 2005; Futyan and Del Genio 2007 (hereafter denoted FDG)).   

 Previous studies have shown that parameterizing LNOx in model simulations improves 

upper tropospheric concentrations of NOx (Hudman et al. 2007; Choi et al. 2008, Mena-Carrasco 

et al 2007, Allen et al. 2010; 2011).   Designing a model parameterization for lightning NOx is 
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complex because of the variability between total lightning and other storm parameters.  This 

variability is due to natural storm-to-storm variations, measurement uncertainties, and the 

different geographical regions in which storms occur.   Lightning parameterizations have been 

based on cloud top height (Price and Rind 1992; Michalon et al. 1999), convective precipitation 

rate (Meijer et al. 2001; Allen and Pickering 2002), upward cloud mass flux (Grewe et al. 2001; 

Allen and Pickering 2002), the product of the upflux of ice crystals and the downflux of 

graupel/hail (Deierling et al. 2005; Barthe and Barth 2008), and radar-derived storm height 

(FDG).   

Price and Rind (1992) parameterized lightning based on cloud top height since cloud tops 

are readily available from global climate models (GCMs).  However, separate relationships for 

continental and marine locations must be defined because of differences in cloud top and 

convective intensity over these two regions.  Ushio et al. (2001) studied the relation between 

flash rate and cloud top height using data from the TRMM (Tropical Rainfall Measuring 

Mission) satellite, finding it to be non-linear and with large variance.  The recent study by FDG 

also employed radar-derived storm height and flash rate from the TRMM data. The FDG scheme 

is given by 

F = Ahn,                                                                (13) 

where F is the flash rate (flashes per minute), A is the constant 0.209, h is storm height above the 

freezing level, and n, an empirical fit to the data, is 1.8.  Yoshida et al. (2009) recently presented 

a relationship that is similar to FDG.  They considered the entire depth of the convective storm 

and its relation to flash rate.  They found the coefficients in (13) to be A=10-6 and n = 5. 

Most of the currently available lightning parameterizations were designed for use on the 

global scale.  Exceptions are Deierling et al. (2005) and Barthe and Barth (2008) whose 

relationships are most useful on the cloud scale.  Few studies have looked at the lightning 

produced component of NOx production in regional models (Allen et al. 2011, Wong et al. 2011).  

Thus, the goal of this study is to parameterize lightning and lightning produced NO x on the 

regional scale.   

Some of the basic relationships of the cloud scale parameterizations are important to 

address here. Deierling et al. (2005) developed a relation between lightning flash rate and the 

product of the downflux of solid precipitation and the upward mass flux of ice crystals that is 

denoted the flux hypothesis.   The flux hypothesis simulates lightning based on thunderstorm 
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electrification due to rebounding collisions between growing graupel pellets and ice crystals in 

the mixed phase region of the storm.  There is strong evidence supporting the flux hypothesis, 

including field work (Workman and Reynolds 1949; Williams and Lhermitte 1983; Dye et al. 

1989; Rutledge et al. 1992; Carey and Rutledge 1996; Petersen and Rutledge 2001), laboratory 

experiments (Reynolds et al. 1957; Takahashi 1978; Saunders et al. 1991), and several 

computational studies).  Blyth et al. (2001) proposed that lightning frequency is proportional to 

the product of the precipitation rate and the mass upflux of ice crystals.  Deierling et al. (2005, 

2008) found a correlation of 0.94 between lightning flash rate and precipitable ice above the 0oC 

level.  Precipitable ice included hail, hail/rain, small hail/graupel, and small hail/graupel/rain 

hydrometeors.  In a more recent study, Barthe et al (2010) tested six different model parameters 

and their relationships to flash rate.  They found that the strongest correlation (r = 0.80) was 

between flash rate and maximum storm area vertical velocity, with other parameters exhibiting 

smaller correlations with flash rate.  Relationships such as these, while most valuable in a cloud 

scale model, could be used in a regional scale lightning parameterization to adjust the flash rate 

to a more realistic magnitude; however because regional scale updrafts may not realistically be 

strong enough, it would be expected that these relationships are better applied to cloud scale 

models.  

Advancements in ground-based lightning detection have improved the opportunity to 

explore relationships between lightning and thunderstorm parameters.  These include the 

deployment of Lightning Mapping Array (LMA, Rison et al. 1999) and Lightning Detection and 

Ranging (LDAR) networks at several sites across North America.  The current study used 

lightning data from the LDAR network at NASA’s Kennedy Space Center (Lennon 1975; 

Poehler and Lennon 1979; Maier et al. 1995; Britt et al. 1998; Boccippio et al. 2000) to 

determine the vertical distribution of lightning flashes.  Details of our methodology and results 

are presented in Hansen et al. (2010) and the Appendix of this dissertation.  The new lightning 

parameterization scheme that is described in this dissertation uses the vertical lightning 

distributions to distribute the LNO x.   

The current study focuses on improving the quantification of lightning generated NOx in 

the middle and upper troposphere using the Weather Research and Forecasting (WRF) model 

with chemistry (WRF-Chem) regional scale chemical transport model (Grell et al. 2005; 

Skamarock et al. 2008). The specific objectives are:  
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 Develop a new lightning parameterization scheme hereafter denoted LCLIPER 

(Lightning Climatology and Persistence) based on a relationship between convective 

precipitation, mixed phase depth, and lightning.  The scheme includes a production term 

and the vertical distribution of the resulting LNOx.   

 Compare results of the new lightning parameterization with those of Futyan and Del 

Genio (2007) and Yoshida et al. (2009) during the Intercontinental Transport Experiment 

– North America, Phase A  (INTEX-A) field campaign (Singh et al. 2006). 

 Validate the lightning parameterizations against data from the National Lightning 

Detection Network (NLDN).  

 Finally, values of NOx calculated using WRF-Chem, with and without the addition of the 

lightning parameterization, will be compared to those from aircraft data during the 

INTEX-A project.   
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CHAPTER 2 

DATA 

National Lightning Detection Network  

The National Lightning Detection Network (NLDN) is owned and operated by Vaisala 

Inc.  NLDN provides flash detection efficiency greater than 95% (Figure 1), and a median 

location accuracy of 250-500 m or better (Vaisala 2011a).  The NLDN measures primarily 

cloud-to-ground (CG) lightning flashes; however, intracloud (IC) flashes are estimated to be 

about 3 times that amount (Boccippio et al. 2001).  Data sets of NLDN based estimates of total 

lightning (CG+IC), hereafter referred to as NLDN', were provided by Dale Allen at the 

University of Maryland.  As in Allen et al. (2011), the total flash rate was estimated by mapping 

detection efficiency-adjusted NLDN CG flash rates (Cummins et al. 1998) onto the WRF-Chem 

grid and then multiplying these rates by Z +1, where Z is the climatological IC to CG ratio.  This 

ratio varied in space; Boccippio et al. (2001) provides more detail about variations in these  

climatological ratios.   

Lightning Detection and Ranging (LDAR) Network 

 Total lightning data was used from the LDAR network at NASA Kennedy Space Center 

(KSC) to determine the vertical distributions of lightning flashes (Lennon 1975; Poehler and 

Lennon 1979; Maier et al. 1995; Britt et al. 1998; Boccippio et al. 2000).  Complete details about 

the data and the methodology are given in Hansen et al. (2010) and the Appendix of this 

dissertation.  LDAR uses time of arrival measurements to locate in three dimensions the 

impulsive VHF radiation emitted by lightning at a frequency of 66 MHz and a bandwidth of 6 

MHz (McNamara 2002).  The KSC LDAR has a typical detection range of 100 km (Boccippio et 

al. 2000) and a detection efficiency of approximately 97% within that range, increasing to 99% 

when events occur within 25 km of the central receiver (Maier et al. 1995; Murphy et al. 2000).  

Although improvements to the network during 2007 increased the range of large detection 

efficiencies (Personal Communication, William Roeder, 2009), our period of study is before 

these upgrades were completed. 
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Figure 1. Detection efficiency of the North American Lightning Detection Network (after 
Vaisala 2011b) 

 

North American Regional Reanalysis (NARR) 

The National Centers for Environmental Prediction (NCEP) Environmental Modeling 

Center (EMC) created the North American Regional Reanalysis (NARR) data set from archives 

of the National Climatic Data Center (NCDC) (http://nomads.ncdc.noaa.gov/#narr_datasets, and 

documented in Mesinger et al. (2006)).  The reanalyses were created using the NCEP Eta Model 

and its Data Assimilation System (Mesinger et al. 1988; Black 1988; Janjic 1994; for an 

overview see Mesinger 2000).  The dataset has a horizontal grid spacing of 32 km, 45 layers in 

the vertical and 3-hourly output (Mesinger et al. 2006).  Lateral boundary conditions are from the 

NCEP/DOE Global Reanalysis (GR2) (Kanamitsu et al. 2002).  The observational data used to 

create the NARR are listed in Table 1. 
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Table 1.  Data used in the North American Regional Reanalysis (after Mesinger et al. 2006). 

Dataset Details Source 

Rawinsondes Temperature, wind, moisture GR2 

Dropsondes Temperature, wind, moisture GR2 

Pibals Wind GR2 

Aircraft Temperature and wind GR2 

Surface Pressure GR2 

Geostationary 
satellites 

cloud drift wind GR2 

Precipitation1 CONUS, Mexico, Canada, CMAP over 
oceans 

NCEP/CPC, Canada, Mexico 

TOVS-lb radiances Temperature NESDIS 

NCEP surface Wind, Moisture GR2 

MDL surface Pressure, wind, moisture NCAR 

Air Force snow Snow depth NCEP/EMC 

SST 1o Reynolds, with Great Lakes SSTs AFWA 

Sea and lake ice 
Contains data on Canadian lakes and 
Great Lakes 

NCEP/EMC, GLERL, Ice Services 
Canada 

Tropical Cyclones 
Locations used for blocking CMAP 
precipitation 

LLNL 

1- Disaggregated into hours 

WRF-Chem Model Description 

Fundamental to our lightning NOx parameterization is the assumption that numerically-

derived meteorological fields represent convection and microphysical processes with some 

accuracy.  The Weather Research and Forecasting (WRF) model with chemistry (WRF-Chem) 

version 3.1.1 was used together with the Regional Acid Deposition Model, version 2 (RADM2) 

photochemical mechanism (Stockwell et al. 1990) and the Madronich photolysis (Tropospheric 

Ultraviolet-Visible (TUV)) scheme (Madronich 1987). Meteorological processes are based on the 
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Advanced Research WRF (ARW) core developed by the National Center for Atmospheric 

Research (NCAR) (Skamarock et al. 2008).   

WRF-Chem has been used and evaluated in many applications (e.g., McKeen et al. 2005; 

Monache et al. 2007; Tie et al. 2007; Fast et al. 2005; Wilczak et al. 2009; Zhang et al. 2010; 

Allen et al. 2011).  As described by Grell et al. (2004, 2005) and Fast et al. (2005), WRF-Chem 

interactively simulates trace gases, particulates, and meteorological processes.  All transport of 

chemical species is done in conjunction with the meteorological fields, with the chemistry 

package consistent with the transport of the meteorological model.  That is, the same vertical and 

horizontal coordinates are used, and the same physics parameterizations are used for sub-grid 

scale transport by turbulence and convection.   

WRF-Chem Model Domain and Configuration 

 WRF-Chem was configured with a nested grid centered over the eastern United States 

(Figure 2).  There is feedback from the nested domain to the outer domain and vice versa (2-way 

nesting).  The outer (mother) domain has a horizontal grid spacing of 36 km, with the inner 

domain having 12 km grid spacing.  The vertical grid spacing is 0.5 km between the top of the 

boundary layer to 20 km, with packed levels in the boundary layer, giving a total of 50 non-

linear vertical levels.   The following paragraph and Table 2 give further information about the 

configuration of WRF-Chem used in this study. 

 

Figure 2.  WRF-Chem domain.  The outer (36 km grid spacing) and inner (12 km grid spacing) 
regions are shown. 
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Table 2.  WRF Chem domain and parameterizations used in this study. 

Field Setting 

Horizontal Grid Spacing Outer Domain = 36 km; Inner Domain = 12 km 

Vertical Levels 50 non-linear sigma levels 

Shortwave Radiation  Simple short wave (Dudhia1989) 

Longwave Radiation  RRTM (Mlawer et al. 1997) 

Surface Layer Physics  Monin Obukhov Scheme (Monin and Obukhov 1954) 

Land Surface Physics  Noah (Ek et al. 2003) 

Microphysics WSM6 (Hong et al. 2004) 

Planetary Boundary Layer  MYJ (Janjic 2002) 

Cumulus Parameterization  Kain Fritsch Eta (Kain 2004)  

Gas-Phase Chemical Mechanism RADM2 (Stockwell et al. 1990) 

Photolysis Scheme Madronich TUV (Madronich 1987) 

         RRTM = Rapid Radiative Transfer Model         RADM2 = Regional Acid Deposition Model, Version 2 

        WSM6 = WRF Single Moment Class 6              TUV = Tropospheric Ultraviolet-Visible 

        MYJ = Mellor-Yamada-Janjic 

 

WRF-Chem contains a variety of coupled physical and chemical processes including 

transport, deposition, emissions, chemical transformations, aerosol interactions, photolysis, and 

radiation (Grell et al. 2004, 2005; Fast et al. 2005).  The physics modules included in WRF are:  

Microphysics, cumulus parameterization, long wave radiation, short wave radiation, boundary 

layer turbulence, the surface layer, land-surface parameterization, and sub-grid scale diffusion.   

A more detailed description of WRF’s physics packages can be found in Chen and Dudhia 

(2000), and a detailed description of the available chemical packages is given by Peckham et al. 

(2011).  The WRF single moment class 6 (WSM6) cloud microphysics scheme that includes ice, 

snow, and graupel processes (Hong et al. 2004) was selected for our simulations.  The new Kain-

Fritsch (KFEta) cumulus parameterization (Kain 2004), a modified version of the Kain and 

Fritsch (1990, 1993) scheme, was preferred since it can generate the 3-dimensional distributions 

of hydrometeors that were needed in our reflectivity module.  This convective parameterization 

utilizes a simple cloud model with moist updrafts and downdrafts, and includes the effects of 

detrainment, entrainment, and basic microphysics.  The Eta operational version of the Mellor-

Yamada-Janjic (MYJ) boundary layer scheme was chosen (Mellor and Yamada 1982; Janjic 
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1996, 2002) since it has been shown to more accurately represent the boundary layer which is 

important in the prediction of tropospheric ozone, a byproduct of NOx (Grell et al. 2007).   

The RADM2 gas phase chemical mechanism includes 14 inorganic stable species, four 

reactive intermediates, and three abundant stable species (oxygen, nitrogen, and water); 26 

organic stable species and 16 peroxy radicals (Stockwell et al. 1990).  A complete list of all 

chemical species in the mechanism is documented in Table 1 of Stockwell et al. (1990).  

Photolysis frequencies in the 21 photochemical reactions included in RADM2 are calculated 

following Madronich (1987).     

A sensitivity study using WRF-Chem with RADM2 predictions (Misenis and Zhang 

2010) indicated a dependence on horizontal grid spacing as well as a dependence on 1-way (only 

feedback from the outer domain to the inner domain) versus 2-way nesting. Their results showed 

that the model performed better at 4 km versus 12 km grid spacing, and that 1-way nesting 

seemed to improve air quality forecasts.   Nonetheless, 2-way nesting was chosen since results 

from the current simulations showed it to provide superior results in our lightning 

parameterization.  It was also found that simulations of storm top heights on the 36 km scale 

were lower than observed due to weak updrafts on the coarse grid spacing.  The higher resolution 

model runs (i.e., 12 km) improved these estimates of storm top heights.  The limitations imposed 

for a coarse grid are   recognized and accepted, and these will be discussed in the results section.   

WRF-Chem Emissions, Initial and Boundary Conditions 

The model boundary and initial conditions were provided by the NCEP Final Analysis 

(FNL) data available from NCAR every 6 h at a spatial grid spacing of 1o × 1o.  The chemistry 

model requires emissions data for surface fluxes.  Idealized profiles obtained from climatology 

provided the initial and lateral boundary conditions since analyses of chemical fields were not 

available to WRF-Chem (i.e. analysis data from a global chemical model).  The vertical profiles, 

provided for each chemical species, are based on mid-summer Northern Hemispheric, mid-

latitude, clean atmospheric conditions.  These idealized profiles are based on results from the 

NOAA- Aeronomy Laboratory Regional Oxidation Model (NALROM) numerical chemistry 

model (Liu et al. 1996, Peckham et al. 2011).  It should be noted that Liu et al.’s modification at 

high elevations based on the potential vorticity and potential temperature were not implemented 

during the study. 
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The emissions inventory supplied for this version of WRF-Chem is based on the U.S. 

Environmental Protection Agency’s (EPA’s) 2005 National Emissions Inventory (NEI-05, 

version 2) released in 2008.  Area sources are indicated at 4 km horizontal grid spacing, while 

point sources are specific by latitude/longitude.  The emissions are representative of a typical 

summer day (average of weekday and weekend days), and can be downloaded at 

http://ruc.noaa.gov/wrf/WG11/anthropogenic.htm.  A detailed description of the emissions 

inventory is given by McKeen et al. (2002) and Grell et al. (2004).   
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CHAPTER 3 

THE LCLIPER LIGHTNING AND LNOX PARAMETERIZATIONS 

Lightning Parameterization 

Using the North American Regional Reanalysis (NARR) data, and the National Lightning 

Detection Network total lightning data, relationships between convective precipitation, mixed 

phase depth, and total lightning were determined at both 36 km and 12 km grid spacing.  This 

new scheme will be denoted LCLIPER since it is a statistical approach that has some similarities 

to the CLIPER model used by the National Hurricane Center (NHC 2011).  NLDN' total flash 

rates were compared to “observations” of NARR-derived convective precipitation and mixed 

phase depth during the summer months (1 June through 31 August) of 2004.  Mean 3-h flash 

rates at grid spacings of 36 and 12 km were calculated from the hourly total lightning data that 

were provided.  The NARR data were bi-linearly interpolated from their native 32 km grid 

spacing to WRF-Chem’s 36 km and 12 km grid spacings.  Based on basic charging 

microphysics, mixed phase depth was defined as the layer between 0 oC and -40 oC (personal 

communication, Zeigler 2011) since the entire layer could participate in bulk storm 

electrification.  The maximum possible depth of the mixed phase layer was used since the NARR 

subgrid convection (less than the native grid spacing) in a given column could occur between the 

freezing level and some level warmer than -40 oC.  In some rare situations the top of the 

convection could be at an even colder temperature.    

It is well known that convective precipitation is correlated with lightning flash rate and 

that the correlation differs over water and land (e.g., Petersen and Rutledge 1998; Meijer et al. 

2001; Allen and Pickering 2002).  Therefore, separate relationships were developed over land 

and water.  Only NARR gridpoints where lightning was reported in the NLDN' data were 

included in the development, i.e., if convective precipitation occurred in the absence of 

“observed” total lightning, that point was excluded.  Furthermore, the mean 3-hourly total flash 

counts were calculated only when a grid box contained at least five flashes.   

Figure 3a and Figure 4a show the over land relationship between NARR mixed phase 

depth, total convective precipitation, and total lightning for the 32 km × 32 km and 12 km × 12 
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km grids, respectively.  A 9-point smoother was applied to these final grids to reduce small scale 

features.  Figure 3b and Figure 4b show the number of points included in determining the mean 

at each grid point, where the grey color denotes grid boxes with less than five occurrences of 

observed lightning (the excluded points).   

Results show that the greater the convective precipitation, the greater the flash rate 

(Figure 3a and Figure 4a).  Allen and Pickering (2002) found a similar relationship between CG 

lightning and convective precipitation.  To our knowledge, no previous study has correlated 

mixed phase depth with lightning; however, the current results show that mixed phase depth is 

related to lightning production. For a given value of convective precipitation, a greater mixed 

phase depth relates to a smaller flash count, whereas a relatively shallow mixed phase depth 

correlates with a much greater flash count.  For example, over the 36 × 36 km grid (Figure 3a), 

precipitation of 20-25 mm and a mixed phase depth between 6 and 6.5 km correspond to a flash 

count between 750-1500 flashes 3 h –1, while greater than 2500 flashes 3 h –1are observed for a 

more shallow mixed phase depth of 5.5 km.  Over the 12 km × 12 km grid (Figure 4a), the same 

values of precipitation and mixed phase depth correspond to a flash rate of 100-150 flashes         

3 h –1.  Greater than 350 flashes 3 h –1 are observed for a mixed phase depth of 5.5 km.  If one 

considers mixed phase depth to be indicative of lapse rate, a shallow depth corresponds to a large 

lapse rate, implying stronger updrafts, and hence more lightning than when the mixed phase 

depth is greater (a smaller lapse rate). 

It should be noted that as convective precipitation increases, the number of available data 

points decreases (Figure 3b and Figure 4b).  A longer data period would better define these areas 

of enhanced convective precipitation, and increase confidence in the results.  However, for the 

purposes of this study, grid “boxes” based on at least five pieces of information are considered to 

be sufficiently reliable. 

Relationships observed over water also were derived (Figure 5 and Figure 6), and they 

exhibit different characteristics than those over land (Figure 3 and Figure 4).  The flash counts 

are smaller over water than over land.  Molinie and Pontikis (1995) suggested the difference was 

due to differing droplet concentrations and sizes.  Greatest convective precipitation rates occur 

over water due to greater precipitable water.  In addition, cloud droplet radii in oceanic storms 

are larger than in continental storms (Molinie and Pontikis 1995). Updrafts within maritime deep 

convection also are weaker than those in continental storms, yielding a less pronounced mixed 
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phase layer where charging occurs (Zipser and LeMone 1980; Jorgensen and LeMone 1989; 

Lucas et al. 1994; Wei et al. 1998).  Thus, due to the weak updrafts, the larger droplets may not 

reach the charging zone; hence maritime storms do not produce as much lightning as continental 

storms.  Current results show that the maximum mixed phase depth (lapse rate) over water is 

shallower (steeper lapse rate) than over land, although flash counts are smaller.  This is 

intriguing as over land, when the mixed phase depth was shallow, more lightning occurred.  This 

suggests that a combination of hydrometeor composition (phase, size and concentration) and 

updraft speed are linked to lightning production.   

The maritime relationship was not implemented in this study.  Some of the storms just off 

the coast could still have some continental influence, and the maritime relationship may not be 

appropriate in this region.  At this time, the maritime relationship will not be discussed further.  

The overland relationship was implemented into the WRF-Chem simulations using a look up 

table containing NARR mixed phase depth (every 100 m), 3 hourly total precipitation (for every 

1 mm), and the coinciding 3 hourly flash rate. The precipitation and flash rate were converted 

into hourly values for use in the model, as described in the section entitled “Validating the 

Lightning Parameterizations”. 
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Figure 3.  a) Over land relationship between NLDN' mean flash rate (flashes 3 h –1), 
NARR mixed phase depth (m), and convective precipitation (mm) for June-August 2004 over the 
36 km × 36 km grid. b) Number of grid points having the specified values of mixed phase depth 

and convective precipitation. 

a) 

b) 
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Figure 4. As in Figure 3, but over the 12 km × 12 km grid. 

a) 

b
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Figure 5.  a) Over water relationship between NLDN' mean flash rate (flashes 3 h –1), 
NARR mixed phase depth (m) and convective precipitation (mm) for June-August 2004 over the 
36 km × 36 km grid. b) Number of grid points having the specified values of mixed phase depth 

and convective precipitation. 

b) 

a) 



 

19 
 

Figure 6.  As in Figure 5, but over the 12 km × 12 km grid. 

 

 

a) 

b) 
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LNOx Parameterization 

Using WRF-Chem derived values of convective precipitation and mixed phase depth, 

LCLIPER provides 2-dimensional fields of total flash rate.  Two dimensional fields of LNOx 

then can be obtained using an assumed production rate of NO per flash in the following equation: 

LNO (x,y) = F(x,y) × PNO                            (14) 

where,  LNO is the resulting two-dimensional NO from lightning, F(x,y) is the two-dimensional 

number of flashes, and PNO is the production rate of NO per flash. 

The production rate is a subject of considerable debate.  Some past studies have indicated 

that IC flashes are less energetic than CG flashes (e.g., Holmes et al. 1971); thereby suggesting 

that NO production by IC flashes (PIC) is less than from CG flashes (PCG).  Price et al. (1997) 

used a PIC/PCG value of 0.1; however, Gallardo and Cooray (1996) indicated that the energy 

dissipated by an IC flash may be on the same order as from CG flashes.  DeCaria et al. (2000) 

found that the ratio PIC/PCG varies from 0.5 to 1.0.  Our NO production rate is based on recent 

analyses of lightning observations, cloud model simulations, and airborne measurements during 

STERAO (DeCaria et al. 2000, 2005), EULINOX (Fehr et al. 2004), and CRYSTAL-FACE (Ott 

et al. 2006, 2007).  These recent analyses indicate that IC flashes produce approximately the 

same amount of NO as CG flashes, estimated to be 500 moles of NO per flash (Ott et al. 20010).  

This rate was used to calculate the 2-dimensional lightning produced NO.  To vertically 

distribute the LNOx, vertical profiles of lightning sources obtained from the LDAR network at 

KSC as described in Hansen et al. (2010) and in the Appendix of this dissertation were used.  
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CHAPTER 4 

VALIDATION OF PARAMETERIZED LIGHTNING 

Validation Domain and Period 

The NASA Intercontinental Transport Experiment – North America, Phase A (INTEX-A) 

field mission (Singh et al. 2006) was chosen to evaluate our parameterized total lightning and 

resulting concentrations of NOx.  The INTEX-A campaign took place over the central and 

eastern United States and the North Atlantic from 1 July to 15 August 2004.    

Fuelberg et al. (2007) describe meteorological conditions during the study period.   

During the first two weeks, meteorological conditions were influenced by relatively zonal flow.  

However, a series of large amplitude troughs crossed the eastern half of the United States during 

the final four weeks.  These troughs led to unusually frequent cold frontal passages that extended 

farther south than typical for the season.  While these frequent cold fronts did not facilitate a 

buildup of air pollution as would stagnant high pressure conditions, they did allow sampling in 

lightning influenced air.  Back trajectories indicated that the DC-8 aircraft sampled lightning 

influenced air on many occasions (Fuelberg et al. 2007).   

Figure 7 shows the horizontal distribution of CG lightning during the 6 week INTEX-A 

period (Fuelberg et al. 2007).  Florida and the eastern Gulf Coast experienced the greatest 

lightning, most likely due to the frequent cold fronts and sea breeze circulations (e.g., Lericos et 

al. 2002; Smith et al. 2005), or other small scale disturbances.  Ample CG lightning also 

occurred over the Great Plains and Mississippi and Ohio River Valleys due to the passing mid-

latitude cyclones.    
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Figure 7.  Flash densities of cloud-to-ground lightning during the complete INTEX-A period 
between 1 July – 15 August 2004. (After Fuelberg et al. 2007) 

 

While the amount of lightning was not atypical during INTEX-A (Fuelberg et al. 2007), it 

was the dominant source of upper tropospheric NOx, making the field study’s observations a 

valuable data set for validating our lightning NOx parameterization.  Singh et al. (2006) stated 

that the lightning NOx source was greater than anticipated, and Hudman et al. (2006) observed 

NOx concentrations of 0.55 ± 0.36 ppbv between 8-12 km.  These observations were greater than 

measurements of upper tropospheric NOx during previous aircraft campaigns that were not as 

greatly influenced by lightning.  For example, the SUCCESS campaign (April-May 1996) 

measured NO concentrations of 0.030 ± 0.022 ppbv between 8-10 km and 0.061 ± 0.045 ppbv 

between 10-12 km (Jaeglé et al. 1998). NO concentrations of 0.2 ± 0.1 ppbv were measured 

during ELCHEM (July-August 1989) (Ridley et al.1994). SONEX (October-November 1997) 

observations revealed 0.1 ppbv of NO between 6-12 km and 0.23 ppbv in convective outflow 

(Crawford et al. 2000).   
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Case Study Days: Meteorological Analysis 

Figure 8 shows all DC-8 flight paths during INTEX-A.  The five flights selected as case 

study days sampled air with convective chemical signatures:  Flight 4 (6 July 2004), Flight 5 (8 

July 2004), Flight 6 (10 July 2004), Flight 7 (12 July 2004), and Flight 12 (25 July 2004).  

Another case study day (13 July 2004) was not a flight day, but will be discussed because it 

included a severe weather outbreak with significant lightning activity. Results from two days (12 

and 13 July) will be presented in detail, while only statistics for the remaining four days will be 

provided. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Flight tracks of the DC-8 during INTEX-A. 

 

Meteorological conditions on the four days that will receive less attention in the 

validation will be described first. Forward trajectories from the flights on 6, 8, and 10 July 2004 

indicated that they probably sampled lightning influenced air (Figure 9).  The NLDN' lightning 

data were binned over 6 hourly intervals on a 1.0 o × 1.0o horizontal grid.  Forward trajectories 

then were calculated from locations of enhanced lightning (> 2500 strokes) (Florida State 

University, cited 2011), beginning at 400 hPa, and ending at the approximate mid-time of each 

flight.  The red circles indicate the starting point of the trajectories, and the “x” shows the ending 
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point at approximately 1800 UTC on the day of the flight. Thus, the figure shows the arrival 

locations for trajectories originating in areas of enhanced lightning.    

Figure 9.  Forward trajectories from regions of lightning greater than 2500 strokes starting at 400 
hPa and arriving at a) 1800 UTC 6 July 2004; b) 1800 UTC 8 July 2004; c) 1800 UTC 10 July 

2004; and d) 1800 UTC 25 July.  From Florida State University (cited 2011). 

Flight 4 on 6 July 2004 was a transit flight from Edwards AFB, CA to MidAmerica 

Airport, IL (Figure 8, brown track).  Slow moving frontal systems were the cause of significant 

lightning from Nebraska through Missouri, into southern Illinois, and across the Southeast.  The 

flight sampled convection as it transected the cold front over St. Louis, MO near 2000 UTC, and 

north toward northern Michigan between 2000 UTC and 2100 UTC.  Although the strongest 
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convection occurred in southern Illinois, Air Traffic Control restrictions did not allow flight near 

the storms.  Figure 9a shows that the lightning occurred several hours before the flight entered 

the area over Missouri and Illinois.  Since the lightning influenced air probably was downwind of 

the aircraft, this case is not a major focus of our results discussion. 

Flight 5 on 8 July 2004 departed MidAmerica Airport at 1330 UTC, sampling parts of the 

Appalachians, Ohio River Valley, and the Midwest (Figure 8, dark blue track).  Frontal systems 

caused lightning along the Atlantic Coast states, and in Kansas, southern Missouri, Arkansas, 

and northeastern Oklahoma.  Afternoon heating produced thunderstorms and lightning along the 

Gulf Coast.  Figure 9b indicates that lightning influenced air most likely was downwind of the 

aircraft, and as with the previous flight, Flight 5 is not a main focus of our results.  

The path of Flight 6 on 10 July 2004 departed MidAmerica Airport and traversed parts of 

the Ohio and southern Mississippi River Valleys (Figure 8, bright pink track). Lightning was 

produced during the passage of a weak front across the Ohio River Valley and by afternoon 

heating along the Gulf Coast.   Figure 9c indicates that the flight sampled lightning influenced air 

on several occasions--from 1600 to 1700 UTC over Pennsylvania, from 1830 UTC to 1930 UTC 

when the aircraft climbed to 12 km over eastern North Carolina, and from ~ 2000 UTC to 2200 

UTC when the aircraft flew near the thunderstorms formed by afternoon heating.  While this 

flight may have sampled lightning influenced air, it too is not the main focus of the results.  

Flight 12 (25 July 2004) left Pease Air Force Base (AFB) at 1500 UTC and sampled a 

large portion of the eastern U.S. and the U.S. East Coast  (Figure 9d).  A frontal system had 

moved off the East Coast extending southeastward to the Carolina coast.  The front became 

stationary across northern Georgia, Alabama and Mississippi, stretching southward and 

becoming a cold front over Louisiana and Texas.  The majority of the lightning occurred in the 

Southeast along this frontal system.  This flight also sampled recent lightning over the southern 

Appalachians (Figure 9d); however, that area will not be a focus of our validation. 

Flight 7 on 12 July 2004, will receive the greatest scrutiny in the validation that follows.  

It occurred on the third most active lightning day during INTEX-A (Fuelberg et al. 2007).  The 

DC-8’s track started at MidAmerica at 1500 UTC (Figure 10a).  Weak high pressure dominated 

much of the area.  A cold front was approaching from the west, extending north to south from 

North Dakota to western Nebraska, and a diffuse stationary front stretched across the Mid-

Atlantic Coast to Nebraska.  Most of the lightning occurred over the Dakotas and the Southeast 



 

26 
 

United States.  The flight path is superimposed on a color coded hourly NLDN lightning 

distribution in Figure 10a.  The colors of the flight track and the lightning are similar over the 

southern Appalachians, indicating that the DC-8 was flying near the time of lightning occurrence 

(Fuelberg et al. 2007). This region will be the  focus of the results from this day.  

Although 13 July was not an INTEX flight day, it did contain a widespread outbreak of 

severe storms.  Figure 10b shows locations of the storm reports tabulated by the National Severe 

Storms Forecast Center.  The majority of observed NLDN lightning occurred along an occluded 

front over the Midwest.  The system move eastward producing significant lightning over the 

Great Lakes and in Illinois and Indiana, corresponding with the majority of storm reports in 

Figure 10b.      
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Figure 10. a)   Flight track of the DC-8 on 12 July 2004 (Flight 7), where the different colors 
represent locations of the aircraft over 1 h time segments. CG lightning in 1 h time segments is 

shown in the same color scheme. (After Fuelberg et al. 2007) b)   Locations of severe storm 
reports on 13 July 2004. (SPC, 2011) 

 
 
 
 
 

b) 

a) 
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Validating the Lightning Parameterizations 

Results of the LCLIPER lightning parameterization now will be evaluated visually and 

statistically against values of total lightning as estimated by Allen et al. (2011) based on NLDN' 

data.  Results from FDG and Yoshida et al. (2009) will be compared with those from LCLIPER 

and NLDN' as appropriate.  

Individual WRF-Chem simulations were completed for each case study day, with 12 

hours of spin-up time (i.e. a 36 hour forecast).  The LCLIPER lookup table climatology includes 

three hourly flash rates and precipitation totals, which are converted to one hour time intervals.  

Computing lightning at each time step (every 2.5 minutes) would lead to large biases in the 

LCLIPER results because the NARR relationship to NLDN' is based on three hourly totals of 

convective precipitation and lightning.  Hence, LCLIPER lightning is computed hourly based on 

WRF-Chem hourly convective precipitation.  The FDG parameterization is called at each time 

step. 

Statistics first are presented for all case study days and later focus on the 12 and 13 July 

cases. To demonstrate which parameterization provides a better prediction of the magnitude of 

daily flash rates, areal flash counts of parameterized lightning are compared to areal NLDN' 

observed flash counts for each case study day.  The flash rates (flashes h –1) at each grid point 

were summed over 24 h, and then summed again over the entire WRF-Chem 36 km domain 

(Table 3 and Table 4). The ratio between model flash totals and observation flash totals also is 

presented.  If the ratio equals one, there is a perfect match.  A ratio less than one indicates an 

under prediction by the model, while a ratio greater than one indicates an over prediction. 

LCLIPER generally produces favorable results on all six case study days, and its results 

generally exceed those from FDG.  Table 3 shows that FDG underestimates observed flash 

counts with a ratio as small as 0.1 (13 July 2004) for the 36 km domain.  Table 4 demonstrates 

that LCLIPER also underestimates the observed flash counts, but less so, with a ratio of 0.5 (13 

July 2004).  The best forecast (by this measure) occurs on 12 July 2004, when the ratio is closest 

to one (0.9) for LCLIPER.  The FDG flash rates depend on accurate prediction of radar derived 

storm tops.  Thus, the FDG underestimates most likely are due to WRF-Chem underestimating 

storm tops at the 36 km grid spacing.  LCLIPER could be underestimating flashes because the 

relationship was derived from only three months of observations.  If more data had been utilized, 

the relationship likely would be more robust.  Of all the case study days, 6 July 2004 exhibits the 
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greatest number of observed flashes (1,500,961).  The FDG parameterization produces only 

329,374 flashes, a ratio of 0.2, while LCLIPER greatly improves the prediction by producing 

860,108 flashes (ratio of 0.6).   On 25 July 2004, the day with the least number of observed 

flashes (894,052), FDG produces 214,909 flashes (ratio of 0.2), while LCLIPER produces 

518,476 flashes (ratio of 0.6).  Thus, LCLIPER produces more realistic flash counts than FDG 

on the 36 km grid for all days.  It would be expected that LCLIPER produces better results when 

compared to NLDN' as the relationship developed for LCLIPER is based on NLDN' observations 

compared with 32 km reanalysis data, while the FDG relationship is based on observations of a 

cluster of thunderstorms over a 300 km2 area.  A correction factor for storm top would likely 

increase the FDG flash counts, but no dataset of observed radar derived storm tops was available 

to derive a correction.   

  

Table 3.  Areal sum of FDG flash rate compared to NLDN' for the 36 km domain. 

Case Study NLDN' FDG Ratio [FDG/NLDN'] 

6 July 2004 1,500,961 329,374 0.2 

 8 July 2004 1,014,927 227,361 0.2 

 10 July 2004 1,179,474 217,501 0.2 

 12 July 2004 966,394 235,751 0.2 

 13 July 2004 916,036 110,975 0.1 

 25 July 2004 894,052 214,909 0.2 

 
Table 4.  Areal sum of LCLIPER flash rate compared to NLDN' for the 36 km domain. 

Case Study NLDN' LCLIPER Ratio [LCLIPER/NLDN'] 

6 July 2004 1,500,961 860,108 0.6 

 8 July 2004 1,014,927 707,921 0.7 

 10 July 2004 1,179,474 604,120 0.5 

 12 July 2004 966,394 846,631 0.9 

 13 July 2004 916,036 434,447 0.5 

 25 July 2004 894,052 518,476 0.6 

 

An alternative correction for the FDG scheme was derived by calculating ratios of 

NLDN' to FDG flash rates averaged over the entire domain and over all six case days.  A 
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separate ratio was calculated for each range of 500 flashes, i.e., a ratio for 0-500 flashes day –1, 

500-1000 flashes day –1, etc., and then applied to the corresponding grid point values of the FDG 

data.    Table 5 shows that adjusting FDG flash rates based on NLDN data provides better areal 

sums producing ratios very close or equal to one.  However, as shown in the next section, the 

spatial agreement between LCLIPER and observed data is better at 36 km grid spacing, and 

outperforms the adjusted FDG at 12 km grid spacing.    This correction factor only applies to this 

particular summertime period.  A more detailed correction factor would be needed to 

demonstrate the applicability for other seasons.   

 

Table 5.  As in Table 3, but for results from the adjusted FDG procedure on a 36 km grid. 

Case Study NLDN' ADJ-FDG 
Ratio [Adj-

FDG/NLDN'] 

6 July 2004 1,500,961 1,366,901 0.9 

8 July 2004 1,014,927 943,547 0.9 

10 July 2004 1,179,474 902,629 0.8 

12 July 2004 966,394 978,367 1.0 

13 July 2004 916,036 460,547 0.5 

25 July 2004 894,052 891,871 1.0 

 

The Yoshida et al. (2009) parameterization was tested on10 July 2004.  Since it also is 

based on a relationship between radar derived storm top and flash rate, it is not surprising that 

results (Table 6) are very similar to those from the unadjusted FDG procedure (Table 3).  

 

Table 6.  Results from the Yoshida et al. (2009) lightning parameterization scheme on a 36 km 
grid for 10 July 2004. 

Case Study NLDN' Yoshida 
Ratio 

[Yoshida/NLDN'] 

10 July 2004 1,179,474 157,501 0.1 
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Table 7 and Table 8 demonstrate which parameterization produces the most realistic 

magnitudes of flash rate by displaying the average flash rate of the “hits” on the 36 km grid.  As 

discussed earlier, FDG on the 36 km grid underestimates flash rates.  For example, on 6 July 

2004, the average flash rate of the points where both NLDN' and FDG have a flash rate greater 

than zero (i.e. a “hit”)is approximately 224 flashes h –1 from observations and 41 flashes h –1 

from FDG (Table 7).  The points on 6 July with both NLDN' observed lightning and LCLIPER 

simulated lightning exhibit an average flash rate of 215 flashes h –1 (NLDN') and 116 flashes h –1 

(LCLIPER) (Table 8).   Similar results are seen on all the case days, i.e., FDG consistently 

underestimates flash rate.  The day producing the greatest FDG average flash rate (41 flashes h –

1), coincides with the day exhibiting the greatest observed average flash rate (277 flashes h –1) 

(25 July 2004, Table 7).  This consistency of flash rate under prediction supports the earlier 

hypothesis that a correction factor for radar derived storm top would improve flash rates on the 

36 km grid.   

 

Table 7.  Average flash rate (flashes h –1) of NLDN' “hits” versus FDG for each case study day 
for the 36 km grid. 

Case Study NLDN' FDG 

6 July 2004 224.4 41.3 

8 July 2004 216.3 33.8 

10 July 2004 158.4 28.2 

12 July 2004 173.9 30.7 

13 July 2004 211.9 39.4 

25 July 2004 276.9 40.9 

 

Table 8.  As in Table 7, but for NLDN' versus LCLIPER. 

Case Study NLDN' LCLIPER 

6 July 2004 214.8 116.1 

8 July 2004 191.8 85.2 

10 July 2004 167.2 76.3 

12 July 2004 154.2 89.0 

13 July 2004 202.4 167.0 

25 July 2004 262.0 92.4 
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The parameterizations next are evaluated on the 12 km grid.  Table 9 and Table 10 show 

areal sum statistics for the FDG and LCLIPER, respectively, on the 12 km grid.  Results show 

that FDG now generally overestimates observed flash rates, while LCLIPER underestimates 

them, although its magnitude is less.  For example, on 6 July 2004, FDG produces 6,894,424 

total flashes while only 1.467,955 flashes are observed (a ratio of 4.7 indicating a large 

overestimate).  LCLIPER produces 1,522,159 flashes on 6 July (a ratio slightly greater than one).  

LCLIPER exhibits the greatest absolute error on 12 July 2004, producing 1,380,366 flashes, 

while NLDN' observes only 744,380 flashes (with a ratio of 1.9).  FDG produces 4,482,265 

flashes, which is a major overestimate as seen by the ratio of 6.0 in Table 9.  On 10 July 2004, 

LCLIPER produces greater flash counts than observed (ratio equal to 1.3), while FDG once 

again is over predicting (ratio equal to 4.6).  FDG’s “best” prediction on the 12 km grid occurs 

on 13 July 2004, when it produces 1,982,276 flashes, which is still much greater than observed 

(776,127 flashes). The results from LCLIPER at 12 km grid spacing generally are superior to its 

results at 36 km grid spacing. Furthermore, the adjusted values of FDG on the 12 km grid, while 

better than the unadjusted values, still are not as realistic as those results from LCLIPER (Table 

11).  Table 11 shows that the ratios for the adjusted FDG compared to NLDN' on a 12 km grid 

are overall over predicted (ratio of 2.9 on 12 July), with the smallest ratio occurring on 13 July (a 

ratio of 1.2).  Thus, LCLIPER overall provides the most realistic results on both the 36 km and 

12 km grids.     

 

Table 9. Areal sum of FDG flash rate compared to NLDN' for the 12 km domain 

Case Study NLDN' FDG 
Ratio 

[FDG/NLDN'] 

6 July 2004 1,467,955 6,894,424 4.7 

8 July 2004 914,356 3,381,042 3.7 

10 July 2004 914,845 4,238,646 4.6 

12 July 2004 744,380 4,482,265 6.0 

13 July 2004 776,128 1,982,276 2.6 

25 July 2004 834,736 4,392,566 5.3 
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Table 10.  Areal sum of LCLIPER flash rate compared to NLDN' for the 12 km domain 

Case Study NLDN' LCLIPER 
Ratio 

[LCLIPER/NLDN'] 

6 July 2004 1,467,955 1,522,159 1.0 

8 July 2004 914,356 871,504 1.0 

10 July 2004 914,845 1,194,870 1.3 

12 July 2004 744,380 1,380,366 1.9 

13 July 2004 776,128 618,920 0.8 

25 July 2004 834,736 762,892 0.9 

 

Table 11.  As in Table 9, but for the FDG parameterization adjusted to NLDN' observations. 
 

Case Study NLDN' ADJ-FDG 
Ratio [Adj-

FDG/NLDN'] 

6 July 2004 1,467,955 3,309,324 2.3 

8 July 2004 914,354 1,622,900 1.8 

10 July 2004 914,844 2,034,550 2.2 

12 July 2004 744,380 2,151,487 2.9 

13 July 2004 776,127 951,492 1.2 

25 July 2004 834,736 2,108,432 2.5 

 

Table 12 and Table 13 demonstrate which parameterization produces the most realistic 

magnitudes of flash rate by displaying the average flash rate of the “hits” on the 12 km grid.  

Flash rates from FDG on the 12 km grid are over estimated (Table 12).  For example, on 6 July 

NLDN' shows an average flash rate of 53 flashes h –1, while FDG produces 129 flashes h –1.  

Based on the calculations of average flash rate of “hits”, the 12 July case on a 12 km grid 

produces the best results for FDG, with an average of 79 flashes h –1 compared to the observed 

average of 46 flashes h –1.  On the 12 km grid, LCLIPER generally produces realistic flash rates 

(Table 13).  The closest average flash rates of “hits” between NLDN' (53 flashes h –1) and 

LCLIPER (49 flashes h –1) occurs on 6 July.  The study day with the greatest difference between 

observed and LCLIPER flash rates is 25 July.  LCLIPER produces an average flash rate of 32 

flashes h –1 while NLDN' observes an average of 69 flashes h –1.  Nonetheless, LCLIPER out 

performs FDG on every case day. 
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Table 12.  As in Table 7, but for the 12 km grid. 

Case Study NLDN' FDG 

6 July 2004 53.4 129.1 

8 July 2004 56.7 112.5 

10 July 2004 43.1 91.7 

12 July 2004 46.3 79.2 

13 July 2004 69.1 141.7 

13 July 2004 68.0 132.0 

 

Table 13.  As in Table 8, but for the 12 km grid. 

Case Study NLDN' LCLIPER 

6 July 2004 53.2 49 

8 July 2004 53.8 32.9 

10 July 2004 49.9 33.5 

12 July 2004 45.9 27.4 

13 July 2004 63.4 52.9 

25 July 2004 68.9 31.9 

 

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

were calculated for the FDG and LCLIPER procedures.  The parameterized total flash rate at 

each grid point was compared to the observed total flash rate (NLDN'), and organized into four 

categories: hit, miss, false alarm, and non-event.  A hit occurs when lightning is predicted to 

occur and that prediction is observed. A false alarm results when the event is predicted but does 

not occur. A miss is when an event occurs that was not predicted, and a non-event is when no 

lightning is predicted and none occurs.  The results of this comparison are placed into a 2 × 2 

contingency table whose key is in Table 14. 

 

Table 14.  Key to the contingency table. 

  Event Observed 
  

Event 

Forecast 

DATE YES NO 

YES HIT FALSE ALARM 

NO MISS NON EVENT 
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False alarm ratio and false alarm rate often have been confused in the literature (Barnes et 

al. 2009).  False alarm ratio, which is defined as the number of false alarms divided by the 

number of forecast events, i.e., the fraction of ‘‘yes’’ forecasts that do not occur, is used:  

FAR = Z / (X+Z),                                 (15) 

where Z is the number of false alarms and X is the number of correctly forecast events (hits).  

Calculated values range from zero to one, with a perfect score being zero. 

CSI describes the overall accuracy of predictions.  The CSI demonstrates how well 

forecast “yes” events compare to observed “yes” events.   

CSI = Y / (Y + Z + X),                          (16) 

where Y is the number of hits, Z is the number of false alarms, and X is the number of misses.  A 

CSI of zero indicates no skill, while a value of 1 is a perfect score. 

POD gives the percent of time that the event is predicted and actually occurs.  

POD = Y / (Y + X),                               (17) 

where Y is the number of hits and X is the number of misses.  Perfect predictions yield a POD of 

one, with zero representing the worst predictions. 

Bias quantifies how the forecast frequency of “yes” events compares to the observed 

frequency of “yes” events.  Bias indicates whether the forecasts over predict (bias > 1) or under 

predict (bias <1) flashes in an areal sense.  It is not a measure of how well the forecast flash rate 

compares to the observed flash rate.   

BIAS = (Y + Z) / (Y + X),                   (18) 

where Y is the number of “hits”, Z is the number of “false alarms”, and X is the number of 

“misses”. 

A point by point comparison as described above is not appropriate when comparing 

spatial fields of model forecasts and observations because the timing and location of simulated 

storms usually are displaced compared to observations.  Therefore, a running 4 × 4 point average 

was calculated over the 36 km grid in an attempt to minimize errors due to displacements, and 

thereby focus on large scale features.  A 4 × 4 point average was calculated over the 12 km grid 

for the same reasons.  The number of points was chosen by calculating the skill statistics for 

different numbers of grid points, and choosing the smallest number of points which appeared to 

minimize the subgrid scale differences between the model and observations when comparing the 

statistics for FDG and LCLIPER.   
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For the 12 July case study on the 36 km grid, the FAR of FDG is 0.57 and is 0.58 for 

LCLIPER (Table 15).  These values indicate that both parameterizations produce false alarms 

just over 50 percent of the time.  This is evident in the spatial plots depicted in a later section, 

where the mismatch between model simulated flash rate and NLDN' is apparent.  6 July 2004 

exhibits the greatest number of false alarms, with ratios of 0.734 for both LCLIPER and FDG.  

Considering all cases, the FARs for FDG are slightly smaller which is expected because the area 

where lighting is predicted is smaller compared to LCLIPER (depicted later).  

The probability of detection for the 12 July case is slightly greater for FDG than 

LCLIPER (0.43 vs.0.42, Table 15).  The predicted flash rate frequency from LCLIPER on the 36 

km grid is slightly over predicted, as indicated by a bias of 1.36.  This compares to a bias of 1.08 

for FDG, which indicates a slight under prediction of flash rate frequency.  This is expected since 

the area where lightning is predicted by FDG is smaller compared to LCLIPER (depicted later). 

Bias on the 12 km grid is greater than at 36 km, indicating a greater over prediction of 

flash rate frequency from LCLIPER (Table 15 and Table 16).  The FDG scheme has bias values 

of 1.08 and 2.85 for the 36 km and 12 km grid spacing, respectively for 12 July.  These values 

indicate a small over prediction for LCLIPER and a much greater over prediction of flash rate 

frequency for FDG.  LCLIPER produces CSIs of 0.34 and 0.17 for 36 km and 12 km grid 

spacing, respectively for 12 July.  Based on CSI alone, LCIPER performs better than FDG (CSI 

of 0.32) on 36 km, but not as good on the 12 km grid (CSI=0.16).   However, it is important to 

remember that these statistics  only consider the spatial relationships of modeled versus observed 

lightning.  It is really an indicator of the model convective parameterization’s performance with 

each lightning scheme.  It is very apparent when looking at the flash rates themselves that 

LCLIPER is superior.  

 

Table 15. Contingency table statistics for FDG and LCLIPER on a 36 km grid. 

Date 
POD FAR CSI BIAS 

FDG LCLIPER FDG LCLIPER FDG LCLIPER FDG LCLIPER 

6 July 2004 0.35 0.39 0.65 0.61 0.30 0.31 1.85 1.48 

8 July 2004 0.39 0.37 0.61 0.63 0.30 0.27 1.40 1.35 

10 July 2004 0.38 0.41 0.62 0.59 0.25 0.29 1.18 1.22 

12 July 2004 0.43 0.42 0.57 0.58 0.29 0.32 1.08 1.36 

13 July 2004 0.42 0.41 0.58 0.59 0.32 0.34 1.30 1.55 

25 July 2004 0.43 0.40 0.57 0.60 0.36 0.36 1.61 1.95 
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Table 16.  As in Table 15, but for the 12 km grid. 

Date 
POD FAR CSI BIAS 

FDG LCLIPER FDG LCLIPER FDG LCLIPER FDG LCLIPER 

6 July 2004 0.23 0.25 0.77 0.65 0.20 0.40 2.71 2.06 

8 July 2004 0.23 0.23 0.77 0.76 0.19 0.19 2.42 1.92 

10 July 2004 0.23 0.20 0.78 0.79 0.18 0.18 2.24 2.32 

12 July 2004 0.18 0.19 0.81 0.79 0.16 0.17 2.85 3.10 

13 July 2004 0.18 0.18 0.82 0.81 0.16 0.17 3.20 3.32 

25 July 2004 0.21 0.21 0.79 0.78 0.20 0.20 3.65 3.42 

 

12 July 2004 (Flight 7) at 36 km Grid Spacing 

Details about flight 7 on 12 July 2004 are presented next.  Figure 11 shows flash rates 

summed over 24 h on 12 July for the 36 km domain.  Panel a) shows “observed” total flash rates 

from NLDN' as modified by Allen et al. (2011), panel b) shows unadjusted FDG flash rates, and 

panel c) shows LCLIPER-derived flash rates.   The FDG flash rates generally underestimate 

observed values.  This is consistent with Table 3, which showed that the areal sum of flash rates 

from FDG is underestimated compared to NLDN' (ratio equals 0.2).  In addition, Table 7 showed 

that FDG produces an average of 31 flashes h –1 compared to 174 flashes h –1 from NLDN'.  

Areas with very small NLDN' flash rates often agree with those from FDG; however, FDG 

greatly underestimates regions of large NLDN' flash rates.  As noted earlier, FDG flash rates 

greatly depend on the accurate prediction of radar derived storm tops.  Thus, the FDG 

underestimates most likely are due to the configuration of WRF-Chem chosen in this study 

underestimating storm tops at 36 km grid spacing. In an attempt to reduce the underestimation, 

the FDG flash rates were adjusted as described earlier.  The adjustment improves the simulation 

of areas having strong convection and large flash rates (Figure 12).  That is, magnitudes of flash 

rates generally became more comparable to those from the NLDN'.  For example, flash rates 

over the northwest coast of Florida are better captured, as is the area of enhanced flash rates 

(1500-2000 flashes day –1) over North Dakota.  However, flash rates over South Dakota and 

Nebraska are not improved.  The area of flashes over Georgia, Alabama, Tennessee and 

Kentucky seen in the observed flash rate, appears to be displaced northward in the adjusted FDG 

WRF-Chem flash rate simulations.   



 

38 
 

 

Figure 11. a) Observed NLDN' total lightning; b) Futyan and Del Genio (FDG) parameterized 
flash rate; and c) LCLIPER parameterized flash rate for 12 July 2004 (flashes h –1). 
 

Magnitudes of adjusted FDG-derived flash rate (Figure 12) are more realistic than the 

unadjusted flash rates (Figure 11b).  However, since the next section shows that results from 

LCLIPER are superior to those of either form of the FDG, the “adjusted” FDG technique will not 

be discussed further. 
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Figure 12.  As in Figure 11, but panel c) shows adjusted flash rates from the FDG 
parameterization for 12 July 2004 at 36 km grid spacing. 

 

Figure 11c contains spatial maps of flash rate from the LCLIPER parameterization on 12 

July 2004.  As described in Chapter 3, LCLIPER uses convective precipitation and mixed phase 

depth to determine the flash rate.  The spatial fields provide a visual representation of the earlier 

statistics showing that LCLIPER out performs the FDG.  LCLIPER generally produces realistic 

flash rates.  NLDN' observes 966,396 flashes while LCLIPER produces 846,631 flashes (Table 

4).  The average flash rate at locations where NLDN' observes flashes and the model produces 

flashes is 154 flashes h –1 for NLDN' and 89 flashes h –1 for LCLIPER (Table 8). Nonetheless, 
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LCLIPER over predicts lightning in some areas (e.g., Michigan and Wisconsin), and under 

predicts in other areas, e.g., the border of Georgia and Florida and southeastern Louisiana.  Both 

FDG and LCLIPER miss the observed lightning in northern Alabama, Nebraska, Kansas, and 

Missouri.  This could indicate that the convective parameterization underestimates the 

convection producing the observed lightning.  Figure 13 compares NARR daily accumulated 

convective precipitation (panel a) and the Kain-Fritsch Eta Cumulus parameterization daily 

accumulated convective precipitation from WRF-Chem (panel b).  While the convection in 

Northern Alabama is not missed completely by the Kain-Fritsch Eta parameterization (hereafter 

denoted as KFeta), it is fairly light precipitation (<10 mm for the entire 24 h period) compared to 

the NARR convective precipitation that is between 5-20 mm.  The convection in Missouri, 

Kansas, Iowa, and Nebraska is poorly represented by KFeta.  The overprediction of lightning in 

Illinois and Indiana is also due to the prediction of convection and convective precipitation 

which is not observed in the NARR data.   KFeta convective rain is underpredicted along the 

coast of Louisiana when compared to NARR convective precipitation, While the convective 

parameterization cannot be blamed for all of the over or underpredictions by the lightning 

parameterizations, it is helpful in understanding their behavior.  In Georgia and northeastern 

Florida where lightning is underpredicted, an under prediction of convection does not seem to 

explain why flash counts are underestimated.  Table 17 shows statistics comparing the NARR 

convective precipitation to the KFeta convective precipitation simulations.  Results indicate that 

KFeta produces realistic convective precipitation, and helps to explain some of the error seen in 

the lightning parameterizations.   POD, FAR, CSI and Bias were calculated using a four point 

running average over the domains to filter subgrid scale phenomena.   A precipitation threshold 

of 0.5 mm per 3 h accumulation was used.  POD is greater for convective precipitation than for 

the lightning parameterization.  There also are fewer false alarms for convective precipitation, 

and CSI is closer to one for all days.  However, the days with the “best” statistics (12, 13 and 25 

July) and the “worst” statistics (6, 8, and 10 July) are consistent for  both the lightning 

parameterization and the convective parameterization.  This is expected since the lightning 

parameterization is weighed heavily on the prediction of convection.   

 



 

41 
 

Table 17.  Statistics comparing North American Regional Reanalysis (NARR) convective 
precipitation to the Kain-Fritsch Eta (KFeta) convective precipitation for a 36 km grid. 

Date POD FAR CSI BIAS 

6 July 2004 0.77 0.24 0.67 1.11 

8 July 2004 0.78 0.21 0.69 1.06 

10 July 2004 0.78 0.22 0.70 1.13 

12 July 2004 0.82 0.18 0.78 1.16 

13 July 2004 0.80 0.19 0.74 1.14 

25 July 2004 0.89 0.11 0.74 0.91 

Figure 13.  Convective precipitation (mm) from (a) the North American Regional 
Reanalysis (NARR) and (b) from the Kain-Fritsch Eta Convective Parameterization in WRF-

Chem for 36 km grid spacing 
 

Figure 14 shows the number of grid points for each parameterization having flash rates in 

bins of 100 flash day –1 on 12 July 2004.  The NLDN' daily flashes sum to 2300 flashes during 

the 24 h period from 0000 UTC to 0000 UTC the following day, FDG only sums to 300 flashes 

day –1, and LCLIPER produces 1100 flashes day –1.  The majority of grid points (5,322 NLDN' 

observations) contain less than 100 flashes day –1, while relatively few grid points contain in 
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excess of 1100 flashes day –1 (110 total flash observations or ~ 1.5% of all observations greater 

than 1100 flashes/day from NLDN').   FDG produces 8,632 occurrences of lightning less than 

100 flashes day –1, while LCLIPER exhibits the greatest occurrence of lightning less than 100 

flashes day –1 (10,630 points).  Even though LCLIPER produces many more grid points with 

lightning, the frequency of FDG flashes compared to NLDN' decreases quickly by the 200-300 

flashes day –1 bin.  The frequency of LCLIPER lightning agrees well with NLDN' up to the 1000-

1100 flashes day –1 bin.  LCLIPER’s overestimate of the frequency of smaller flashes might be 

improved if a threshold were applied to the convective precipitation so that no lightning would 

occur for small values of WRF-Chem-derived convective precipitation.   Although LCLIPER 

does not produce the maximum flash rates observed by NLDN' (> 1100 flashes day –1), these 

large values comprise only ~ 1.5 % of the NLDN' observations on this day. 

Areal sums of NLDN', FDG, and LCLIPER flashes day –1 were calculated to determine the 

number of flashes from each procedure, regardless of magnitudes at individual grid points, 

timing, or locations (Table 9 and Table 10).  Ratios between model and observed flash totals 

were calculated from these daily sums for the FDG and LCLIPER parameterizations.  The ratio 

between the NLDN' daily sum of flashes and the FDG flashes/day for the 12 July 2004 case is 

0.2 (large underestimation), and is 0.9 (slight under estimation) for the LCLIPER 

parameterization. 

Figure 14.  Frequency distribution of flash rate for NLDN' (blue), FDG (green), and 
LCLIPER (yellow) for 12 July 2004 on the 36 km × 36 km grid. 

 

12 July 2004 (Flight 7) at 12 km Grid spacing 

The 12 July case also was investigated at a grid spacing of 12 km using the relationships 

described in Figure 4.  Spatial maps of observed NLDN' flash rates, FDG unadjusted flash rates, 
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and LCLIPER rates are shown in Figure 15, where the flash rates have been summed over 24 h 

intervals as before. Visual inspection suggests that magnitudes of FDG-derived flash rate are 

improved over those modeled at the coarser 36 km grid spacing (Figure 11).  This supports our 

earlier hypothesis that because accurate FDG flash rates depend greatly on accurate radar-

derived storm tops, the coarse grid spacing underestimates the tops and resulting lightning.  

Conversely, at the higher 12 km grid spacing, where the storm tops are more realistic, FDG flash 

rates are more realistic (Figure 15).  Nonetheless, as shown in Table 9 and Figure 15, FDG tends 

to overestimate lightning in many areas.  NLDN' observes 744,380 flashes, while FDG produces 

4.5 million flashes.  Magnitudes of FDG flash rate (panel b) are several times greater than 

observed (panel a).   

Table 12 shows an average observed flash rate of 46 flashes h –1 compared to an average 

FDG flash rate of 79 flashes h –1.  In addition, the areas of lightning are much larger than 

observed.  There is major overestimation over Pennsylvania and New York, often where there is 

no observed lightning.  Sea breeze activity along the Gulf Coast in Louisiana and Florida is 

captured by the FDG scheme, but there is model lightning over the Florida peninsula that does 

not occur in the observations. 

Figure 15c shows results of the LCLIPER parameterization summed over 24 h for the 12 

July 2004 case.  The flash rate is underestimated near the Florida/Georgia border, in southeastern 

Louisiana, and in South Dakota and northeast Nebraska. The parameterization misses the 

observed lightning along the border of Kansas and Missouri, as well as northern Alabama and 

southern Tennessee.  The FDG parameterization also misses these features, indicating that they 

may have been poorly depicted by WRF-Chem’s convective parameterization scheme.  Both 

FDG and LCLIPER produce a large area of lightning in Illinois, Indiana, and Ohio that is not 

present in the NLDN' observations. 
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Figure 15.  As in Figure 11, but at 12 km grid spacing. 
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To summarize, visual inspection confirms that LCLIPER slightly underestimates 

magnitudes of flash rate on the 12 km grid, and that areas containing lightning are much larger 

than observed (Figure 15, panels a and c).  Table 13 confirms that LCLIPER under estimates 

flash rates.  The average flash rate of points where both model and observed lightning are greater 

than zero is 46 flashes h –1 and 27 flashes h –1 for NLDN' and LCLIPER, respectively.  Since the 

area of lightning is larger than observed in both the FDG and LCLIPER parameterizations, this 

could indicate that WRF-Chem’s convective parameterization is also over estimating the areal 

coverage of convection.  Figure 16 shows the KFeta daily accumulated convective precipitation 

compared to the NARR convective precipitation.  The area of convection is greater than that 

shown from NARR data; however, this does not explain why the LCLIPER parameterization 

under forecasts flash rates on this day.  A future study should investigate the use of a scaling 

factor to reduce the size of areas in which lightning occurs.  LCLIPER underestimates 

magnitudes of flash rate, most likely because the NARR data used to develop the relationships 

were interpolated from its native 32 km grid spacing to the present 12 km grid spacing.  Less 

interpolation was required for our 36 km grid, and the resulting flash rates were somewhat closer 

to those observed. 

Figure 16.  As in Figure 13 but for 12 km grid spacing. 
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Table 18.  As in Table 17, but for a 12 km grid. 
 

Date POD FAR CSI BIAS 

6 July 2004 0.5 0.25 0.64 1.89 

8 July 2004 0.67 0.23 0.65 1.86 

10 July 2004 0.67 0.24 0.69 1.83 

12 July 2004 0.80 0.20 0.76 1.86 

13 July 2004 0.80 0.21 0.72 1.84 

25 July 2004 0.87 0.15 0.72 1.58 

 

13 July 2004 Case at 36 km Grid Spacing 

The case study day 13 July 2004 does not coincide with an INTEX-A flight, but does test 

the parameterizations’ performance during a major severe weather outbreak with over 400 severe 

weather reports (SPC 2011, Figure 10b).   The majority of observed NLDN' lightning at 36 km 

grid spacing (Figure 17a) occurs along an occluded front over the Midwest.  The system moves 

eastward producing significant lightning over the Great Lakes and in Illinois and Indiana.  WRF-

Chem’s convective parameterization at 36 km grid spacing misses the strongest area of deep 

convection over Illinois and Indiana, and as a result, both lightning parameterizations fail to 

produce this area of large observed flash rates.  The lightning parameterizations also miss the 

lightning occurring in Nebraska and along the Atlantic Coast.   

Lightning over the Great Lakes region, near the occlusion, is well captured by LCLIPER 

(Figure 17).  A second low pressure system is centered just off the coast of New Jersey with a 

cold front extending southward into northern Virginia.  LCLIPER captures the lightning 

associated with this event; however, WRF places the surface low slightly north of its observed 

location in the Northeast, and the parameterized lightning is placed over a larger area than 

observed.  The lightning in northern Florida, a sea breeze event, is underestimated by both 

schemes.   In general, on the 36 km grid, FDG underestimates flash rates over the domain. 

Although LCLIPER produces more realistic flash rates, it still underestimates some areas.   

Based on the ratio between the FDG daily flash counts of 0.1, and 0.5 for LCLIPER (Table 3), 

both parameterizations perform poorly compared to the other case days.  The mean flash rate of 

“hits” for FDG is merely 39 flashes h –1 compared to the NLDN' average rate of 212 flashes h –1.  
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LCLIPER produces more realistic flash rates of 167 flashes h –1 compared to the observed 

average flash rate of 202 flashes h –1. 

 

Figure 17.  As in Figure 11, but for 13 July 2004 at 36 km grid spacing. 
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Figure 18.  As in Figure 13, but for 13 July 2004. 

Figure 19.  As in Figure 13, but for 13 July 2004 

 

It is obvious from Figure 19 (panel b) that KFeta underestimates the convection in the 

severe weather outbreak in eastern Illinois south through western Kentucky and Tennessee.  The 

convective precipitation in the northwestern panhandle of Florida is underestimated compared to 

the NARR convective precipitation; however the convective parameterization does not help 

explain the lack of lightning along the Atlantic coast (i.e. coastal Carolinas).  The convective 

precipitation in this area is heavy compared to the NARR convective precipitation.   
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As before, the convective parameterization generally performs well, but does help explain the 

origins of some of the errors in the lightning parameterizations’ (Table 17).   

13 July 2004 Case at 12 km Grid Spacing 

Results for 13 July 2004 at 12 km grid spacing are shown in Figure 20.  Both lightning 

parameterizations provide better spatial agreement with the NLDN' observations than those at 36 

km grid spacing (Figure 17).  However, the lightning extending from Illinois into southern 

Indiana that is observed in the NLDN' data (Figure 20, panel a) is not produced by either 

lightning parameterization for the reasons discussed for the 36 km grid spacing.   

Results of the FDG parameterization (Figure 20panel b) agree reasonably well with the 

NLDN' observations in southern Mississippi, Alabama, and the panhandle of Florida.  The 

exception is the area of lightning near Apalachicola, FL.  FDG underestimates  flash rates along 

the Atlantic Coast, in eastern Nebraska, and near the border of Minnesota, South Dakota and 

Iowa.  Conversely, FDG overestimates flash rates in northern Michigan.  The parameterized 

lightning in New England is not observed in the NLDN' data (panel a).  However, FDG generally 

overestimates flash rates at 12 km grid spacing.  This overestimation is evident in the area daily 

sum where NLDN' observes 776,128 flashes and FDG produces almost 2 million flashes.  The 

average flash rates for FDG compared to NLDN' are 142 flashes h –1  and 69 flashes h –1 , 

respectively.   

LCLIPER (Figure 20c) generally underestimates magnitudes of flash rates.  However, the 

spatial agreement on 13 July is better than on 12 July.  As with FDG, LCLIPER underestimates 

flash rates along the Atlantic Coast, in eastern Nebraska, and near the border of Minnesota, 

South Dakota, and Iowa.  Although magnitudes of flash rates surrounding Lake Michigan are 

realistic when compared to NLDN', the area of flashes is slightly overestimated in Michigan and 

eastern Wisconsin.  Flash rates over Virginia, Maryland, and Delaware are overestimated, and 

lightning is parameterized in Pennsylvania and New Jersey where it is not observed.   LCLIPER 

generally performs better at 12 km grid spacing than does FDG, but does slightly underestimate 

the flashes.  LCLIPER produces 618,920 flashes compared to NLDN' (776,128 flashes) (Table 

10).   The average magnitude of “hits” is 53 flashes h –1 from LCLIPER and 63 flashes h –1 from 

NLDN'. 
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Once again, the area of KFeta convective precipitation explains some of the error in 

LCLIPER’s placement of lightning (Figure 21).  For example, the strong area of NARR 

convective precipitation in eastern Illinois and southern Indiana is not seen in convective 

precipitation from the KFeta cumulus parameterization.  Figure 21 also helps clarify the larger 

spatial area of simulated lightning compared to the lightning observations.  It does not explain all 

of the error in LCLIPER’s lightning.  Other factors play a role including the short period on 

which our lightning parameterization is based and the interpolation of the native NARR grid 

spacing (32 km) to 12 km.  
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Figure 20.  As in Figure 18, but for 12 km grid spacing. 
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Figure 21.  As in Figure 16 but for 13 July 2004. 
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CHAPTER 5 

VALIDATION OF PARAMETERIZED NOX  

FROM LCLIPER 

Flash estimates from LCLIPER and, a NO production rate of 500 moles per flash were 

used to parameterize NOx.  This production rate is consistent with findings from several recent 

field campaigns (Huntrieser et al. 2008, 2009; Ott et al. 2007, 2010) that showed mid-latitude 

storms typically having greater vertical wind shear than storms in the tropics, and having longer 

lightning strokes that produce more NO per flash. 

This chapter compares simulated WRF NOx to measurements from the INTEX-A aircraft. 

The in situ NO data were measured using chemiluminescence and NO2 concentrations were 

measured by Laser-Induced-Fluorescence as described in Singh et al. (2006).  The data were 

obtained from the INTEX-A data archive.  One minute data intervals exhibiting fresh pollution 

or biomass burning signatures were removed since they are unrepresentative of the 36 km or 12 

km grids being used (Allen et al. 2010, 2011).  Intervals of pronounced stratosphere-troposphere 

exchange also were removed as in Allen et al. (2010, 2011) since we are focusing on the upper 

troposphere. 

INTEX-A flight 7 (12 July 2004) is the focus of the discussion since its lightning results 

were superior to those of the other days (Chapter 4).  A weak stationary front stretched from the 

mid-Atlantic Coast to Nebraska.  Upper level winds were weak (~5 m s –1) over most of the 

southern half of the model domain (not shown), while upper level winds over the northern half of 

the domain were somewhat stronger (10 - 15 m s –1). 

Like many other chemical transport models, WRF-Chem with LCLIPER generally 

underestimates upper tropospheric NOx (Allen et al. 2010, 2011; Fang et al. 2010; Bousserrez et 

al. 2007; Hudman et al. 2007; Pierce et al. 2007). Table 18 (36 km grid) and Table 19 (12 km 

grid) show mean upper tropospheric NOx in the 7-9 km and 9-12 km layers of the model, both 

with and without lightning, and compared to the aircraft measurements.  At both model grid 

spacings, the addition of lightning improves values of NOx in the upper troposphere.  Between 7 

km and 9 km, the mean observed NOx is 248.1 pptv, while the 36 km WRF-Chem LCLIPER 

produces a mean of 87.1 pptv.  This value is 26.7 pptv greater than the mean from the 36 km 
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WRF-Chem simulation without lightning (60.4 pptv).  Between 9-12 km, the mean observed 

NOx concentration is 867.9 pptv, while the 36 km WRF-Chem LCLIPER produces a mean of 

266 pptv.  The 36 km WRF-Chem without lightning produces a mean of 96.9 pptv in this layer.   

Table 19 compares meanWRF-Chem-derived NOx at 12 km grid spacing to mean aircraft 

measurements.  The higher resolution model provides better results, probably due to its better 

representation of stronger storm updrafts and associated lightning. The 12 km results will be the 

focus of the following discussion.   WRF-Chem LCLIPER in the 7 - 9 km layer produces a 

relatively small bias of 27.6 pptv less than the mean observed NOx of 248.1 pptv.  The 9-12 km 

layer exhibits a considerably greater bias (580.1 pptv). However, the overall mean of 287.8 pptv 

is much greater than from WRF-Chem without lightning (97.6 pptv).   Allen et al. (2011) 

described similar results from 12 km runs of the Community Multiscale Air Quality (CMAQ) 

model (Byun and Schere 2006) with and without lightning.   Specifically, Allen et al. (2011) 

demonstrated that the addition of lightning to the CMAQ model improved upper level NOx 

concentrations by as much as 50% over CMAQ without lightning.  Their results showed biases 

between 7 - 9 km and 9 - 12 km of 116 pptv and 388 pptv, respectively. 

 

Table 19.  WRF-Chem simulated vs. INTEX-A aircraft measurements of mean upper 
tropospheric NOx (pptv) on the 36 km grid. 

 
Layer INTEX-A NOx WRF-Chem No 

Lightning 
WRF-Chem LCLIPER 

7-9 km 248.1 60.4 87.1 

9-12 km 867.9 96.9 266 

 
 

                               Table 20. As in Table 19, but for the 12 km grid. 

Layer INTEX-A NOx WRF-Chem No 
Lightning 

WRF-Chem LCLIPER 

7-9 km 248.1 61.0 220.5 

9-12 km 867.9 97.6 287.8 

 
 

Flight 7 left MidAmerica Airport at approximately 1500 UTC (10 AM EST) on 12 July. 

Figure 22 overlays observed values of NOx (thin line through the figure indicating flight path and 

altitude) onto WRF simulated NOx without lightning (top panel) and with LCLIPER lightning 

(bottom panel), both on the 12 km grid.  The no lightning WRF-Chem simulation (top panel) 
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generally well represents the continental influence on atmospheric NOx; however, the model 

somewhat overestimates observations when the aircraft samples the boundary layer.  During the 

remainder of the flight, the aircraft performed deep vertical profiles, and sampled air with strong 

NOx in the upper troposphere.  The no lightning run (top panel) shows that WRF-Chem generally 

underestimates NOx above the boundary layer (Table 19).   

The bottom panel of Figure 22 shows NOx including the contribution from LCLIPER.  

Near 300 hPa just after 11AM EST, when the flight was northbound through Illinois into 

Wisconsin, the DC-8 sampled convective outflow from thunderstorms that occurred the night 

before over North Dakota.  LCLIPER does not produce this upper level of NOx maximum seen 

along the flight track.  However, Figure 23a shows LNOx at a height of 8 km AGL, revealing the 

presence of LNOx, although displaced northwest of the flight path (still in western North Dakota) 

and weaker than the maximum observed by the aircraft (Figure 10a).  Since both simulated and 

observed winds are from the northwest, this displacement may due to the simulated winds being 

too weak.   

The flight next turned southwest toward Nebraska and again ascended above 300 hPa 

over northern Kansas just after 1400 EST where aged convective outflow was sampled (Figure 

22).  Once again, LCLIPER does not produce lightning near the flight path at this time and, 

therefore, does not produce lightning NOx.  During the remainder of the flight, the aircraft 

continues to execute deep vertical profiles from 1,000 ft AGL to 39,000 ft AGL, each time 

sampling convective outflow aloft.  Between 1700 and 1800 EST (5-6 PM), the flight samples a 

strong NOx layer in the upper levels above 300 hPa.  LCLIPER produces lightning NOx in this 

area as seen in bottom panel of Figure 22.  The final ascent before the aircraft returned to 

MidAmerica also sampled an enhanced layer of NOx.  LCLIPER produces some lightning NOx 

in this area, but as seen in Figure 23e the majority is displaced east of the flight track.  Between 

1600 EST (2100 UTC) and 1800 EST (2300 UTC) (Figure 23 d, e), the model produces LNOx at 

8 km (~ 325 hPa).   The LNOx sampled by the aircraft over Georgia, Tennessee, and Kentucky 

corresponds reasonably well with the simulated LNOx on the 12 km grid (Figure 22).  Although 

some of the LNOx is slightly displaced from the flight track, it is evident in the spatial plots near 

8 km (Figure 23). 
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Figure 22.  WRF-Chem NOx (pptv) compared with NOx measurements during INTEX-A flight 7 
on 12 July 2004.  Top panel is 12 km WRF-Chem with no lightning, and the bottom panel 

contains 12 km WRF-Chem with LCLIPER lightning.   The map at the bottom of the figure 
shows the flight track beginning at approximately 10 AM EST (corresponding to dark purple on 
the color bar) and ending at 19 (7 PM) EST (corresponding to dark orange).  The times for each 

color are on the top of the color bar. 
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Figure 23.  NOx (pptv) at 8 km from WRF-Chem LCLIPER on 12 July 2004 at a) 1500 UTC, b) 
1700 UTC, c) 1900 UTC, d) 2100 UTC, and e) 2300 UTC on the 12 km grid. 
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Time series plots of simulated NOx without lightning (purple line in Figure 24a) and WRF-

Chem LCLIPER (red line in Figure 24b) provide additional information.  WRF-Chem with 

lightning reasonably captures the measurements during the final two legs of the flight (from 1600 

to 1800 EST) (Figure 24b), while WRF-Chem without lightning only displays a minor increase 

in NOx between these times (Figure 24a).    Figure 22 shows the vertical distribution of NOx 

during flight 7.  Mean values of the aircraft measurements and corresponding WRF-Chem NOx 

are shown for the duration of the flight.  The purple line shows the WRF-Chem no lightning 

simulation, while the red line shows the WRF-Chem LCLIPER simulation.  WRF-Chem without 

lightning generally underestimates the upper level observed NOx, while WRF-Chem with 

LCLIPER improves the upper tropospheric NOx.   

Upper tropospheric WRF-Chem LCLIPER-derived NOx concentrations begin to decrease 

sharply above 10 km.  Several factors could account for this sharp decrease, and for the biases 

seen in Table 18 and Table 19.  These factors include biases in the aircraft measurements (Brown 

et al. 2011; Allen et al. 2010), inadequate model convection, and the method for vertically 

distributing the NOx.  Biases in the INTEX-A measurements of NO2 are attributed to interference 

from methyl peroxy nitrate (MPN) and to a lesser degree peroxy nitric acid (HO2NO2) (Browne 

et al., 2011).  Browne et al. (2011) estimated the interference as a function of temperature using a 

photostationary state model constrained by measurements from the NASA Arctic Research of the 

Composition of the Troposphere from Aircraft and Satellites (ARCTAS) field campaign.  

Assuming, the same relationship can be applied for INTEX-A NO2 measurements, then the 

upper tropospheric measurement of NO2 measured during DC-8 Flight 7 are biased high by 

approximately 30% (Allen et al. 2011). Additionally, the upper tropospheric lifetime of NOx is 

believed to be too short in chemical models (Henderson et al. 2011).  The vertical distribution of 

LNOx depends on accurate prediction of reflectivity derived storm tops above the freezing level 

(see Hansen et al. 2010 and the Appendix of this dissertation for a description of the vertical 

distribution methodology).  During our summer month study period, the freezing level typically 

occurs between 3 to 4 km AGL.   

Figure 26 shows model derived radar echo tops above freezing level at 2 hourly intervals 

during the flight on the 12 km grid.  It should be noted that these tops represent the depth of the 

storm above freezing level.  Thus, if the plotted value is 2 km and freezing level is at 4 km, the 

true echo top is at 6 km AGL.   
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In the bottom panel of Figure 22, LNOx is distributed through the majority of the 

troposphere between 1600 EST (2100 UTC) and 1800 EST (2300 UTC).  Between 2100 UTC 

(Figure 26d) and 2300 UTC (Figure 26e), as the flight moves from South Georgia and turns 

northward toward Tennessee, the simulated storm tops above freezing level along the track are 

very shallow (< 2 km).  This altitude corresponds to the vertical distribution profile for tops less 

than 3 km above the freezing level shown in Figure A- 4b of the Appendix that exhibits one peak 

between 6 - 7 km. This profile helps explain why LNOx extends vertically throughout most of 

the troposphere in Figure 22 (bottom panel) near 1700 EST.  Based on this profile, most of the 

NOx would be distributed between 6 km to 7 km, with little NOx distributed above 10 km. A 

storm with an echo top of 16.5 km (12 km above the freezing level) would have NOx distributed 

higher in the troposphere (i.e., more NOx above 9 km).  Since a data set to validate the radar 

derived storm tops does not exist, it is difficult to comment on their accuracy.  However, for the 

36 km (Figure 25) or 12 km grids (Figure 26), it is likely that the simulated storm tops may not 

be as high as those observed or obtained from a higher resolution model.       

The model convective parameterization plays a role in the inaccuracy of storm tops, the 

displacement of the convection from its true location, both of which affect the biases in 

simulated NO compared to the aircraft-derived values. 

In summary, the addition of lightning to WRF-Chem improves the upper tropospheric 

NOx concentrations compared to WRF-Chem without lightning.  Several factors including the 

lightning forecast, model convection, and the methodology for vertically distributing LNOx play 

a role in the observed biases.  The greatest error, and perhaps the most difficult to remedy, most 

likely arises from the vertical distribution of LNOx.  Additional research will be needed to 

validate the radar derived storm heights in order to improve the profile selected to vertically 

distribute LNOx. 

 

 
 
 
 
     
 
 



 

60 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 24.  Time series of NOx (pptv) from takeoff (near 1500 UTC) to landing during the 
9 h Flight 7 on 12 July 2004.  The solid black line indicates the pressure at flight level. Black 
asterisks show the aircraft measurements of NOx (pptv). The purple line with “plus” symbols 
(panel a) shows the 12 km WRF-Chem model NOx without lightning (pptv), and the red line 

with “plus” symbols (panel b) shows the 12 km WRF-Chem LCLIPER NOx (pptv). 
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Figure 25.  As in Figure 23, but for radar derived storm height (km) above freezing level on the 
36 km grid. Derived from maximum height of 18.5 dBZ echo top in Hansen et al. (2010). 
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Figure 26  As in Figure 25, but for a 12 km grid. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Relatively few studies have investigated lightning or lightning-derived NOx on the cloud 

and global scales (e.g., Hudman et al. 2007; Choi et al. 2008, Mena-Carrasco et al. 2007; Pierce 

et al. 2007; Barthe and Barth 2008), and even fewer studies have examined the regional scale 

(e.g., Allen et al. 2010, 2011).  Several existing relationships could be applicable at the regional 

scale, including those using cloud top, radar echo top, and convective precipitation (Price and 

Rind 1992; Michalon et al. 1999; Meijer et al. 2001; Allen and Pickering 2002; Grewe et al. 

2001).   

Several lightning parameterizations were investigated in the WRF-Chem model.  After 

comparing them at 36 km and 12 km grid spacing on six different summer days during 2004, 

results suggested that a new relationship was needed.    Our parameterization, called LCLIPER, 

uses a relationship between convective precipitation and mixed phase depth, and produces total 

lightning (IC+CG) results that generally are comparable to “observations” of NLDN' total 

lightning (Figure 11, Figure 15, Figure 17, and Figure 18).  Two other parameterizations, FDG 

and Yoshida et al. (2009) were examined against LCLIPER.  Since both utilize a relationship 

with radar echo top and total lightning, they both produced similar results and, as such only FDG 

was the focus of this study.   

Some statistics showed similar performance between FDG and LCLIPER (Table 15 and 

Table 16).  These statistics mostly demonstrated the placement of model lightning compared to 

the observed lightning.  They help illustrate the skill of the model’s convective parameterization 

scheme, but did not indicate the ability of the lightning parameterization to predict flash rate 

(flashes h –1).  Statistics and a visual comparison were performed on results from the KFeta 

convection parameterization, which indicated better skill than the lightning parameterization, but 

also indicated consistent results between the “best” simulations and the “worst”.  Domain wide 

total flash counts and mean flash rate of coinciding observations and model lightning help to 

further demonstrate which parameterization is superior (Table 3 through Table 13).  Results 

show that FDG and the Yoshida et al. (2009) schemes underestimated flash rate at 36 km grid 

spacing, and overestimated them at 12 km (Table 7 and Table 8).    In the interest of full 

disclosure, it should be noted that the case study days examined here were included in the 
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computations for creating the LCLIPER relationship between model convective precipitation and 

mixed phase depth.  These case study days could dominate the 2004 summertime, producing 

better results in the simulations.  More case study days need to be examined to investigate 

LCLIPER’s performance during other seasons and years. 

Most previous studies have focused on LNOx and have not presented comparisons 

between simulated and observed lightning.  Allen et al. (2011) showed a comparison of total 

lighting from the CMAQ model based on a relationship between total lightning and convective 

precipitation.  Our results showed that flash rates from this relationship were underestimated and 

needed to be adjusted.   Our LCLIPER parameterization uses not only convective precipitation, 

but also mixed phase depth to determine the flash rate. 

Because it was superior to the FDG and Yoshida et al. (2009) parameterizations, 

LCLIPER was examined further in the remainder of the study.  When compared to aircraft 

measurements during the INTEX-A field campaign, results of WRF-Chem LNOx indicated that 

the addition of lightning improved values of upper tropospheric NOx, but still underestimated 

them when considering the mean of the entire flight (Table 18 and Table 19).  When the model 

produced lightning, LNOx was overestimated throughout the atmospheric column.  Other results 

indicated that the model’s placement of convection played a role in the LNOx parameterization 

underestimating the upper level maxima in NOx seen in the aircraft measurements (Figure 22 and 

Figure 23).  Also, uncertainty in the LNOx production rate and the atmospheric lifetime of NOx 

in the model play a role in the LCLIPER NOx prediction.  The LNOx is vertically distributed 

based on radar derived storm height.  This relationship is derived in the Appendix and in Hansen 

et al. (2010).  Preliminary results indicate that the model’s coarse grid spacing may not be 

accurately specifying radar echo tops (maximum height of 18.5 dBZ).   

More research is needed to validate the simulated echo tops, and develop a correction 

factor for this model variable.  The contribution of lightning NOx using LCLIPER should be 

examined more closely in future research.  More validation also is necessary to show the impact 

that LCLIPER has on WRF-Chem NOx.  Finally, future studies should examine the contribution 

of LNOx to ozone formation to determine if LCLIPER improves the forecast of model ozone.        
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APPENDIX 

DETERMINING THE VERTICAL DISTRIBUTION OF LIGHTNING 

SOURCES 

Introduction 

A knowledge of the occurrence and three dimensional distribution of lightning is 

important to many disciplines.  Cloud-to-ground (CG) lightning is the second leading cause of 

weather related fatalities in the United States, with the National Lightning Safety Institute 

estimating that lightning causes an annual economic impact of $4-$6 billion (Curran et al. 2000).  

Lightning strikes impact transportation, electrical and communication systems, and are the 

leading cause of wild fires which impact the carbon cycle (Stocks et al. 2002).  Lightning also is 

an important source of nitrogen oxides (NOx) in the middle and upper troposphere that play a 

direct role in producing tropospheric ozone (e.g., Pickering et al., 1998; DeCaria et al., 2005, Ott 

et al., 2007; Schumann and Huntrieser, 2007).   

Advancements in ground based lightning detection have improved our ability to explore 

relationships between lightning and thunderstorm characteristics.  These advancements include 

deployments of the National Lightning Detection Network (Orville 2008) and the Lightning 

Detection and Ranging (LDAR) (e.g., Lennon 1975; Poehler and Lennon 1979) and Lightning 

Mapping Array (LMA) (e.g., Rison et al., 1999) networks that have been installed in several 

regions across North America.   The NLDN' mostly detects CG flashes, while the LDAR and 

LMA networks can locate in three dimensions the individual impulsive VHF radiation sources 

emitted by both CG and intra-cloud (IC) lightning.   

A number of studies have investigated the vertical distribution of VHF lightning sources 

using the LDAR/LMA networks.  However, most have focused on severe convection (e.g., 

Krehbiel et al. 2000; Lyons et al. 2003; Carey et al. 2005; Dotzek et al. 2005; Goodman et al. 

2005; Ely et al. 2008; Hodapp et al. 2008; Lang and Rutledge 2008).  For example, Carey et al. 

(2005) examined the three-dimensional distribution of VHF sources associated with CG strikes 

in a mature Leading Line Trailing Stratiform Mesoscale Convective System (MCS).  They found 

fewer VHF sources within the stratiform region compared to the convective region, and source 

densities that decreased with increasing distance rearward of the convective line.  They showed 
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that the great majority of VHF lightning sources occurred within the leading convective line and 

in a bimodal vertical distribution, with one peak near 4.5 km AGL (above ground level) and the 

other near 9.5 km AGL.  Carey et al. (2005) and Hodapp et al. (2008) showed that the layer of 

maximum total lightning in their MCS studies sloped rearward and downward from the 

convective region to the stratiform region.  Ely et al. (2008) examined the 3-dimensional 

structure of lightning sources within a LLTS MCS near Houston, Texas, focusing on the 

evolution of precipitation and lightning structure.   

Bruning et al. (2007) recently examined a multicellular non-severe storm during the 

Thunderstorm Electrification and Lightning Experiment (TELEX) field program.  Although the 

major purpose was to relate charging and lightning to a storm’s convective motions, they also 

presented vertical profiles of sources occurring in a non-severe thunderstorm that occurred near 

Oklahoma City.  Results showed that most sources occurred in the storm’s positive charge region 

between 6 and 8 km; however, early on, there was a significant and active lower positive charge 

center at 4 km.  Although a traditional tripole has a less significant lower positive charge region, 

numerical simulations have indicated that noninductive (NI) charge separation at higher altitudes 

can enhance the main negative charge (Mansell et al. 2009).  The result is a tripole charge 

structure with a more significant positive charge region at lower levels than higher levels.  

Bruning et al. (2007) also noted negative charge regions between 4.5 to 6 km and near 8.5 km.  

The negative charge layer at 8.5 km had few to no associated sources and probably was a 

screening layer not due to NI charging.  

There is increasing interest in modeling lightning and its chemical byproduct NOx (e.g., 

Price and Rind 1992, Pickering et al. 1998; DeCaria et al., 2005; Barthe et al. 2007; Barthe and 

Barth 2008; Ott et al. 2007; 2010).  Lightning NOx can efficiently catalyze ozone production in 

the upper troposphere where ozone is most effective as a greenhouse gas.  Therefore, it is 

important to understand the vertical distribution of lightning.  A relation between radar 

reflectivity and lightning flash rate was derived by Futyan and Del Genio (2007) for use in global 

chemical transport models.  Using Tropical Rainfall Measuring Mission (TRMM) satellite 

observations from the LIS (Lightning Imaging Sensor) and PR (Precipitation Radar) sensors, 

they studied over 1500 storms in the region of Africa and the Atlantic Ocean.  They found an 

approximately fifth order relationship between storm top and flash rate, and a second order 
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relationship between storm height above freezing level and flash rate.  The second order fit 

provided slightly better results.    

Expanding on the results of Futyan and Del Genio (2007), this paper explores the relation 

between radar reflectivity, radar-derived storm top height above freezing level, and the vertical 

distribution of lightning sources and flashes.  Specifically, our objective is to determine the 

vertical distribution of flashes comprising IC and CG (i.e., total) lightning detected by the 

Kennedy Space Center LDAR network.  We emphasize vertical profiles of the percentage of 

sources and flashes to distinguish our results from those of previous studies. The vertical 

distributions of lightning flashes will be useful in Chemical Transport Models (CTMs) that are 

run at the regional scale (~10-12 km) to vertically distribute the NOx formed by lightning, as well 

as to verify model simulated lightning.  We investigate storms of all intensities during a 3 month 

period (June, July and August) in 2004 and 2005 when lightning is most common in Florida.  

The vertical lightning source and flash distributions are related to radar-derived storm heights 

(specifically height above freezing level) and to radar reflectivity.  We first analyze VHF source 

and flash frequencies for the entire summer periods of the two years, and then expand the 

discussion to four multicellular storms.  

        Data and Methodology 

Data from the Kennedy Space Center LDAR network were used in conjunction with 

WSR-88D radar data from the nearby Melbourne, Florida National Weather Service Office 

(KMLB) to determine the relationship between radar-derived echo top and lightning. This 

section describes the radar data, domain selection, our procedure for determining radar derived 

storm top, and the lightning data.   

 

Weather Surveillance Radar 88 Doppler (WSR-88D) and Domain Selection 

The Melbourne, FL (KMLB) WSR-88D is an operational National Weather Service 

Doppler radar (Crum and Alberty 1993) located approximately 50 km south of the LDAR central 

receiver.  Level II radar data for KMLB were obtained from the National Climatic Data Center 

(NCDC).  During times of precipitation, the WSR-88D operates in either of two volume 

coverage patterns (VCPs), VCP-21 and VCP-11, depending on storm intensity.  A VCP-21 scan 

consists of data at nine elevation angles (0.5°, 1.45°, 2.4°, 3.35°, 4.3°, 6.0°, 9.9°, 14.6°, and 
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19.5°), while a VCP-11 scan consists of fourteen elevation angles (0.5°, 1.45°, 2.4°, 3.35°, 4.3°, 

5.25°, 6.2°, 7.5°, 8.7°, 10.0°, 12.0°, 14.0°, 16.7°, and 19.5°). We used data from both VCPs 

without differentiation.  

We restricted our domain to the area north of the KSC LDAR site since the KMLB VCPs 

provide incomplete vertical coverage of storm tops south of the LDAR.  Specifically, our domain 

is the northern half of the 50 km radius around the LDAR central receiver. The highest elevation 

radar beam in this area is at least 17 km above ground based on standard atmospheric conditions. 

Few storm heights in the area exceed this altitude. 

WSR-88D reflectivity data contain both meteorological and non-meteorological events.  

Radar contamination can arise from anomalous propagation, ground clutter, bright banding, and 

clear-air returns.  Therefore, we quality controlled the data using the Warning Decision Support 

System-Integrated Information (WDSS-II) software (Lakshmanan et al. 2007b) that was 

developed at the National Severe Storms Laboratory (NSSL) and the Cooperative Institute for 

Mesoscale Meteorological Studies (CIMMS) at the University of Oklahoma. Lakshmanan et al. 

(2007a) describe how WDSS-II quality controls radar reflectivity. The resulting quality 

controlled reflectivity output from WDSS-II was transformed from radar to Cartesian 

coordinates with a horizontal grid spacing of 1 km and a vertical grid spacing of 0.25 km.  The 

gridded data then were used to determine echo top (maximum height of the 18.5 dBZ contour) at 

each grid point.  This threshold is similar to that used in the WSR-88D radar algorithm to 

determine tops (U.S. Department of Commerce 2006; Amburn and Wolf 1997).  Mean 

reflectivity, used later in Figures A-5 through A-8 a and b, was calculated by first converting 

from logarithmic units (dBZ) to linear units (mm6 m-3), averaging over grid points that contained 

a reflectivity value, and then converting the mean back to logarithmic units (dBZ).  

 

Lightning Detection and Ranging (LDAR) Network 

We used lightning data from the LDAR network developed at NASA Kennedy Space 

Center (KSC) (Lennon 1975; Poehler and Lennon 1979; Maier et al. 1995; Britt et al. 1998; 

Boccippio et al. 2000).  LDAR uses time of arrival measurements to locate in three dimensions 

the impulsive VHF radiation emitted by lightning at a frequency of 66 MHz and a bandwidth of 

6 MHz (McNamara 2002).  The VHF electromagnetic pulses generated by the individual stepped 
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leaders of each lightning flash are referred to as “sources” or “sparks”.  LDAR detects sources 

from IC flashes and the upper portions of CG flashes, with negative leaders being preferentially 

detected (Shao and Krehbiel 1996) since sources associated with negative breakdown radiate 

greater power (Thomas et al. 2001).  LDAR has reduced detection efficiency below 2 km altitude 

and does not detect and locate events that occur during long continuous radiation (such as return 

strokes).  As a result, we can expect some error below 2 km in our vertical distributions.   

The KSC LDAR has a typical detection range of 100 km (Boccippio et al. 2000), and 

according to the Applied Meteorology Unit (AMU), has a detection efficiency of approximately 

97% within that range, increasing to 99% when events occur within 25 km of the central receiver 

(Maier et al. 1995; Murphy et al. 2000). Although improvements to the network during 2007 

increased the range of large detection efficiencies (Personal Communication, William Roeder, 

2009), our period of study is before these upgrades were completed. 

Boccippio et al. (2000) showed that some KSC LDAR sources were located at “spurious” 

altitudes above 18 km AGL, but that the vertical distributions were stable within 50 km of the 

LDAR.  We only examine lightning sources within the northern 50 km radius of the central 

receiver site located at 28o 32’ 18.22” latitude and 80o 38” 33.48’ longitude, and altitudes up to 

18 km.  Lightning from all storms, regardless of their intensity, are considered. 

 

Flash Creation Methodology 

We grouped the VHF lightning source data into 6 min intervals that matched the volume 

scan periods of the KMLB radar.  The individual source data were combined into flashes using 

temporal and spatial constraints following Nelson (2002).  For a source to be included in a flash, 

it had to occur within 3 s of the first observed source. Furthermore, each source had to be within 

0.5 s of the previous source comprising a flash.  This process takes into account LDAR’s 

location and azimuth errors, as described by Nelson (2002).  The source and flash data were 

placed onto a 1 km × 1 km horizontal grid with 0.25 km vertical spacing up to 18 km, thereby 

agreeing with the grid used for the radar data.  The gridded data were used to calculate source 

and flash densities (sources or flashes km-3) by summing all sources/flashes within our domain 

and then dividing by the volume of the domain that contained grid cells with at least one source 

or flash.  This allowed comparisons between different storm days.  Source and flash percentage 
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were calculated by dividing the number of sources or flashes in each 0.25 km layer by the 

vertical sum of all sources or flashes.    

 

Atmospheric Sounding Data  

Radiosonde soundings from KSC were used to determine freezing level heights over the 

area.  However, we found that during June, July, and August the freezing level exhibited almost 

no day to day variation, remaining at ~ 4.5 km.  Therefore, we assumed this altitude on all study 

days which allowed height above the freezing level to be easily converted into height above 

ground level (AGL) that is used in the results that follow. 

 

Results: Summertime Mean 

Except for Boccippio et al. (2000) and Buechler (Personal communication, 2009), few 

studies have examined climatological aspects of the vertical distribution of lightning sources.  

We first present their results as background before comparing with those of our current study.    

Boccippio et al. (2000) presented vertical distributions of source densities for all storms 

near KSC during a 19 month period from March 1997 to September 1998 (Figure A- 1).  Their 

distribution of source densities within a 50 km radius of the KSC LDAR central receiver exhibits 

a single maximum at ~ 9.5 km altitude.  Buechler’s warm season distribution of VHF source 

frequencies within 50 km of the North Alabama central LMA receiver (Figure A- 2) is similar to 

the Boccippio et al. (2000) annual distribution for central Florida in that both exhibit distinct 

maxima near 9-10 km.  However, the North Alabama warm season distribution also has a 

secondary peak near 5 km that is not observed at KSC.  One should note that Boccippio et al. 

(2000) calculated the source distribution (%) using source densities, while Buechler calculated 

the distribution from individual sources, thereby accounting for the different values on the x axes 

in Figure A- 1 and Figure A- 2.  Figure A-1 shows our vertical distribution of source percentage 

(solid line) for all VHF sources within the northern 50 km radius of the KSC LDAR during June, 

July and August 2004 and 2005.  Only storms that crossed into the 50 km radius were included.  

Storms that occurred outside or along the edge of the 50 km radius were excluded even if they 

produced lightning.  One should recall that the Melbourne radar is located ~ 50 km south of 

LDAR’s central receiver.  Thus, our selection criteria ensure that 1) virtually all lightning 
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sources will be detected, and 2) that a storm will not be so close to the radar that its top cannot be 

accurately determined.  

Our warm season vertical distribution of LDAR sources at KSC (Figure A- 3) generally 

is similar to the Boccippio et al. (2000) annual distribution (Figure A- 1).  However, our summer 

distribution has a broad peak between ~ 6-8 km, while the annual distribution (Figure A- 1) has a 

sharper peak at a slightly higher altitude (~ 9.5 km). The higher altitude annual peak may be due 

to stronger, higher storms that are associated with middle latitude systems that mostly occur 

during the cooler months.  Florida storms that occur between June-August mostly are triggered 

by the sea breeze and may not have such high tops. 

 

 

 

 

 

 

 

 

 

 

Figure A- 1.  Vertical distribution of mean VHF source frequencies within 50 km of the KSC LDAR 
network during a 19 month period from 1997-1998. (After Boccippio et al. (2000)). 
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Figure A- 2.  Vertical distribution of mean VHF source frequencies from the North Alabama 
Lightning Mapping Array (LMA) for three warm seasons (April-September 2003-2005). The 

sources were averaged within a 50 km radius of the LMA network and analyzed at a vertical grid 
spacing of 0.25 km (after Buechler (2009)). 
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Figure A- 3.  Vertical distribution of warm season average KSC VHF sources (solid line) and 
flashes (dashed line) for storms occurring during June, July, and August of 2004 and 2005.  

Values at a vertical grid spacing of 0.25 km are expressed as a percentage of the column total. 

Although both our summer KSC distribution of source fraction (Figure A- 3) and 

Buechler’s northern Alabama warm season distribution (Figure A- 2) exhibit maxima in the 

middle and upper troposphere, several differences also are evident.  The dominant peak in 

Buechler’s distribution is at 9 km, while it occurs between ~6-8 km in our distribution.  The 

North Alabama distribution also exhibits a secondary maximum at approximately 5 km that is 

not contained in either our or the Boccippio et al. (2000) distributions.   
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There are several possible explanations for the differences in Figure A- 1, Figure A- 2, 

and Figure A- 3.  First, different seasons and detectors were used.  Boccippio et al. (2000) 

considered all months, while we considered June-August, both using KSC LDAR data.  Buechler 

(2009) also considered the warm season (April-September 2003-2005) but employed LMA in 

northern Alabama.  Second, storm structure may differ somewhat between the two locations, 

even if the same months had been considered.  However, it is doubtful that differences between 

environment and convection at low-levels between Florida and northern Alabama totally explain 

the difference in the vertical distribution of VHF sources near 5 km. Instead, the major issue 

probably is that results from the newer, more sensitive research quality LMA sensors in northern 

Alabama are being compared with those from the older, operational LDAR network at KSC. The 

North Alabama LMA network has 12 receivers, while the KSC network only has 6 sites, and the 

algorithms used to process the LMA and LDAR data also differ (Rison et al. 1999 vs. Lennon 

1975).VHF networks have been shown to preferentially detect negative leaders (Shao and 

Krehbiel 1996; Rison et al. 1999) because they radiate greater power (Thomas et al. 2001). This 

makes it more difficult to assess regions of negative charge (Rust et al. 2005; Wiens et al. 2005; 

Wiens 2006; Bruning et al. 2007). The VHF sources in the lower-level positive charge center 

that are routinely measured by the LMA, but not as well detected by LDAR, have smaller source 

power than the sources associated with the more ubiquitous upper-level positive charge center 

that both networks detect.  Therefore, the less sensitive LDAR network does not "see" the 

relatively low power sources associated with the lower-level positive charge center as well as the 

LMA system.  

 The sources comprising negative leaders should be proportional to channel length, but 

this may not be true for positive leaders because they are under sampled (Personal 

Communication, Eric Bruning, 2009).  Therefore, it is important to know whether most of the 

VHF sources detected by the LDAR are positive or negative.  More research will be needed to 

determine if this is a source of error in the source profiles presented here.  However, we 

hypothesize that our source profiles do not have large errors since over many storms the altitudes 

of positive charge might vary sufficiently to average out and produce a similar single-peak 

distribution. This issue currently is being investigated by Koshak et al. (2009) and Peterson and 

Koshak (2009). 
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Included in Figure A- 3 is the KSC summer season flash distribution (dashed line).  

Flashes were calculated from the source data as described in Section 2.3.  The figure shows little 

difference between the source and flash distributions.  The peak of the flash distribution is more 

narrow, but both occur near the same altitude. Both distributions exhibit a small secondary peak 

near 11 km AGL. Standard deviations for selected levels of our KSC distributions (Figure A- 3) 

are given in Table A- 1.  The sources show a spread of ~ 1-4% at the different levels, most likely 

because the storms included in the distribution have different intensities and are sampled at 

various stages of their life cycles.  However, the standard deviations of flashes (in parentheses) 

are smaller than those of sources.   

Table A- 1.  Standard deviations (SD) of VHF source fractions (and flashes) of the KSC seasonal 
average for all storms at the selected levels of 5, 8, 10, and 13 km AGL. 

Height (km) SD (%) 

13 0.7 (0.3) 

10 2.7 (0.6) 

8 3.6 (1.7) 

5 2.1 (0.7) 

 

One of the most important characteristics of lightning is its great variability in all four 

dimensions (e.g., Koshak et al. 2009). We next strive to describe the vertical variability based on 

the findings of Futyan and Del Genio (2007).  Specifically, we hypothesize that the vertical 

distribution of lightning varies depending on the height of the echo top above the freezing level.  

We prepared average vertical profiles of lightning sources (Figure A- 4a) and flashes (Figure A- 

4b) for echo tops at 1 km intervals above the assumed 4.5 km freezing level (i.e., at 1, 2, 3 km, 

etc. above freezing level).  Each echo top category included storms with tops within a ~ 1 km 

layer.  For example, echoes with tops greater than the freezing level but less than or equal to 1 

km above the freezing level were included in the layer for 1 km above the freezing level; tops 

greater than 1 km above the freezing level but less than or equal to 2 km above the freezing level 

were included in the profiles for 2 km, etc.  All segments of a flash were counted, e.g., if two 

branches of a flash passed through a particular layer, both were counted. The objective was to 
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include all portions of flashes discharged by the storm.  Echo top was calculated (as described in 

section 2.2) based on the maximum height of the 18.5 dBZ radar reflectivity value during each 6 

min radar scan at each 1 × 1 km grid point.  Thus, the top does not represent the entire storm, but 

the top of each 1 × 1 km grid area. Then, during each volume scan, all sources and flashes 

occurring in each echo top height category were averaged over the portion of the domain that 

contained at least one source/flash, and finally averaged over the entire multi-month period to 

create the profiles in Figure A- 4 a and b.  For ease of presentation, we only present the vertical 

distributions for storm tops at 7.5, 11.5, 14.5, and 16.5 km AGL (3, 7, 10, and 12 km, 

respectively, above the assumed 4.5 km freezing level).   

The vertical distributions of sources (Figure A- 4a) and flashes (Figure A- 4b) exhibit 

both similarities and differences. Differences between the four source profiles are smaller than 

those for flashes. The major difference is for echo tops at 14.5 and 16.5 km AGL (dot and dash-

dot lines, respectively) where the flash profiles exhibit broader and higher altitude maxima than 

do those for sources. Specifically, echo tops of 14.5 km (22,368 sources) and 16.5 km (10,530 

sources) AGL exhibit a bimodal source distribution (Figure A- 4a) with the major peak at ~ 7 km 

and a secondary peak between 12-14 km.  However, the corresponding vertical distributions of 

flashes (based on 591 and 118 flashes, respectively, Figure A- 4b) exhibit broad maxima that 

peak near 7.5 km for tops reaching 14.5 km AGL and near10 km for tops reaching 16.5 km 

AGL. Considering lower top echoes, the distributions of sources and flashes for tops at 7.5 km 

AGL (solid lines) both exhibit a single broad peak at a lower altitude near 7 km AGL, based on 

36,287 sources and 317 flashes.  And, echo tops less than 11.5 km AGL display a similar 

dominant peak near 7 km AGL for both sources and flashes (based on 99,838 sources and 390 

flashes).  One should note that some sources are above the storm top for these shallower storms. 

However, since we used the radar-derived storm top threshold of 18.5 km, portions of the cloud 

and its sources/flashes are higher than indicated by this threshold. This is evident in the case 

studies that follow (Figures A-5 thru A-8). Anvil lightning is an example of this situation. 

Uncertainty in the data and processing algorithms also cannot be discounted. 
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Figure A- 4 a).  Vertical distributions of VHF source percentages for storms with different radar-
derived tops.  The solid line represents the source distribution for storms having a radar-derived 
top 7.5 km AGL (3 km above the freezing level); the dashed line shows the source distribution 

for storms with tops 11.5 km AGL (7 km above the freezing level); the short dashed line 
represents storms having tops 14.5 km AGL (10 km above the freezing level); and the dotted line 

is for storms with tops 16.5 km AGL (12 km above the freezing level).  b) As in Figure A- 4a, 
but showing the vertical distributions of flash percentages for storms with different radar-derived 

tops.  All values were calculated within vertical layers of 0.25 km depth. 
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We performed a Chi Square test (Wilks, 2006) on the vertical distributions of both 

sources and flashes to determine if they were significantly different from each other. Visual 

inspection suggests that the flash profiles for echo tops at 7.5 and 16.5 km are most different. 

However, the Chi Square value for these profiles is 31.25, compared to 90.53 when assuming 71 

degrees of freedom (18 km maximum height at 0.25 km intervals minus one (Wilks, 2006)).  

Therefore, we cannot exclude the null hypothesis that the profiles are from the same distribution.  

However, this inability does not prove the null hypothesis.  Comparisons between other pairs of 

both sources and flashes exhibit even smaller calculated values of Chi Square.    

Standard deviations of sources for each height category are shown in Table A- 2.  These 

values are smaller than those for all echo tops combined (Table A- 1), indicating that echo top 

above freezing level is a factor in explaining the variability in the composite distribution. The 

standard deviations for flashes (parentheses, Table A- 2) are considerably smaller than those for 

sources.  Nonetheless, considerable variation remains. This is examined in the following section. 

 

Table A- 2.  Standard deviations (SD) of VHF source fractions (flash fractions) for storm top 
heights of 7.5 km, 11.5 km, 14.5 km, 16.5 km AGL (corresponding to Figure A- 4 legend) for 

the selected levels of 5, 8, 10, and 13 km AGL. 

Height (km) 
SD (%) 

16.5 km AGL 

SD (%) 

14.5 km AGL 

SD (%) 

11.5 km AGL 

SD (%) 

7.5 km AGL 

13 0.4 (0.08) 0.5 (0.1) 0.8 (0.2) 0.7 (0.3) 

10 1.2 (0.08) 1.7 (0.3) 1.9 (0.5) 2.3 (0.5) 

8 1.5 (0.08) 2.4 (0.2) 2.5 (0.6) 2.9 (0.5) 

5 0.9 (0.08) 1.1 (0.1) 1.5 (0.5) 2.1 (0.6) 

         

Results: Case Studies 

We chose four storm days to explore the variability seen in Figure A- 4b and Table A- 2.  

Storms occurring on 2 June, 7 July, 21 August 2004, and 3 August 2005 were selected based on 

their varying flash densities, average storm tops, and maximum reflectivities (Table A- 3).  One 

should note that each day’s activity did not consist of a single cell that remained within the study 

domain during its entire life cycle.  Instead, a cluster of cells generally formed and/or passed 



 

79 
 

through the domain, with each cell possibly at a different stage of its life cycle. Thus, we cannot 

relate flashes to the life cycles of specific cells. The storm tops that are described represent the 

average top of all grid cells containing precipitation within the domain at each volume scan, not 

the highest top of the overall storm area at the particular time. We believe this average value 

better represents what a regional scale numerical model (10 -12 km horizontal grid spacing) 

would depict.  The descriptions that follow indicate large variations between the four storm cases 

and during the life cycle of each particular case.  In general, however, the time of the maximum 

reflectivity coincides with the time of maximum flash density, with both occurring shortly after 

the maximum echo top is reached.     

 

Table A- 3.  Storm parameters for case studies on 2 June, 7 July, and 21 August 2004 and on 3 
August 2005.  Heights are in AGL. 

Storm Parameter 2 June 2004 7 July 2004 3 August 2005 21 August 2004 

Max Storm Top  13.5 km 15 km 13 km 10.5 km 

Max Source Density 0.15 km-3 0.18 km -3 0.22 km -3 0.17 km -3 

Height of Max Source Density 6 km` 10 km 9 km 6 km 

Max Source % 8% 11% 19% 12% 

Height of Max Source % 8 km 7 km 6 km 8  km 

Max Reflectivity 46 dBZ 46 dBZ 43 dBZ 46 dBZ 

Height of Max Reflectivity 4.00 km 3.75 km 4.75 km 2.50 km 
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The storm activity on 2 June 2004 was associated with a strong middle latitude system 

and developed in a region of strong vertical wind shear.  The morning KSC sounding indicates a 

CAPE of 1107 J kg –1.  This storm day exhibits the weakest peak flash density of the four cases 

(0.15 km –3, Table A- 3).  The multicellular storm forms (~1900 UTC) and decays (~2200 UTC) 

within our domain.  A secondary cluster of storms forms at ~2000 UTC and merges with the 

initial cluster.  It is at this time that the maximum echo height (13.5 km AGL) occurs, coinciding 

with the peak flash density (Figure A- 5a, Table A- 3).  The initial flash density maximum 

(values greater than 0.14 flashes km-3) occurs at ~6 km AGL, and by 2040 UTC a second 

maximum appears between 6 and 9 km (Figure A- 5a).  At the time of peak flash density (2000 

UTC), the maximum reflectivity (46 dBZ) occurs at a height of ~ 4 km.  Then, as the large 

cluster of storms decays at ~2100 UTC, storm height decreases and the maximum flash density 

decreases in magnitude and slopes downward with time.  By 2200 UTC, some of the very weak 

cluster of thunderstorms is partially outside our domain.   

We were especially interested in the percentage of flashes occurring at each level (Figure 

A- 4b).   Its vertical distribution and temporal variability are quite different from those of flash 

density (Figure A- 4a).  As the storm intensifies and merges with the secondary cluster at ~2000 

UTC, the altitude of maximum flash percentage slopes upward with time, and then slopes 

downward as the storm dissipates.  When the average storm top is less than ~9 km, the majority 

of flashes are between 4 and 8 km.  However, as the average storm top becomes higher (greater 

than 9 km) and flash density starts to increase (Figure A- 4a), most flashes are distributed 

between 4 and 14 km. 
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Figure A- 5.  Time series of flash distributions for a storm occurring on 2 June 2004 between 
1900 and 2200 UTC near KSC.  a) Colored areas are LDAR derived flash density (flashes km-3) 
computed within the northern 50 km radius of the LDAR central receiver, and contours are area 
averaged KMLB radar reflectivity (dBZ), with the 18.5 dBZ contour in red to indicate storm top 
height, b) Colored areas are LDAR derived flash percentages (% of column total) where the thick 

vertical red lines correspond to diagrams c), d), e) and f), respectively.  Contours are area 
averaged KMLB radar reflectivity with the 18.5 dBZ contour in red to indicate storm top height, 

c) Vertical distribution of flashes (%) at 1930 UTC, d) Vertical distribution of flashes (%) at  
2000 UTC, e) Vertical distribution of flashes (%) at 2040 UTC, f) Vertical flash distribution (%) 

at 2105 UTC. Values are given at vertical intervals of 0.25 km. 
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The four vertical red lines in Figure A- 5 b denote times of the vertical cross sections of 

flash percentage in Figure A- 5 c-f.  Figure A- 5c depicts the distribution at 1930 UTC when the 

average storm top is ~ 12 km.  The cross section shows a narrow distribution, with a primary 

peak near 6 km and a secondary peak near 4 km.  The vertical distribution at 2000 UTC when the 

average storm top is highest (13.5 km, Figure A- 5d) is bimodal with peaks near 5.5 and 9 km.  

This time corresponds to the increase in flash density in Figure A-5a.  When the flash density 

begins to increase a second time at ~ 2040 UTC (Figure A- 5e), the average storm top is ~11 km, 

and most flashes are between 4 and 14 km with a maximum near 8 km. Finally, as the peak flash 

density decreases in magnitude at ~2105 UTC (Figure A- 5f), the greatest percentage of flashes 

is between 7-10 km, with two minor peaks at lower altitudes.     

The 7 July 2004 storm area, with a peak flash density of  0.18 km-3 occurs in a weak wind 

shear environment with speeds less than 2.5 m s –1 up to 200 hPa and a CAPE of 2868 J kg –1. 

Convection on this day and the two cases that follow were initiated by the sea breeze.  This 

storm day has the highest average echo top (15 km, Table A- 3) of the four cases and exhibits 

several pulses of enhanced flash density Figure A- 6a).  The multicell storm begins with five 

small cells oriented in a north to south direction across the center of our domain.  As the cells 

mature and move offshore, they remain in our domain until they decay at ~1900 UTC.  Then, at 

~1830 UTC a large cluster of storms moves into our domain from the west, coinciding with an 

initial pulse of enhanced flash density (Figure A- 6a).  As the storm grows between 1800-1930 

UTC, maximum flash density is between 6 to 12 km.  The average storm top increases to 15 km 

at 1820 UTC, and the flash density exceeds 0.18 km-3 between ~1845 to 1930 UTC when the 

average storm top is near15 km. The large cluster of storms fills a major portion of our domain 

as it merges with another weak cell that forms within our domain near 1930 UTC.  This merger 

could explain why the average storm top increases slightly from 1900 to 1930 UTC and why 

there is another pulse of enhanced flash density (Figure A- 6a).  As in the 2 July storm, 

maximum reflectivity (46 dBZ) occurs at ~3.75 km, corresponding to the approximate time 

(1925 UTC) of maximum flash density (0.18 km-3).  Then, as average storm height decreases 

from ~1900 to 2000 UTC, maximum flash density decreases and slopes downward with time as 

observed on 2 June. The exception is the pulse at ~1930 UTC,    

The pulsing of flash density (Figure A- 6a) is associated with changes in the vertical 

distribution of flashes (Figure A- 6b-f). As the storm grows taller, the percentage of flashes in the 
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upper levels increases (Figure A- 6b).  The flash density begins to increase at ~1710 UTC when 

the average storm top is ~10 km. Most flashes at this time are located between 6 and 10 km 

(Figure A- 6c).  Corresponding to the first peak in average storm top and the first pulse of 

enhanced flash density at ~1820 UTC (Figure A- 6d), the percentage distribution broadens and 

lowers.  However, when the second maximum in flash density occurs and the average storm top 

decreases at ~1850 UTC, the flash distribution again narrows (Figure A- 6e), with the greatest 

values between 7-10 km.  Finally, during the last pulse in flash density when the average storm 

top increases slightly at ~1930 UTC (Figure A- 6f), the vertical profile again broadens. 
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Figure A- 6.  a) and b) As in Figure A- 5 but for a storm occurring on 7 July 2004 between 1630 
and 2100 UTC near KSC.  Panel c) is the vertical distribution of flashes (%) at 1710 UTC and d) 
is the vertical distribution of flashes (%) at 1820 UTC, e) Vertical distribution of flashes (%) at 

1850 UTC, f) Vertical flash distribution (%) at 1930 UTC. 
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The 3 August 2005 sea breeze-induced storm area also occurs in a weak wind shear 

environment with winds aloft less than 7.5 m s –1 and a CAPE of  3475 J kg –1.  This storm has 

the greatest flash density (0.22 km-3) of our examples and a maximum average top of 13 km 

(Table A- 3).  Two cells form ~90 km northwest of the radar at ~2015 UTC.  This small cluster 

moves outside of our domain by 2130 UTC before it decays.  At approximately the same time a 

large multicellular storm enters the domain.  The maximum average height occurs at ~2210 UTC 

as flash density reaches a maximum between 6-14 km (Figure A- 7a).  As in the previous two 

cases, the time of maximum reflectivity (43 dBZ at ~4.75 km) corresponds to the time of greatest 

flash density located near 6 km. The flash density then decreases as the storm dissipates.  The 

vertical distributions of percentage flashes (Figure A- 7b) again are quite different from those of 

flash density (Figure A- 7a). For example, at the time of the deep layer of flash density (2200 

UTC), the layer of large percentages is much thinner.  The vertical distributions in Figure A- 7c 

and d correspond to the beginning and end, respectively, of the small upward bulge in flash 

density between ~2150 and 2210 UTC (Figure A- 7a).  At the beginning of the bulge, the 

greatest percentage is near 6 km, with a weak secondary maximum between 10-14 km.  

However, at the end of the vertical protrusion, the secondary peak has virtually disappeared, 

although the primary peak is much stronger and remains at 6 km.  Figure A- 7e (2220 UTC) and 

Figure A- 7f (2235 UTC) show that the greatest percentages of flashes now are located at much 

higher altitudes. The difference between profiles of source density (Figure A- 7a) and percentage 

flashes (Figure A- 7b) is striking at ~2235 UTC. An examination of radar data at this time 

indicates that the storm area has virtually dissipated within our domain, with few sources or 

flashes. However, those that do occur are located in the anvil region of the storm.    
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Figure A- 7 a) and b) As in Figure A- 5 but for a storm occurring on 3 August 2005 from 2000 
UTC to 2300 UTC near KSC.  Panel c) is the vertical distribution of flashes (%) at 2150 UTC 

and d) is the vertical distribution of flashes (%) at 2210 UTC, e) Vertical distribution of flashes 
(%) at 2220 UTC, f) Vertical flash distribution (%) at 2235 UTC. 
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The storms on 21 August 2004 exhibit the lowest average echo top of the cases presented 

(10.5 km, Table A- 3), but exhibit a moderately strong maximum flash density of 0.17 km-3. The 

environmental winds reach 17 m s –1, and the CAPE is 3664 J kg –1.  The storms on this day form 

at ~1945 UTC as two small cells between 50 and 75 km northwest of the radar.  This initial weak 

cluster of storms merges with two additional cells that enter the domain from the south at ~ 2015 

UTC.  Shortly thereafter (at ~ 2030 UTC), the storm area exhibits a maximum flash density near 

6 km (Figure A- 8a) when the average storm top reaches its peak altitude of ~10.5 km.  

Maximum reflectivity (46 dBZ) at ~ 2.5 km again corresponds to the storm’s peak flash density 

(at 6 km).  The cluster of storms stays within the domain and begin to weaken, corresponding to 

a decrease in average storm height from ~2045 to 2145 UTC, and maximum flash density 

(exceeding 0.14 km-3) decreasing and sloping downward.  Figure A- 8b shows the vertical 

distribution of flash percentage, where the vertical red lines correspond to panels c-f.  The 

altitudes of greatest percentage show relatively little variation after ~ 2015 UTC. The distribution 

of source percentage at ~2015 UTC (Figure A- 8c), just as the storm begins to grow and 

intensify, exhibits a sharp peak near 8 km.  Figure A- 8d and Figure A- 8e correspond to 2035 

and 2040 UTC when the average storm top is highest and flash density is greatest.  During these 

times, the greatest percentage of flashes lowers to near 6 km.  Finally, the greatest number of 

flashes at 2055 UTC (Figure A- 8f) occurs at 6 km, with a secondary peak near 10 km. 
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Figure A- 8.  a) and b) As in Figure A- 5 but for a storm occurring on 21 August 2004 from 1930 
UTC to 2200 UTC near KSC, FL.   Panel c) is the vertical distribution of flashes (%) at 2015 
UTC and d) is the vertical distribution of flashes (%) at 2035 UTC, e) Vertical distribution of 

flashes (%) at 2040 UTC, f) Vertical flash distribution (%) at 2055 UTC. 
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Discussion and Conclusions 

Relatively few studies have investigated climatological and storm-to-storm variations in 

lightning distributions. And, to our knowledge, none have considered how source and flash 

percentage vary through time.  Our vertical profile of lightning sources for KSC’s entire warm 

season compares well with that of Boccippio et al. (2000), and has many similarities to the North 

Alabama warm season storms of Buechler (2009).  The differences that are observed can be 

attributed to the different sensors and processing algorithms that are used, and to the different 

seasons and storm characteristics that occur. The vertical distribution of sources (Figure A- 3) 

exhibits a large standard deviation at each altitude (Table A- 1).  When we categorized the 

sources by their height above the freezing level (Figure A- 4a), the profiles exhibit a smaller 

standard deviation (Table A- 2).  These results suggest that storm top above freezing level is a 

useful parameter for vertically distributing lightning sources.  Nonetheless, the standard 

deviations still indicate that the profiles exhibit large variability. 

Previous case studies of total lightning observations have focused on severe storms (e.g., 

Carey et al. 2005; Hodapp et al. 2008; Ely et al. 2008; Thomas et al. 2000; Krehbiel et al. 2000; 

Rison et al. 1999).  Even though the composite results presented here included storms of all 

intensities, their source density and vertical structure have similarities to the severe storms.  

Studies of Leading Line Trailing Stratiform MCSs in Texas showed that the majority of VHF 

lightning sources were in the leading convective line and exhibited a vertically bimodal pattern 

(Carey et al. 2005; Hodapp et al. 2008; Ely et al. 2008).  Source densities for our composite 

thunderstorms over Florida also exhibit a bimodal pattern, especially for the highest top storms 

(Figure A- 4a).  A conceptual model of severe thunderstorm charge structure by Dotzek et al. 

(2005) showed that negative charge regions typically occur between -10 and -20 oC, whereas the 

positive charge region typically occurs near the -40 oC level.  Although their study considered 

severe storms, once again there are similarities with our mostly non-severe cases.   

We then combined our sources into flashes and examined the vertical distribution of flash 

percentages (Figure A- 4a and Figure A- 4b). The vertical distributions of sources (Figure A- 4a) 

and flashes (Figure A- 4b) exhibit some similarities. The major difference is for echo tops at 14.5 

and 16.5 km AGL where the profiles for flashes exhibit broader and higher altitude maxima than 

do those for sources. Specifically, echo tops of 14.5 km and 16.5 km AGL exhibit a bimodal 

source distribution (Figure A- 4a) with the major peak at ~ 7 km and a secondary peak between 
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12 and14 km.  However, the corresponding vertical distributions of flashes (Figure A- 4b) 

exhibit broad maxima that peak near 7.5 km for tops reaching 14.5 km AGL and near10 km for 

tops reaching 16.5 km AGL. The distributions of sources and flashes for tops at 7.5 km and 11.5 

km AGL both exhibit a single broad peak near 7 km AGL.  We performed a Chi Square test 

(Wilks, 2006) on the vertical distributions of sources and flashes to determine if they were 

significantly different from each other. In all pairings we could not exclude the null hypothesis 

that the profiles were from the same distribution.  

The vertical profiles of flash percentages in the four case studies generally are quite 

different from those of the sources. The flash percentages show considerable temporal variability 

(Figure A- 5 c-d to Figure A- 8c-d), with the height of the flash maximum varying over a broad 

layer between 6-10 km AGL (Table A- 3). Nonetheless, the results demonstrate a general 

relation between radar-derived storm top and flash percentage distributions in warm season 

Florida thunderstorms.  Storms with relatively low tops and weak intensity generally tend to 

exhibit a single dominant peak in the percentage profile, while those with higher tops (greater 

than 10 km AGL) and stronger intensity generally exhibit multiple peaks of percentage. 

However, the four case studies demonstrate that the flash percentage profiles vary considerably, 

most likely due to differences in storm structure and the stage of their life cycles.   

Several factors help explain the observed large variability in the vertical profiles. Many 

vertical charge profiles have been documented in active convection, including dipoles, inverted 

dipoles, and tripoles (e.g., Carey et al. 2005; Lang and Rutledge 2008; MacGorman et al. 2005; 

Mo et al. 2002). And, as many as six charge layers are common in the stratiform regions of 

MCSs (Stolzenburg 1998). The charging mechanisms within storms are related to the vertical 

profiles of hydrometeors (e.g., Rutledge et al. 1992; Carey and Rutledge 1996; Petersen et al. 

1996, 1999, 2005; Deierling et al. 2005; 2008, Kuhlman et al. 2006) that are influenced by the 

strength of the storm’s updraft and the vertical temperature distribution. These factors determine 

the charge distribution and whether flashes will be positive or negative, IC or CG, have strong or 

weak peak currents, and are frequent or sparse. Furthermore, Bluestein and MacGorman (1998) 

showed that the relation between the genesis of severe events and the polarity and cloud-to-

ground flash rates even varies widely in nearby storms on the same day.  

Much remains to be learned about the storm-to-storm variability of hydrometeor profiles 

and their relation to charging and lightning characteristics. For example, it would be useful to 
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analyze the life-cycle of a large sample of convective cells to generalize their results regarding 

temporal evolution of lightning with height.  As additional diagnostic studies are made, the 

findings can be incorporated into sophisticated lightning parameterizations modules for chemical 

transport models.  This effort already has begun for cloud resolving models (e.g., Deierling et al. 

2005; Barthe and Pinty 2007).  Furthermore, Koshak et al. (2009) relate NO production to the 

number of 1 m flash channel lengths, with initial results described in Peterson and Koshak 

(2009). 

We hypothesize that the distributions presented in Figure A- 4b are appropriate as a first 

step toward parameterizing lightning produced NOx in regional scale models of Florida and 

perhaps the Southeast United States.  However, more research will be needed to determine if 

these distributions are appropriate for other seasons and in other areas of the world.  The studies 

of geographic variability will be hampered by the small number of LMA sites. We currently are 

incorporating the current distributions into a lightning NOx parameterization scheme for use in 

the Weather Research and Forecasting-Chemistry (WRF-Chem) model when run on a regional 

scale. Those results will be presented in a future paper.   
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