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ABSTRACT 

Six thunderstorms that occurred at the NASA Kennedy Space Center, Florida, 

have been studied in an attempt to characterize their electrical structure and elec

trification. Ground-based measurements of the cloud electric fields, the locations 

of lightning VHF radio sources, cloud-to-ground lightning strike points, and dual-

polarization radar data were used in this study. Changes in the electric field due to 

lightning were used to determine the locations and magnitudes of changes in cloud 

charge. The fields themselves were used to compute displacement current densities 

following Hghtning flashes. 

The altitudes of negative charge regions were between 6.5 and 8.5 km and were 

almost constant. The altitude of upper positive charge exhibited more variability, 

and usually increased as cells developed. Amounts of charge removed by lightning 

increased during each cell in large storms but were nearly constant during the early 

part of small storms. 

A lower positive charge center (LPCC) usually appeared in the fields before 

any other charge regions could be detected at the ground. A LPCC appeared 

to be involved in the initiation of the majority of CG flashes. During periods of 

lightning, a LPCC was sometimes created by a flash, but more typically, LPCCs 

were produced by a cloud charge separation process. 
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Displacement current densities were used to estimate charge accumulation rates 

in the cloud. The rates derived for the main negative and upper positive charge 

regions were compared to the average rate of charge removal by lightning. The 

generation rates and average lightning currents each had values ranging from 0.2 

to 1.5 A and were approximately equal within expected errors in single-cell storms. 

Once the storm was multicellular, however, the lightning current was larger than 

the cloud charging rate, possibly because lightning was removing residual charge 

from older cells. 

The cloud charging rates and average lightning currents were compared with 

the currents computed using a non-inductive ice-graupel charging mechanism and 

radar-derived cloud microphysicai data. This mechanism provided currents that 

were comparable to the observed charging rates and lightning currents and appeared 

to be capable of producing the LPCC. 
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CHAPTER 1 

Introduction 

The electrical structure of thunderstorms has been studied by many people for 

many years using techniques that have ranged from ground-based measurements 

of electric fields and field changes [Wilson, 1920; Malan and Schonland, 1951; 

Reynolds and Neill, 1955; Jacobson and Krider, 1976; Brook et al. 1982; Krehbiel 

et al.. 1984; Krider, 1989] to baJloon-bome measurements [Simpson and Scrase, 

1937; Standler and Winn, 1979; Marshall and Winn, 1982; Marsh and Marshall, 

1993] and aircraft soundings [Byers and Braham, 1949; Dye et al. 1986; French 

et al. 1996]. This vast literature generally shows that convective thunderstorms 

in different geographical locations contain a broad region of positive charge in the 

uppermost portions of the cloud and a more concentrated region of negative charge 

at midlevels. There is also clear evidence that a smaller region of positive charge 

is sometimes present below the negative, although this may not always be present. 

These charge regions form a tripole that is now regarded as the standard structure 

[Williams, 1989], although there are sometimes more than three major charge re

gions [Rust and Marshall, 1996]. Figure 1.1 shows the tripolar structure in typical 

summer storms in Florida and New Mexico and in winter storms in Japan. The 

common feature is that negative charge is located between the environmental -10 
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Figure 1.1 
in Japan. 

: Illustration of charge structure in Florida and New Mexico summer storms, and in winter storms 
Environmental temperature levels are also indicated. Figure taken from Krehbiel [1986]. 
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and -20 °C isotherms. The total amounts of charge are between 10 and 100 C in 

the upper positive and central negative regions, and between 0.5 and 5 C in the 

lower positive charge center [Krehbiel. 1986]. 

Three types of mechanisms have been proposed to explain this overall charge 

structure. In the remainder of this chapter, we will briefly review these mechanisms. 

For more complete discussions, see Moore and Vonnegut [1977], Latham [1981], 

Krehbiel [1986], and Saunders [1993]. We conclude this chapter with the goals of 

this dissertation and an overview of the subsequent chapters. 

1.1 Convective Electrification 

The first class of electrification mechanisms relies on the organized motions that 

characterize convective cells to separate change by convection [Vonnegut, 1953: 

Vonnegut et al. 1959: Vonnegut et al. 1962; Wagner and Telford, 1981: Moore 

et al. 1986]. It is natural to relate electrification to convection because Reynolds 

and Brook [1956] showed that the onset of electrification coincided with the rapid 

vertical growth of the cloud radar echo. The mechanisms proposed by Vonnegut 

[1953] and Vonnegut et al. [1959] rely on an initial transport of space charge from 

the surface boundary layer into a growing cumulus. Because of the surface elec

trode effect, the fair-weather atmosphere should have a net positive charge near the 

surface [Hoppel et al. 1986]. If the positive charge is lifted far enough, the lower 

portion of a new cloud should also have a net positive charge. In response to this, 
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negative charge will be attracted to the cloud and form a screening layer. As the 

cloud continues to grow, the negative charge will be entrained, and downdrafts will 

carrj' negative charge to lower levels. Wagner and Telford [1981] postulate that 

negative charge stays on precipitation-sized particles in downdrafts while positive 

charge is carried by the cloud particles. The cloud particles evaporate more quickly 

in downdrafts and release positive space charge. In support of the convective theo

ries, Vonnegut et al. [1962] and Moore et al. [1986] showed that the normal charge 

structure can be reversed if negative charge is released into the surface boundary 

layer under a young cumulus. 

1.2 Mechanisms Based on Electrostatic Induction 

The second class of mechanisms relies on collisions between cloud particles that 

are polarized by the ambient electric field. If the contact time is long enough, a 

charge transfer will take place. Elster and Geitel [1913] first suggested that re

bounding collisions between raindrops and cloud droplets would separate charge. 

Later, the same process was proposed for collisions between ice crystals and graupel 

pellets [Latham and Mason, 1962], and graupel pellets and cloud droplets [Aufder-

maur and Johnson, 1972]. In order for an inductive mechanism to operate, however, 

the particles must remain in contact for longer than the particle relaxation times. 

This mechanism also presupposes an abundance of bouncing collisions on the for

ward surfaces of the particles. 
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Both the convective and inductive processes rely on an ambient electric field to 

start the process, and the amount and polarity of charging depends on this initial 

field. 

1.3 Non-inductive Mechanisms 

Laboratory observations show that large charge transfers occur when graupel 

pellets collide with ice crystals in an environment of supercooled droplets [Reynolds 

et al. 1957; Latham and Stow, 1965; Takahashi, 1978; Saunders et al. 1991; 

Williams et al., 1991]. No external electric field is necessary to transfer charge, 

but the detailed physics of this process are still not understood [Saunders, 1993]. 

Baker and Dash [1994] have suggested that there may be a small transfer of maiss 

and charge between the colliding ice particles due to liquid-like layers on their sur

faces. In any case, the amount and poleirity of charging observed in the laboratory 

depend on the temperature, the cloud liquid water content, the relative velocity of 

the coUision, and the ice crystal size [Saunders et al. 1991; Takahashi, 1984]. 

Quantitative estimates of the electrification of thunderstorms by an ice-graupel 

mechanism have been made by Reynolds et al. [1957], Ulingworth and Latham 

[1977], Takahashi [1984], Helsdon and Farley [1987], and Ziegler et al. [1991]. To

day. there is a growing concensus that a non-inductive mechanism based on ice-ice 

collisions probably dominates the electrification of thunderstorms, at least during 

the early, convective stage [Saunders. 1993]. 
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1.4 Overview 

In this dissertation, data from four different ground-based measuring systems 

at the NASA Kennedy Space Center (KSC) will be combined to characterize the 

electrical structure of summer thunderstorms in Florida. During July and Au

gust, 1991. electrical data were gathered during the Convection and Precipitation 

Electrification (CaPE) experiment together with radar and airborne meeisureraents 

of the cloud microphysics [Jameson et al. 1996; French et al. 1996]. During 1995, 

additional electrical data were obtained together with dual-polarization radar data. 

Chapter 2 describes the electrical measuring systems and the radar that were 

used in these studies. Measurements of the surface electric field are central to this 

work. Throughout this work, we will use the electric potential gradient (the negative 

of the electric field) to study the charge structure and currents in thunderclouds. 

The potential gradient is used because this quantity is positive whenever there is 

an excess positive charge overhead, and vice versa. We will use the term 'poten

tial gradient' and the term 'electric field' interchangeably, and the symbol is 

used for both. Between the summers of 1991 and 1995, the system used to mea

sure electric fields at KSC was replaced and upgraded [Wilfong et aL, 1993]. The 

new sensors have a wider dynamic range, smaller digitizing errors, and improved 

calibrations, and these improvements have affected almost all aspects of our data 

analysis. Therefore, chapter 3 reviews our analysis methods and how they have 
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been improved by the new sensors. Data from the KSC Lightning Detection and 

Ranging (LDAR) system are also discussed in chapter 3. 

Chapter 4 contains some new results on the electrification of Florida storms and 

the lower positive charge center (LPCC) that is often, if not always, present when 

there is cloud-to-ground (CG) lightning. The behavior of the electric field between 

lightning flashes is discussed in chapter 5, and we discuss using the displacement 

current density to approximate the total Maxwell current density and some of the 

difficulties associated with this method. We compute the charge separation rates 

in the cloud from measured displacement currents and compare these results to 

the average currents associated with lightning-caused changes in the cloud charge 

distribution. 

Finally, in chapter 6, we compare the observed generator and average lightning 

currents to an ice-graupel collision charging mechanism using data from the NCAR 

CP2 dual-polarization radar. This analysis is designed primarily for the main 

negative and upper positive charge regions; however, we also derive the current 

into the lower positive charge region. 
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CHAPTER 2 

Survey of Sensor Systems at KSC 

The measuring systems used to detect electrified clouds and lightning at KSC 

are (a) a surface network of electric field mills, (b) the Lightning Detection and 

Ranging (LDAR) system, (c) the Cloud-to-Ground Lightning Surveillance System 

(CGLSS), and (d) the NCAR CP2 radar. Li this chapter, we will describe these 

systems, the data, and our reasons for including such data in this work. 

2.1 Electric Field Sensors 

The 1995 field mill network contained 31 sensors at the sites shown in figure 2.1. 

During 1991, sensor 23 was located about 3 km southeast of the location shown in 

fig. 2.1 Each field mill measured the vertical component of the electric potential 

gradient at the ground, and the data were digitized at a rate of 50 Hz. A positive 

potential gradient is produced when there is an excess positive charge overhead. 

An example of a typical potential gradient record under a small storm is shown 

in figure 2.2a. A portion of this record is shown on an expanded time scale in fig. 

2.2b. Records from a typical large storm are given in figures 2.3a and b on two 

different time scales. Lightning causes the abrupt, step-like changes in 
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the electric field, and raindrops cause high-frequency noise. The values of the flash-

averaged change in field, AE, were computed by simply subtracting the initial field, 

El, from the final field, before eind after the discharge. The contributions from 

the individual components of a flash, such as stepped leaders and return strokes 

in cloud-to-ground (CG) flashes, were averaged over the duration of the flash to 

provide the total AE. The values of AE were interpolated to a common time to 

correct for any time-variations in the underlying field using an algorithm developed 

by Koshak and Krider [1989]. In 1991, the sensor digitizing accuracy was 30 V/m, 

and there was a periodic noise signal with a peak-to-peak amplitude of 60 to 90 

V/m [Murphy et al. 1996]; therefore, in 1991, the effective flash detection threshold 

was typically about 60 V/m. In 1995, the digitizing accuracy was 4 V/m, but a 

flash was analyzed only if the value of AE was at least 10 V/m at seven or more 

sites. The values of AE are determined by the amounts and locations of all the 

changes in the cloud charge distribution that are caused by the flash. The goaJs of 

this work are to find the flash-averaged location and magnitude of this change in 

charge. The methods and associated errors will be discussed in detail in chapter 3. 

2.2 The LDAR network 

The Lightning Detection and Ranging (LDAR) system is a network of seven 

VHF radio receivers at the locations shown in figure 2.4. The receivers are tuned 

to 66 MHz, with a bandwidth of 6 MHz. LD.A.R locates impulsive sources of 66-MHz 
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radiation using a pulse time-of-arrival method [Proctor, 1971; Lennon and Maier, 

1991; Maier et al. 1995a]. The differences in the times-of-arrival of a given pulse at 

the seven receivers can be used to derive a source location. The time resolution of 

the system is 10 ns, and the time window for examining individual pulses is 80 us. 

The source locations axe usually accurate to within 0.5 km within about 20 km of 

the central site, and the LDAR lightning detection eflSciency is about 99 percent 

[Maier et al. 1995a]. 

The processes that produce VHF radiation in lightning are still not completely 

understood, but Proctor [1971] has suggested that radiation in the 10- to 100-MHz 

frequency band is emitted only when spajks or breakdown streamers propagate into 

un-ionized regions of air. VHF radiation is produced in great abundance during 

the preliminary breakdown phase of IC and CG lightning, during the stepped-

leader phase of CG lightning, and during the development of in-cloud streamers 

that propagate into, from, ajid between charged volumes of cloud. Processes in 

highly conducting channels, such as the return strokes in CG flashes, typically do 

not radiate much VHF radiation [Brook and Kitagawa, 1964; LeVine and Krider, 

1977]. The initial LDAR sources tend to map the breakdown regions in the cloud 

where the electric field is high, and as we will see in chapter 3, the later sources 

tend to map regions where charge has accumulated in the cloud [Proctor, 1993; 

Maier et al., 1995b; Rison et al. 1996: Schiber et al. 1996]. 
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Figure 2.4: Locations of the seven VHF receivers in the LDAR network 
(circled crosses). Numbers denote field mill sites. 
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Figures 2.5 and 2.6 show the LD.A.R sources produced by typical intracloud 

(IC) and CG flashes, respectively. In each figure, a plan view map (lower left) is 

flanked by E-W and N-S vertical cross-sections of the sources on the top and right, 

respectively, much as if the north and east sides of a box centered on the plan 

view had been folded down. The first LDAR source is shown by a square, and the 

next nine sources are shown as dark circles. The remaining sources are plotted as 

a shaded volume. Note in figure 2.5 that there are two broad bands of sources at 

altitudes of about 7 km and 13 km. Maier et al. [1995b], Shao and Krehbiel [1996], 

and Schiber et al. [1996] have noted that these clusters correspond to the upper 

positive and central negative charge regions in the cloud. Note also that the initial 

LDAR sources form a narrow line that is bridging these charge regions. 

2.3 TheCGLSS 

The Cloud-to-Ground Lightning Surveillance System (CGLSS) contains five 

gated, wideband magnetic direction finders that are similar to those described 

by Krider et al. [1980]. These sensors are designed to locate the points where the 

return strokes in cloud-to-ground (CG) lightning strike the ground. Three direc

tion finders have been used to obtain a location, and a least-squares optimization 

procedure has been used to determine the strike location. The errors in CGLSS 

locations are typically 0.5 km or less within the KSC region, and the system detects 

about 90 percent of the CG flashes in this area. A more thorough description of the 
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CGLSS can be found in Maier [1991, 1996] and Murphy et al., [1996]. The CGLSS 

data have been used to determine whether a given flash was cloud-to-ground and 

where it was striking. For example, the X in plan view and at zero altitude in figure 

2.6 shows the CGLSS strike location. The initial radiation pulses appeared to be 

from a stepped leader process that propagated downward toward the location that 

was detected by the CGLSS. 

2.4 NCARCP2 radar 

Data from a dual-polarization radar have been used to obtain information about 

the location, size, and composition of the cloud particles. The NCAR CP2 radar 

used in 1991 and 1995 transmits both horizontally- and vertically-polarized waves 

[Seliga and Bringi, 1976], and the reflections of these polarized waves together with 

the normal reflectivity factor can be used to derive information about the cloud 

[Herzegh and Jameson, 1992]. Two polarization parameters have been computed. 

The first of these is the differential reflectivity, or Zdr, that describes the difference 

(in decibels) between the reflectivity from horizontally-polarized waves and from 

vertically-polarized waves. 

Here, Z//// is the reflectivity factor from the horizontally-polarized transmitted 

wave, and Zvv is from the vertically-polarized wave. When Zdr is measured, the 

radar alternately transmits horizontally- and vertically-polarized radiation. The 

(2.1) 
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CP2 mecLsures Zdr, along with Zffff, the standard reflectivity factor, at S band 

(10 cm) [Jameson et al., 1996]. 

The second polarization parameter is the linear depolarization ratio, or LDR 

[niingworth and Lees, 1991]. When LDR is measured, all the transmitted radiation 

is horizontally-polarized, and a vertically-polarized component is introduced by the 

scatterers. The LDR is the ratio (in decibels) of the vertically-polarized component 

to the horizontally-polarized component, 

where Zhv is the cross-polar reflectivity, and Zhh is defined as it was for the Zdr-

With the CP2, LDR is measured at X band (3 cm) [Jameson ei al., 1996]. 

Because different particles produce very different values of Zdr and LDR for a 

given value of the standard reflectivity factor, Zffff, these parameters can be used 

to infer the type, size, and amount of precipitation that is present in various parts 

of the cloud. Raindrops, for instance, are flattened as they fall, and the amount 

of flattening increases with drop size [Herzegh and Jameson, 1992]. Raindrops also 

remain approximately horizontal and do not tumble or spin as they fall. Therefore, 

a collection of raindrops tends to scatter the horizontally-polarized radiation more 

efficiently than the vertically-polarized radiation and produces positive values of 

Zdr- a population of raindrops with average diameters of about 2 mm gives a 

Zdr of about 1 dB [Herzegh and Jameson, 1992]. On the other hand, graupel 

(2.2) 
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pellets and hailstones tumble and spin as they fall and appear to be spherical 

targets on average with a Zdr of approximately 0 dB [List et al. 1973]. 

In order for particles to introduce a large vertical component into the reflec

tion of a horizontally-polarized wave, they must be bumpy and/or they must have 

elaborate falling behavior. Graupel peUets and hailstones have these properties, 

and for these, typical values of LDR lie between -25 and -15 dB [Jameson et al. 

1996]. Because ice has a low refractive index, the LDR values tend to be higher 

(greater than -20 dB) when the ice particles have a water coating, as they often do 

in Florida because of the high cloud liquid water contents [Jameson et al. 1996]. On 

the other hand, raindrops tend to have a low LDR, typically axound the minimum 

value measurable by the radar (about -30 dB). Therefore, in chapter 6, we have 

assumed that a minimum value of LDR of -25 dB marks the division between rain 

and graupel or hail. 

Figures 2.7a and 2.7b show two RHI scans obtained by the CP2 during a Florida 

thunderstorm [Jameson et al. 1996]. The scans are 100 sec apart. The solid contours 

show reflectivity in dBZ, the hatching shows where the LDR values are > -20 dB, 

and the shading shows where Zqh is at least 1 dB. This value of Zdr corresponds to 

a raindrop diameter of about 2 nmi. Environmental temperature levels are given at 

the left of each figure. Note in figure 2.7a that there was a large region of high Zdr 

above the freezing level, but not much high LDR. This suggests that supercooled 

raindrops were present in this region at that time. Figure 2.7b shows that most of 
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the supercooled drops (high Zdr) above the eavironmental melting level (4.6 km) 

were replaced by wet hail or graupel (high LDR). Our interpretation is that the 

drops froze during the 100-sec interval between scans. 

The methods for reducing and displaying CP2 data on a Cartesian grid are 

discussed by Oye and Carbone [1981], Mohr and Miller [1983], and Herzegh and 

Jameson [1992]. The LDR measurements are particularly sensitive to attenuation, 

and the procedure for correcting for these effects has been discussed by Jameson 

and Heymsfield [1980]. 
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Figure 2.7: CP2 radax scans (RHI) through a developing thunderstorm. The 
scans are 100 sec apart and show regions of enhanced Zdr (shading) and 
LDR (hatching). 
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CHAPTER 3 

Data Reduction and Analysis 

Thunderstonns that were selected for analysis all occurred directly over or near 

the western edge of the KSC field mill network, and all were reasonably isolated so 

that the lightning could be readily identified in the vaxious data sets. Table 3.1 lists 

the dates and times of these storms along with a sunmiary of the data intervals. 

Table 3.1. Summary of thunderstorms studied in this work and the data sets 
available during each interval. 

Field mills 
DATE TIME (GMT) 

CGLSS LDAR CP2 

9-Aug-91 18:41-19:14 X X X 
2-Sep-94 18:15-19:15 X X X 
1 l-Jun-95 15:45-16:55 X X X 
23-Jul-95 20:00-21:00 X X X limited 
24-Jul-95 20:12-20:40 X X X limited 
25-Jul-95 18:15-18:30 X X X limited 
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3.1 AE Analyses 

To infer the locations and magnitudes of the changes in the cloud charge distri

bution that were caused by lightning, the value of an error function of the form 

was minimized with respect to the parameters of an appropriate model for the 

change in charge [Jacobson and Krider, 1976]. In equation 3.1, AEd is the model-

computed field change at sensor site i, AEmi is the measured field change, cr,- is the 

meaisurement error, and u is the degree of freedom, i.e. the number of measurements 

minus the number of unknown parameters in the model. Errors come from several 

sources: an incorrect or overly simplified model for the field changes, errors in the 

values of AEmi that are produced by random and systematic errors in the sensors, 

errors that are introduced in the computation of AE, and bizises in finding the 

optimum parameters of the model. 

When analyzing data from the original field mill network, Maier and Krider 

[1986] and Koshak and Krider [1989] regarded solutions as acceptable if the value 

of eqn. 3.1 was 10 or less. This criterion was based on an estimated 5% random error 

in the values of AE, a value that was consistent with errors in sensor calibration 

and siting. In order to derive a similar criterion for the new network, we have 

computed optimum solutions for a number of natural lightning flashes using models 

(3.1) 
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that are described in the following sections and compared them to LDAR data. This 

procedure will be discussed in detail in section 3.2. 

3.1.1 Cloud-to-Ground (CG) flashes 

Wilson [1920], Reynolds and Neill [1955], Jacobson and Krider [1976] and others 

have found that the values of AE that are produced by cloud-to-ground (CG) 

flashes can often be described by a single, spherically-symmetric point charge. With 

this model (referred to here as the Q model), the field change is given by 

372 (3.2) 
47reo [(x-x,)2 -f- {y - yiY -f- z"^] 

where the change in charge, AQ, came from location (z, y, z) and sensor i is 

located at (a:.-, yi). Jacobson and Krider [1976] have found that many CG flashes 

produce small or reversed-polarity values of A£ at sites close to the fleish. This 

led them to try a general two-charge model and a model where the second charge 

was constrained to be directly above or below the first. We have found that most 

CG flashes can be described by a general two-charge model, although occasionally, 

a vertical constraint was required. Following Schiber et aL, [1996], we refer to the 

arbitrary two-charge model as the 2QA model and the vertically-constrained two-

charge model as the 2QV model. A schematic of the geometry of the two-charge 

model is shown in figure 3.1a. 

Figures 3.1b and c show LDAR displays (of the type shown above in figs. 2.5 

and 2.6) of a typical CG flash together with the results of the optimum Q and 2QA 
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Figure 3.1: a) Schematic of a general two-charge model for cloud-to-ground flashes. CO (O 
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models, respectively. Following Koshak and Krider [1989] and Murphy et al. [1996], 

the charge values are plotted as circles whose radii are proportional to the square 

root of the charge. When the change in charge is positive (i.e., where an initial 

negative charge was effectively neutralized or removed by the flash), the circle is 

open, and when the change in charge is negative, the circle contains coarse cross-

hatching. In figure 3.1b, it is clear that the simple Q-model solution lies several 

km above a cluster of LDAR sources at 8 km altitude and is not a good fit. With 

the 2QA model (fig. 3.1c), however, the upper charge is within the LDAR cluster, 

and the second charge is close to a smaller group of LDAR sources at 5 km. The 

polarities of the model charges show that the upper LDAR cluster is located within 

a region where negative charge was effectively removed from the cloud, and the 

lower cluster is where positive charge was removed. A similar result can be seen 

again in figures 3.2a and 3.2b. 

Figures 3.3a and 3.3b show plots of versus horizontal distance, D, for the 

Q and 2QA model solutions shown in figs. 3.1a and 3.1b. In these plots, the 

open circles are the measured values of A^", and the solid curves are the model 

fits. The filled circles show the initial field vedues, and the crosses denote the final 

field values. Note how the values of A^" within 5 km of the source tend to be 

substantially lower than what is predicted by the simple Q model (fig. 3.3a) but 

how the 2QA description is much better. 
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Figiire 3.1: b) LDAR display of a CG flash with a Q model fit. The model 
fit is shown by a large circle whose radius is proportional to the squaje root 
of the charge. 
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Figure 3.1: c) Same flash as in (b) but with a 2QA model fit. Second charge 
(at lower altitude) is shown by a circle containing coarse cross-hatching that 
indicates a negative value of AQ. 
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Figure 3.2; a) LDAR display of ajiother flash with a Q model fit. 
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Figure 3.3; b) Values of (in kV/m) vs. horizonteil distance from the Q 
model fit in fig. 3.1a. Measured values of Ef, and AJ5 are shown by 
filled circles, crosses, and open circles, respectively. The curved line shows 
the model fit. 
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Figure 3.3: c) As in (b) but for the 2QA model fit in fig. 3.1b. 
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Figure 3.4a shows an LDAR display of a CG flash that struck ground close to 

field mill sites 19 and 21, together with the associated 2QA model solution. Note 

in figure 3.4a how there is a lower model charge aimost on the ground and an upper 

charge that is about 2 km above the main cluster of LDAR sources. Figure 3.4b 

shows the corresponding A£' vs. D plot for this flash. In this plot, there is a large 

negative value of at the closest site (site 19),and the value ol E/ in this case 

is about -6 kV/m. Jacobson and Krider [1976] have suggested that large negative 

values of Ef (and AE) are due to a residual negative charge on the branches and/or 

main channel after the flash. To avoid biasing our model solutions, we have omitted 

sites that detected large negative field changes from the analysis. Figure 3.4c shows 

the LDAR display and 2QA model solution for the same flash as in fig. 3.4a after 

site 19 was omitted from the analysis. 

3.1.2 Intracloud (IC) Discharges 

Cloud flashes effectively create or destroy equal amounts of positive and negative 

charge. Therefore, for IC flashes, we have used an arbitrary two-charge model with 

the constraint that the values of the change in charge (AQ) be equal and opposite. 

This constrained two-charge model will be referred to as the IC model and has seven 

unknown parameters, six spatial coordinates for the two sources and the value of 

AQ. 
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Figiire 3.4: a) LDAR display of CG flcish that struck close to field mills 19 
and 21. The 2QA model solution is overlaid. 
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Figxire 3.4: b) AE vs. distance for the model fit shown in (a). 
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Figure 3.4: c) Same flash as in (a) but with a 2QA model fit found without 
the AE observed at field mill site 19. 
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3.2 Errors in and acceptable values of 

Figures 3.5 through 3.8 show acceptable and unacceptable model solutions su

perimposed on LDAR displays for flashes over the central and western portions of 

the network. Using plots such as these, we have checked that the locations of the 

charges in our model solutions are consistent with the locations of LDAR sources. 

Using such comparisons, we have determined that values of (eqn. 3.1) less than 

33 are acceptable for CG flashes and the 2QA model, and values less than 26 are 

acceptable for the IC model, when flashes are over the network. If the flashes are 

over the western edge of the network, a x^ value less than 25 is acceptable for the 

2QA model and 13 for the IC model. 

To identify systematic errors, we have examined a number of AE vs. D plots 

that were derived from the optimum model fits and the measurements. Figure 

3.9 shows an example of such a plot for a CG discharge. Note how the measured 

values of AE deviate randomly from the optimum model fit. The measured values 

of AE are closest to the model values at sites far from the flash. Such behaviors 

are expected when the errors in AE are random. On June 11, 1995, however, field 

mill site 5 detected values of AE that were about 30% too small in every flash, and 

site 12 detected values that were about 120% too small. These were the only sites 

that exhibited systematic errors, and we omitted them from our data base on June 

11. 1995. and recomputed the optimum model solutions. 



52 

1 M I I 1 I 1 1 ; I 1 • I > { 1 I T 1 ; t t » i { » 1 ' 1 j 1' I 1 1 j » I 1 I jSj 

9 » 

u 
Q 3 
6-

Atiantic 
Ocean 

Indian 
River 

>km 

ALTITUDE (km) 
5 15 25 

1 I > 1 I t 1 I > '[ > 1 I » [ > I I 1 I » I I I 

O I J L l-t 1 J -L-L-tJ.-L.L-L. l-l-t J .i I. Ll-J. 

Figiire 3.5: a) LDAR display of acceptable model fit over central portion of 
field mill network. 
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Figure 3.5: b) Another example of acceptable model fit over central portion 
of network. 
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field mill network. 
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Figure 3.6: b) Another example of acceptable model fit over western part of 
network. 
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Figure 3.7: a) LDAR display of unacceptable model fit over central portion 
of field mill network. 
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58 

n ni 

o 
u 

ALTITUDE (km) 
25 20 10 

Atlantic 
Ocean 

15 
CO 

17 
18 19y 

20 

22 27> 

23 30 
29 

34 
32, 

33 

Figure 3.8: a) LDAR display of unacceptable model fit over western portion 
of field mill network. 



59 

ALTITUDE (km) 
15 25 10 20 

n 

Atlantic 
Ocean 

17 
18 

20 

22 Zf 

23 30 
29 

34 
32, 

33 
I km 

Figure 3.8: b) Another exajnple of unacceptable model fit over western paxt 
of network. 



60 

D (tan) 

• X 

Figure 3.9: A£? vs. distance for a CG flsish with a 2QA model solution 
showing how measured AE values deviate most from the model at close 
sites. 
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The average fractional error in the values of AE was about 1.6% at all sites that 

had no systematic errors, and this error was independent of the type of lightning 

and the complexity of the field change pattern. We have assumed that the value of 

cTi in eqn. 3.1 was either 1.6% of the value of AE or 4-V/m, whichever was larger 

[Koshak and Krider, 1989]. 

Figure 3.10 shows the distributions of values of for the acceptable IC and 

2Q.A. model fits, respectively, for one storm that occurred over the central portion 

of the field mill network. Note that the 2QA distribution is somewhat broader 

than the IC. The reason for this is that there was typically a lower positive charge 

center (LPCC) involved in CG flashes, and this produced large differences between 

the model and measured field changes at sites close to the flash; thus, the values 

of were also larger. Figure 3.11 shows the distributions of x^ values for another 

storm that was over the western edge of the network. These distributions tend to 

be narrower than for storms over the middle of the network because fewer field mill 

sites are affected by the LPCC. 

3.3 LD.A^R data processing 

We have used the locations of clusters of LDAR sources that we infer come 

from volumes of positive and negative charge to check the accuracy of our model 

solutions. We have also used LD.A.R data to discriminate CG and IC flashes, es

pecially when the CGLSS failed to respond. The LDAR data were preprocessed 
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at KSC so that signals from non-lightning sources such as aircraft were removed. 

The data were first grouped into individual flashes and storms using temporal and 

spatial filters. Whenever two radiation pulses were separated by more than 0.1 

s, the second of the two was assumed to be the first pulse in a new flash. The 

boundaries of the spatial filter were derived from the lightning charge analyses that 

are discussed above. We considered a flash to be within a storm if at least 30% of 

the LDAR sources were located within the boundaries of the cloud as determined 

by the two-charge model solutions. A computer algorithm performed the spatial 

and temporal filtering and accumulated the number of LDAR pulses that were lo

cated in 200-meter altitude bins, excluding the first ten pulses that were assumed 

to be due to initial breakdown. These counts were then used to compute weighted 

averages of the altitudes of the LDAR clusters. 

3.4 Simulated Lightning 

A large number of simulated CG and IC lightning events with random errors 

were generated to determine the accuracy of the model solutions and to study 

the biases that might be present in the least-squares optimization procedure. The 

details of these simulations are given in appendix A. When the solutions were not 

biased, the relative errors in the horizontal positions were slightly less than the 

1.6-% average error in the values of AE. The errors in altitude and A.Q tended 

to be slightly larger than 1.6%. The errors were always larger when the sources 
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were located outside the perimeter of the network. The errors that appeared in 

the simulations were used to estimate the errors in the model parameters that are 

discussed throughout this dissertation. 

3.5 Natural Lightning 

Table 3.2 summarizes the statistics of acceptable Q, 2QA, and IC model fits that 

were obtained for each storm. On some days, there were several cells in progress at 

the same time in different stages of development. To identify these cells, boundaries 

were drawn around the x.y positions of the salient flashes, and these boundaries 

are given in table 3.2 using the coordinates described in figure 2.1. We have used 

the same boundaries for the LDAR spatial filters. 

The last column in table 3.2 shows the percentage of flashes that had an accept

able model fit on each day. Note that we were able to fit about 70% of the flashes 

in several storms, and this is a significant improvement over previous studies [see, 

for example, Jacobson and Krider, 1976; Maier and Krider, 1986; Krider, 1989; 

Murphy et al. 1996; Schiber et al. 1996, where acceptable fits could be obtained 

for only about 30 to 50% of the flcishes]. 

3.5.1 Large Storm Systems 

The June 11, 1995. and September 2, 1994. storms were large, multicell systems 

that appeared to be triggered by the Seabreeze front. Figures 3.12 and 3.13 show 



Table 3.2. Summary of model fits in each of the cases studied. The boundaries are given in the coordinate 
system shown in figure 2-1. The flashes in the August 9 storm were counted by a method that is 
described in Murphy et al., 1996. 

Date Time (GMT) X boundaries (km) Y boundaries (km) Flashes Q IC 2QA % of total 

9-Aug 18:41-19:14 NA NA 84 0 32 26 69.0 
2-Sep 18:15-19:15 (10, 30) ( 4 ,  2 4 )  185 1 53 72 68.1 
11'Jun 15:45-16:55 (15, 30) (10. 25) 297 2 96 62 53.9 
23-Jul 20:00-21:00 ( 4 ,  1 6 )  (14, 26) 78 1 13 39 67.9 
24-Jul 20:12-20:40 ( 5 ,  1 8 )  (20, 35) 122 1 29 35 53.3 
25-Jul 18:15-18:30 (15. 25) (10. 20) 52 0 17 22 75.0 

05 a> 



67 

plan views of the lightning on both of these days. Note how the cell locations 

were rather similar in these storms; in fact, both storms began near the center of 

the network and then propagated toward the south-southwest. 

Figures 3.14a and 3.14b show the altitudes of optimum model solutions in the 

first and second cells of the June 11 storm, respectively, as a function of time. 

Figures 3.15a and 3.15b show the same for the first two cells of the September 2 

storm. In both storms, the cells that followed the second were too far 

south for accurate model solutions; these cells are not shown here. Figures 3.14a 

and 3.15a show that the first cell in each storm had a low lightning flashing rate 

relative to the second cell. Note also that the region where negative charge appeaxed 

to be neutralized (open circles) was confined to a narrow range of altitudes between 

6.5 and 8.5 km. The altitudes of the inferred upper and lower regions of positive 

charge were more variable. The altitude of the upper positive charge tended to 

increase at the beginning of each second cell (figs 3.14b and 3.15b), consistent with 

previous observations by Lhermitte and Krehbiel [1979], Krehbiel et al. [1984], and 

Krehbiel [1986]. 

Figures 3.16 and 3.17 show how the values of the optimum AQ in the negative 

charge region varied with time in the first two cells on June 11 and September 

2. respectively. Note that the values increased with time, and that the 

variability also increased. This tendency is consistent with observations of large 

storms [Maier et al. 1995b; Rison et al. 1996; Shao and Krehbiel, 1996] that show 



68 

40 

30 

Atlantic 
Indian 

Ocean 
20 River 

22 

10 23 30 

29 

34 

32 

33 

0 10 20 30 40 

kilometers 

Figure 3.12: Plein view of lightuiug model solutions on June 11, 1995. 
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Figure 3.14; a) Altitude-time plot of model solutions in first cell on June 11, 1995. 
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Figure 3.15: b) Altitude-time plot of model solutions in second cell on Sept. 2, 1994. 
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Figure 3.16: AQ vs. time plot for the first two cells on June 11, 1995. 



80 

70 

60 

50 

40 

30 

20 

10 

0 

18 

.-.V • 

m 

r: •• 

15 18:30 18:45 GNfr 19:00 

Figure 3.17: AQ vs. time plot for the first two cells on Sept. 2, 1994. 
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lightning flcishes in newer cells tapping the residual charge from older ceils. Figures 

3.18a and 3.18b show LDAR records of IC flashes between cells in both the early 

(15:59 GMT) and later (16:47 GMT) portions of the June 11 storm, respectively. 

Note how the IC flzishes became more horizontal as the storm developed. 

3.5.2 Small storms 

The storms on August 9, 1991, and July 23, July 24, and July 25, 1995 were 

all small storms that appeared to form along outflow boundaries left behind by 

previous storms. The main difference between these and the large storms discussed 

above is that the lightning flashing rates were lower. Small storms typically lasted 

30 to 60 minutes and were almost stationary. Plan views of the small storms are 

shown in figures 3.19-3.22. 

.A.ltitude-vs.-time plots of the model parameters in the small storms are shown in 

figures 3.23-3.26. In these storms, the inferred negative charge region 

was located in the same altitude range (6.5-8.5 km) as in large storms, but the 

inferred upper positive charge was not as high as in large storms. The small storms 

had less variability in the altitudes of the upper positive charge. The lightning data 

do not show individual cells within the small storms, but radar and aircraft data 

show that the .\ugust 9 storm contained two regions of convection [French et al. 

1996], 
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Figure 3.18: a) LDAR display of IC flash during the early portion of the 
June 11 storm. 
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Figure 3.18: b) LDAR display of IC flcish during the later portion of the June 
11 storm. 
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Figiire 3.19: Plan view of lightning model solutions on August 9, 1991. 
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Figure 3.20: Plan view of lightning model solutions on July 23, 1995. 
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Figure 3.21; Plan view of lightning model solutions on July 24, 1995. 
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Figure 3.22: Plan view of lightning model solutions on July 25, 1995. 
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Figure 3.23: Altitude-time plot of model solutions on August 9, 1991. 
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Figure 3.24: Altitude-time plot of model solutions on July 23, 1995. 
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Figure 3.25: Altitude-time plot of model solutions on July 24, 1995. 
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Figure 3.26: Altitude-time plot of model solutions on July 25, 1995. 
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Figures 3.27 to 3.30 sliow the values of AQ vs. time in the negative charge 

region in the small storms. Note that the values of AQ tend to cluster 

around 7-8 C and are almost constant for up to ten minutes near the beginning of 

all storms except August 9. This observation suggests that the cloud current source 

is approximately constant at these early times and/or that the threshold electric 

field and other conditions that allow breakdown to propagate are approximately 

constant over these intervals. 
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Figure 3.29: AQ vs. time plot on July 24, 1995. 
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CHAPTER 4 

The Lower Positive Charge Center 

Simpson and Scrase [1937], Simpson and Robinson [1941], and, more recently, 

Marshall and Winn [1982], Weber et al. [1983], Byrne et al.^ [1987], and Marsh 

and Marshall [1993] have measured the electric field inside thunderstorms using 

instrumented balloons and noted that there is often, if not always, a lower positive 

charge center (LPCC) in addition to a central region of negative charge and an 

upper region of positive charge. 

Williams [1989] and Marsh and Marshall [1993] have recently summarized the 

experimental data on LPCCs and discussed possible mechanisms for their forma

tion. .A.n LPCC can be formed either by a charge separation process within the 

cloud, or it can be created abruptly by lightning flcishes. Marsh and Marshall 

[1993] found that there was positive charge on precipitation prior to the first light

ning flash, and, therefore, they suggested that the LPCC was being created by a 

cloud charging mechanism. 

Jacobson and Krider [1976] and Holden et al. [1983] have analyzed electric fields 

at the ground and aloft and have noted that lightning frequently creates temporary 

positive offsets in the background field (or periods of elevated field) at sites close to 

the discharge. This finding suggests that lightning can create a LPCC. Jacobson 
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and Krider [1976] found that sometimes there was an initial positive and/or a 

residual negative charge after a nearby CG flash that in turn created offsets in the 

static field and small or reversed-polarity field changes. 

Malan and Schonland [1951] have postulated that a LPCC may be a neces

sary prerequisite for the initiation of a downward-propagating leader and cloud-to-

ground lightning. Schiber et al. [1996] have noted that 88% of the CG flcishes in 

a storm.on Sept. 2, 1994, began near the bottom of the inferred negative charge 

region or between the negative charge ajid aji inferred LPCC. 

Estimates of the location and magnitude of the LPCC by Malan [1963], Jacobson 

and Krider [1976], Marshall and Winn [1982], and Holden et al. [1983] show that 

the altitude is typically between 3 and 6.5 km above MSL, where environmental 

temperatures range from -i-5 to -10 °C. The magnitude of the charge ranges from 

0.5 to 5 C. 

In the following, we will describe a new investigation of LPCCs in Florida storms 

and their role in initiating CG lightning. We have searched for positive offsets in 

the static field before CG flashes, and we have attempted to determine whether 

these offsets were initiated or terminated by lightning. Following Jacobson and 

Krider [1976], we assume that an elevated initial field, Ei, prior to a CG flash 

indicates the presence of a LPCC. We have also searched for evidence of residual 

negative charge after CG flashes. Finally, we have examined LDAR data and field 

mill data together in an effort to determine where CG discharges begin and the 
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characteristics of any fleishes that initiated or terminated offsets in the field that 

were indicative of LPCCs. 

4.1 Initial electrification 

We have found that the polarity of the initial potential gradient disturbance 

directly under a thunderstorm is frequently positive, i.e. indicative of a net positive 

charge aloft. After several minutes, this positive field disappears probably because 

of a larger negative charge region at higher altitude. We assume that this initial 

field behavior is due to the formation of a lower positive charge center because the 

positive field is present only at sites very close to or under the storm. We found 

positive initial fields in three storms that were isolated and close to the network, 

and a fourth storm that was close to another decaying storm showed it slightly. 

The remaining storms were not over the network where a LPCC could be detected, 

but there was evidence of LPCCs later in their development. 

To illustrate an initial positive field excursion, figure 4.1a shows the electric 

field records in the early stages of the storm that developed on June 11, 1995. This 

storm began near field mill site 19, and note that the potential gradient at this site 

rapidly increased to more than +2 kV/m before either site 17 or 26 showed any 

deviation from the normal, fair-weather field. The same interval is plotted in figure 

4.1b. Note that the first few lightning flashes occurred while the surface potential 

gradient was still positive at most sites. 
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Figure 4.2 is a plot of the initial fields during the storm on July 23, 1995. Most 

lightning flashes occurred near sites 18 and 22, eis shown in the plan view in figure 

3.19. The early portion of the storm on September 2, 1994, is shown in figure 4.3, 

and figure 3.13 shows a map of the lightning flashes on that day. In all these Ccises, 

the sites closest to the storm show a positive field excursion before any negative 

charging could be detected. 

4.2 Lightning initiation 

We have examined the LDAR and field mill data for all CG flashes in our data 

set, and we find that a cluster of LDAR sources in the 3 to 6-km altitude range 

appears in 87% of the CG flashes, a result that is consistent with the 88% reported 

by Schiber et al. [1996]. The model fits to CG fleishes show a depletion of positive 

charge in this altitude region; therefore, we believe the LDAR clustering between 

3 and 6 km is occuring in a LPCC. 

Figure 4.4a shows an altitude-time plot of the negative charge region (solid 

squares) that is inferred from model fits to CG flashes (see section 3.1.1) together 

with the inferred altitude of the associated LPCC (open squares) and the altitude 

of the first LDAR source. The initial LDAR source in each discharge is plotted as a 

diamond, and consecutive flashes are connected by a line. Figure 4.4a clearly shows 

that the initial LDAR sources are almost always located below the inferred negative 

charge region and above the inferred LPCC. Figure 4.4b shows the same result in 
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electrification on Sept. 2, 1994. 
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the storm on Sept. 2, 1994. This result is consistent with Malan and Schonland's 

[1951] hypothesis that a LPCC plays an importaxit role in the initiation of a down

ward-propagating leader. 

4.3 Positive Field Offsets during Lightning Activity 

Jacobson and Krider [1976] and Holden et al. [1983] have described cases where 

LPCCs appeared to be both created and destroyed by lightning. We have found 

numerous examples of such phenomena in our data set. We have also found cases 

where LPCCs appeared to be created slowly at the same time as lightning was 

occuring. Figures 4.5 and 4.6 show the field records at four sites near storms on 

.A.ugust 9, 1991, and July 25, 1995, respectively. The proximity of these sites to the 

lightning can be judged from the plan views shown in figures 3.23 and 3.26. All 

positive offsets and elevated periods in the field are identified by bracketed lines 

in each plot. Note how some of these offsets, such as at 18:53 GMT in figure 4.5, 

begin and end abruptly with lightning flashes. Other offsets, such as the first one in 

figure 4.5, start slowly, and others end slowly. Altogether, we identified 57 periods 

of positive offset, not counting the initial electrification. Table 4.1 summarizes the 

statistics of offsets that will be discussed below. 
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Table 4.1: Summary of positive offsets in elcctric field during all six case studies. The left portion of the table gives the 
statistics for the beginning of the offsets, and the right portion is for the end. The columns marked 'Slow' show the number of 
cases where a slow development or decay was detected. 

Slow 

20 

Beginning of positive offsets 

Abrupt (lightning) 

37 

upperIC 

CO creating LPCC 

CG dstrying LPCC 

22 
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II 

Slow 
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End of positive offsets 

Abrupt (lightning) 

52 

upper IC 0 

CG 46 

lower IC 6 

Net LPCCs created by generator 

Net LPCCs created by lightning 

31 
26 
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4.3.1 Offsets that start or end slowly 

Altogether, 20 out of 57, or 35%, of the positive offsets began with a slow increase 

in the field that wa^ suggestive of a lower positive charge region being generated 

by the cloud. A slow decay was observed in only 5 out of 57 offsets, or 9% of the 

cases. It is clear that a LPCC did exist before the slow decay because there was a 

positive offset in the field and CG flashes just before the decay showed evidence of 

LPCCs at about the right altitude. 

4.3.2 Offsets that start abruptly with lightning 

We found that 37 out of 57 offsets (65%) began abruptly with a lightning flash. 

Of these 37 initiating flashes, 22 (59%) were IC discharges between the upper posi

tive and main negative charge regions, 11 (30%) were CG discharges that removed 

charge from a LPCC, and the remaining 4 discharges (11%) were CG flashes that 

effectively deposited positive charge at low altitude. An example of the latter is 

shown in figure 4.7. In the 11 cases where a CG flash depleted a LPCC, the LPCC 

appeared to have been produced previously by the cloud generator. 

Figure 4.8 shows the LDAR data and model fit for an IC discharge that created 

a positive offset in the field. In such cases, we could find no evidence of discharge 

activity near the LPCC. either with LDAR or the model fit. However, we believe 

that a LPCC was created because following the flashes, there wa^ a positive offset 

in the field and because a LPCC was apparent in subsequent flashes. A LPCC wa^ 
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Figxire 4.7: LDAR display of a CG flash on Sept. 2, 1994, with a 2QA model 
solution that indicates a positive value of AQ at lower altitude. 
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also created by four CG flashes that effectively deposited positive charge at low 

altitude. Therefore, lightning created a LPCC in 26 out of 57 cases, or 46% of the 

total sample. 

4.3.3 Offsets ending with lightning 

Lightning abruptly terminated 52 out of 57 positive offsets (91%). The vast 

majority of these terminating flashes, 46 out of 52 (88%), were cloud-to-ground 

discharges. The remaining six were IC flashes between the main negative charge 

region and the LPCC, as shown in figure 4.9. In all of these cases, the field mill 

model fits show that the LPCC was effectively neutralized by the discharge. 

4.4 Conclusion 

The initial electric field under Florida storms is frequently positive, an observa

tion that suggests a LPCC is being created before there is a large negative charge 

region at higher altitude. The cloud generated the majority of the LPCCs (54%), 

but lightning also created a substantial number (46%). 
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Figure 4.8: LDAR display of a IC flash on July 25, 1995, that produced an 
abrupt positive field offset at the ground. 
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CHAPTER 5 

Charge and Current Budgets 

5.1 Introduction 

Many investigators have found that the recovery of the electric field at ground 

level between lightning discharges is quasi-exponential during small storms [see, 

for example, Illingworth 1972; Michnowski, 1974; Chauzy and Raizonville, 1982; 

Chauzy and Soula, 1987]. Linear recoveries are observed when the lightning flashing 

rate is high. Standler and Winn [1979] found linear recoveries at altitudes of a few 

hundred meters in small storms with low flash rates, and Krider and Musser [1982] 

used these results to infer that the Maxwell current density, within the cloud 

is quasi-steady. 

Jm is defined by the following Maxwell equation, 

- - - dE 
V X ^ = Jnf = SJ -f (•5-^) 

In this expression. H is the magnetic field, and is the displacement current 

density. Under thunderstorms, the current densities. SJ, due to the motions of 

free charges are due to lightning, charged precipitation, advection of space charge, 

point discharge from objects on the ground, and Ohmic conduction. 
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Blakeslee [1984] and Krider and Blakeslee [1985] measured the vertical com

ponent of Jyv/ under storms with high flash rates and found that the values be

tween lightning flashes were on the order of tens of nA/m^ and steady. Krider 

and Blakeslee concluded that the current source within active storms was probably 

coupled to the cloud dynamics. In 1991, Deaver and Krider studied small storms 

and found that the values of Jm were not steady at the ground when there were 

low flash rates. In fact, there were reproducible variations in Jm between lightning 

flashes that seemed to depend on the type of lightning. They concluded that these 

transient variations were due to currents flowing in the atmosphere outside the 

cloud in response to the lightning field changes, and that the cloud generator itself 

might still be slowly-varying. Deaver and Krider [1991] and Krider and Blakeslee 

[1992] also showed that the displacement current density, Jo, is the dominant term 

in Jm outside regions of precipitation. 

In this chapter, we will examine the displacement current densities under the 

small thunderstorm on August 9, 1991. We will derive information about the 

magnitude and time behavior of the cloud current source by analyzing the spatial 

pattern of J/j, and we will compare the displacement current estimates of the 

rates of charge accumulation in the cloud with the time-averaged lightning currents 

derived from model fits to the field mill data. 
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5.2 Data 

The small thunderstorm on August 9. 1991, formed along the northern outflow 

boundaries of a large storm to the southwest and a small storm to the southeast. 

This storm has been described in detail by French et al. [1996] and Murphy et al. 

[1996]. It produced two convective cells, ajid during each of these, there was a brief 

period in which the lightning rate was approximately 4 flashes per minute. Between 

cells, there were periods of positive offset in the field that have been described in 

detail in chapter 4. Values of Jq between cells could not be interpreted using the 

methods described in this chapter because they may not have been representative 

of the cloud generator. We have, therefore, restricted our analysis to just the active 

portions of the two cells, which were from 18:45 to 18:47 GMT (cell 1) and from 

18:53 to 18:56 GMT (cell 2). During these intervals, we also were able to fit either 

a 2QA or an IC model to all but one of the lightning flashes. We also had complete 

CP2 radar data for the August 9 storm. 

5.3 Values of Jd during the Field Recovery 

5.3.1 Intracloud flashes 

Figure 5.1 shows the electric field recovery curves at various distances from a 

typical intracloud discharge (the first flash in the plot). Site 22 (top trace) was 

5 km (horizontal distance) from the IC model solution for this particular flash. 
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Note how, at this site, the potential gradient increased immediately after the flash, 

formed a rounded hump, and then decreased slowly at a fairly constant rate. This 

is typical of sites close to the flash, and the rate of decrease in this nearly linear 

section depends on the distance to the flash. The same behavior can be seen at sites 

near or just beyond the reversal distance (site 7). At sites well beyond the reversal 

distance (site 2), the field tends to have a quasi-exponential increase for the entire 

interval. The values of Jd tend to be negative at most sites right after a flash, and 

then eventually become positive and approximately constant at sites within and 

around the reversal distance. These results are consistent with the observations of 

Deaver and Krider [1991]. 

A contour plot of the displacement current densities measured during the linear 

portion of the field recovery after a typical IC discharge is shown in figure 5.2. Here, 

the contour interval is 0.1 nA/m^. Note that there is a reversal in the polarity of 

JD about 14 km from the central peak. 

5.3.2 Cloud-to-Ground flashes 

Figure 5.3 shows recovery curves following a typical CG flash (again the first 

flash in the plot). Site 14 was about 2 km from a 2QA model fit, site 7 was 14 km, 

and site 33 was 20 km from the flash. Note that the values of AE and Jd have the 

same polarity at all but the closest sites. At the closest sites, the values of Jq are 

sometimes (although not in this example) reduced or reversed in polarity, probably 
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Figure 5.1: Recovery cxarves at sites 22, 7, and 2 following an intracloud 
dischcLTge (first flash shown). Sites 7 and 2 are shown on an expanded vertical 
scale. The time axis begins at 16:26:50 on June 11, 1995. 
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Figure 5.2: Contour plot of displacement current densities in nA/m^ following 
an intracloud flash at 18:46:39 GMT on August 9, 1991. Contour interval is 
0.1 nA/m^. 
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because a lower positive charge regioa is being created and the cloud current source 

has two polarities. Initially, the slope of the recovery tends to be larger than the 

slope of the quasi-linear portion following an IC flash. The values of Jo in fig. 

5.3 are consistent with the measurements of by Deaver and Krider [1991]. A 

contour plot of JQ immediately after a CG discharge is given in figure 5.4. Here, 

the contour interval is 0.1 nA/m^, and note that in this case there is no reversal of 

the polarity of JQ-

5.3.3 Sampling times 

Krider and Musser [1982] and Nisbet [1985] suggested that sampling Jd at the 

point where the field crossed zero provided the best estimate of Nisbet et al. 

[1990] used this method to compute the locations and magnitudes of the cloud 

current source over successive five-minute intervals. More recently, Driscoll et al. 

[1994] have computed a lower limit for the generator current using model fits to 

the lightning field changes. Unfortunately, for a significant fraction of the flashes 

in their storm, the model fits were unacceptable. 

For the storm on August 9, we have analyzed the values of JQ during the in

terval immediately after CG flashes and in the quasi-linear portion of the recovery 

following IC discharges. We have computed the values of Jd by fitting the slope of 

the field recovery in consecutive four-second windows to a straight line. Estimates 

of the errors in the slope range from 2 to 12% of the Jq values, with 5% being 



118 

SXTB It 

o 
m 

SXTB 33 

V 

• 

S . 30 

TIME (sec) 

Figure 5.3: Recovery curves at sites 14, 7, and 33 following a CG discharge 
(first flash shown). Sites 7 and 33 are shown on an expanded vertical scale. 
The time axis begins at 16:04:35 on June 11, 1995. 
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Figure 5.4: Contour plot of displacement current densities in nA/m^ following 
a CG flash on July 24, 1995. Contour interval is 0.1 nA/m^. 
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typical. For values of Jo less than 0.1 nA/m^, the absolute error was typically 0.01 

nA/m^. 

5.4 Inference of cloud charging rate from values of Jo-

The average cloud charging rate can be defined as the rate at which charge 

accumulates in the dominant cloud charge centers. We assume that this rate, 

AQ/At, is related to the displacement current density in the following way. 

QE 2^z 

dt Air [(x — x,)2 + {y — yiY + 

where (x, y, ::) is the location of the charge region and (x,-, yi) are the field mill 

coordinates. This model assumes an insulating atmosphere. Eqn. 5.2 is referred to 

here as the AQjAt model and is analogous to the Q model in chapter 3, except that 

AQ has been replaced by AQ/At. More than one charging region can be modeled 

using the principle of superposition. We found that a cloud model with two charging 

regions worked well on nine of the ten flashes that we analyzed, and the remaining 

flash could be fit by a single source region. In the two-region model, all of the 

parameters (x, y. z, and AQjAt) of both regions were allowed to vary, i.e., there 

were eight unknown parameters. The optimum values of these parameters were 

obtained using the same least squares optimization technique that was described 

in chapter 3. 
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The models for AQ/Ai and the inversion procedure were tested using simulated 

values of AQ/At to obtain estimates of the errors in the retrieved parameters. 

The details of these simulations are given in appendix A. Generally, we found that 

values of AQ/Af were poorly retrieved when there was a significant lower positive 

charging region. However, when the main negative charge region dominated, the 

inversion was quite good. Values of AQ/At in the upper positive charge region 

could also be retrieved with small errors. 

5.5 Results and Discussion 

Table 5.1 summarizes the fits to the values of Jo following the ten selected 

flcLshes. The first column gives the time of each flash. The next three colunms 

give the coordinates, and the final columns give the value of AQ/At and the value 

of x^- An error bar estimate, inferred from the simulations, is also given for each 

AQ/At. Only one charge region was fitted to the Jd values at 18:45:18 GMT; this 

was after one of the CG flashes. 

Note in table 5.1 that in many cases, the value of the upper positive AQ/At 

was slightly larger than the negative, but that the two values tended to be equal in 

magnitude within their error limits. We expected the opposite behavior, because 

if a LPCC accumulates at lower altitude, this should add to the negative charge 

region. Also, the negative charge was depleted by both CG and IC lightning, but 

the upper positive charge was only depleted by intracloud flashes. On the other 



Table 5.1. Results of fits to the displacement current densities following the ten selected flashes 
on August 9. There is only one dq/dt for the current densities at 18:45:18. For all others, there are 
two. Errors for the dq/dt values are given in parentheses. The last column gives the value of the 
reduced chi-square (eqn. 3.1). *Unreliable solution. Not used in calculations. 

Time (GMT) X (km) Y(km) Altitude (km) dq/dt (A) chisqr 
18:45:18.539 15.2 16.0 5.8 -0.23 (0.01) 7.69 

18:45:35.904 15.3 15.1 7.6 -0.86 (0.11) 20.60 
18:45:35.9(M 14.2 14.3 9.7 0.83 (0.12) 20.60 

18:46:19.891 15.8 14.0 6.5 -0.77(0.11) 3.64 
18:46:19.891 16.2 11.6 7.9 0.88 (0.12) 3.64 

18:46:39.460* 14.7 14.6 4.9* -5.30 (0.05) * 4.16 
18:46:39.460* 14.7 14.6 4.9* 5.36 (0.05) * 4.16 

18:47:01.975 17.9 13.7 7.3 -0.76 (0.03) 13.12 
18:47:01.975 19.5 12.6 7.4 0.66 (0.03) 13.12 

18:53:48.442 13.0 16.9 8.3 -0.98 (0.11) 15.39 
18:53:48.442 10.5 17.1 10.0 1.06 (0.12) 15.39 

18:54:13.072 16.0 15.9 7.9 -0.85 (0.11) 14.38 
18:54:13.072 15.9 15.6 10.0 0.78 (0.12) 14.38 

18.54:38.141 15.9 16.8 8.4 -0.84 (0.05) 8.74 
18.54:38.141 15.7 18.0 11.6 0.78 (0.05) 8.74 

18:55:17.150 15.8 15.2 8.4 -0.91 (0.11) 2.92 
18:55:17.150 15.2 11.7 13.7 1.21 (0.12) 2.92 

18:55:50.576 15.0 14.7 9.0 -1.31 (O.ll) 15.19 
18:55:50.576 13.8 13.4 12.1 1.40 (0.12) 15.19 
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hand, the currents flowing out of the cloud top could possibly be a significant loss 

from the upper positive charge region. 

Table 5.1 shows that the positive charge almost always accumulated at higher 

altitude than the negative region (when two charge regions were fitted). This was 

true even for the flash at 18:45:35 GMT, which was an IC discharge involving the 

lower positive charge, and the flash at 18:47:01, which was a CG flash. (We note, 

however, that the IC model provided the optimum fit to the A.E values for this 

discharge and suggested that it may have been a cloud flash). 

Figures 5.5 and 5.6 show the sources of Jq in cell 1 relative to CP2 radar echoes. 

Figures 5.7 and 5.8 show the same for cell  2.  Here, each AQ/At fit  is depicted as 

a current arrow pointing toward the region of positive AQ/At. Values of AQ from 

the lightning are also shown, and whenever the charge was removed from a positive 

region, the circle contains a and vice versa. Figures 5.5 and 5.7 are horizontal 

slices at the average altitudes of the negative charge region. Figures 5.6 and 5.8 are 

vertical cross-sections parallel to the east-west direction. Note the scan boundaries 

in all the figures. In the horizontal slices, the western boundary is located near 169° 

azimuth. Note in figures 5.5 and 5.7 how the current arrows tend to diverge from 

a region just outside the core of highest reflectivity. This shows positive charge 

being distributed throughout the anvil region of the storm, where there are usually 

divergent winds. Most of the negative charge removed by lightning appears to come 

from outside the reflectivity core near the 30 dBZ contour. 
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Figure 5.5: Plan view showing CP2 reflectivity at an eiltitude of 7.7 km at 
18:46 GMT on August 9. Reflectivity contour interval is 5 dBZ. Arrows 
denote current sources. Arrow scale is 1 A per km on the plot. Circles show 
values of AQ between 18:45 and 18:47 GMT, and the circle size indicates the 
value o f  A Q .  
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Figure 5.6: As in fig. 5.5 but for a vertical cross-section parallel to the 
east-west (X) axis. 
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Figure 5.7: Plan view similar to fig. 5.5 but at 18:55 GMT and at an altitude 
of 8.3 km. Arrows show current soxirces in second cell. Lightning model fits 
between 18:54 and 18:56 GMT aie also shown. 
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Figure 5.8: Similax to fig. 5.6 but at 18:55 GMT. 
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Table 5.2 summarizes the locations of model fits to the displacement current 

data and the locations of 2QA and IC model fits to lightning flashes. Data for the 

main negative charge region are given in the second, third, and fourth columns of 

this table, and the remaining columns contain the same data for the upper positive 

charge region. The mean horizontal separation between the and AQ/At was 

2.1 km (o- = 1.2 km) in the negative charge region and 4.8 km (cr = 1.3 km) in the 

upper positive region. These differences are noticeably larger than the errors in D in 

any of the models (compare with errors obtained in simulations). At the same time, 

a majority of the altitudes are within the estimated errors. These results suggest 

that horizontal charge transport may be significant, especially in the thunderstorm 

anvil. 

Table 5.3 summarizes the fitted values of AQ/At and the time-average lightning 

current computed by fitting individual flashes. Figures 5.9 and 5.10 

show this comparison graphically for the upper positive and main negative charge 

regions, respectively. The average lightning current was computed by adding all the 

values of AQ in approximately one-minute intervals near each Jp fit and dividing 

by the total time in the interval. Error bars on the values of AQ were inferred 

using the simulations described in appendix A. We were not able to obtain a Q, 

2QA, or IC model fit for one flash during the 18:53-18:56 GMT interval, so we 

estimated its contribution to the current by taking an average of the AQ values 

in the flashes closest in time. Note that, in the 18:45-18:47 interval, the lightning 



Table 5.2. Comparisons of the locations of lightning charges with the locations of dq/dt for those flashes that have eight-
or seven-parameter model fits. There is only one dq/dt for the 18:45; 18 flash, and the 18:45:35 flash has a lower positive 
charge in the lightning but an upper positive in the dq/dt. Differences in horizontal position are shown in columns 2 and 5 
Altitude errors are given in parentheses. 

Negative region Positive region 

Time (GMT) Location (km) Alt. of Q (m) Alt of dq/dt (m) Location (km) Alt. of Q (m) Alt of dq/dt (m) 
18.45:18.539 2.2 7636(300) 5794(500) NA NA NA 
18:45:35.904 1.8 4349(250) 7598(300) NA NA NA 
18.46:19.891 1.3 6135 (330) 6510(300) 4.4 7729(440) 7914(300) 
18:47:01.975 3.9 6846 (330) 7267(100) 5.3 7500 (440) 7430(100) 

18:53.48.442 3.8 7268(240) 8319(300) 6.1 8178(980) 9975(300) 
18.54:13.072 0.0 5518(640) 7890(200) 6.0 9759(1450) 10021(400) 
18.54:38.141 1.2 7547 (240) 8401 (40) 2.2 9105 (980) 11569(100) 
18:55:17.150 2.3 8214 (330) 8371(300) 4.9 10661(440) 13743(300) 



Table 5.3. Comparison of values of dq/dt with lightning currents. Error bar values for all are 
given in parentheses. 

Time (GMT) 
18:45:18.539 
18:45:35.904 
18:46:19.891 
18:47:01.975 

18:53:48.442 
18:54:13.072 
18:54:38.141 
18.55:17.150 
18:55:50.576 

Negative region 

dq/dt (A) Ltng. Cur. (A) 
0.23(0.01) -0^97 (0.14) 
0.86 (0.11) -1.19(0.20) 
0.77 (0.11) -0.91 (0.15) 
0.76 (0.03) -0.61 (0.09) 

0.98 (0.11) -0.52 (0.02) 
0.85 (0.11) -1.18(0.05) 
0.84 (0.05) -1.25 (0.07) 
0.91 (0.11) -1.53 (0.13) 
1.31 (0.11) -1.41 (0.07) 

Positive region 

dq/dt (A) Ltng. Cur. (A) 
'NA ' NA 

0.83 (0.12) 0.49 (0.07) 
0.88 (0.12) 0.67 (0.07) 
0.66 (0.03) 0.46 (0.07) 

1.06 (0.12) 0.52 (0,02) 
0.78 (0.12) 1.17(0.05) 
0.78 (0.05) 1.22 (O.ll) 
1.21 (0.12) 1.53 (0.13) 
1.40(0.12) 1.15(0.23) 
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Figure 5.9: Current budget for upper positive charge region on August 9. Solid squares are charging rates 
due to the generator, and open diamonds are one-minute average lightning currents. 
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Figure 5.10: Current budget for central negative charge region on August 9. Solid squares are charging 
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current was often less than the value of AQ/At, and, in a few czises, the two values 

were within error bars of each other. In the 18:53-18:56 interval, the lightning 

current was usually larger than AQ/Ai, and the error bars did not overlap. When 

the difference between the lightning current eind AQIAt in the upper positive 

region is integrated over time, the resulting unused charge in the first cell is 34.0 

C. Similarly, the excess charge depleted by lightning in the second cell was 37.6 C. 

Note that these values are consistent with each other and suggest that lightning in 

the second cell may have tapped residual charge in the first cell. This phenomenon 

has previously bee observed in multicellular Florida storms by Maier et al., [1995b], 

Rison et al. [1996], and Shao and Krehbiel, [1996]. 

5.6 Conclusion 

We have computed the rates of charge accumulation in the negative and upper 

positive charge regions of a thundercloud by fitting values of Jq at the ground 

to point-charge models, assuming an insulating atmosphere. The Jq values were 

sampled when there were no abrupt positive offsets in the potential gradient and 

either before or after periods when transient currents are thought to flow outside the 

cloud in response to lightning field changes. We were not able to obtain the charging 

rate in the LPCC from displacement current records. Our values of AQfAt varied 

slowly with time and were consistent with the view that the cloud generator varies 

slowly with time in smaU storms. We found that horizontal transport of charge 
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from the generation region was significant, especially in the upper positive charge 

region. Finally, we found that the unused charge generated during the first cell in 

our storm was approximately equal to the excess charge removed by lightning in 

the second cell. 
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CHAPTER 6 

Numerical Study of Non-inductive Charging 

6.1 Introduction 

Illingworth and Latham [1977], Helsdon and Farley [1987], Norville et al. [1991], 

Ziegler et al. [1991], Solomon and Baker [1994], Baker et al. [1995] and others have 

developed numerical models of thundercloud electrification that are based on a non-

inductive ice-graupel charging mechanism. We evaluate this ice-graupel mechanism 

using the cloud microphysical data derived from the CP2 radar and laboratory 

measurements of the charge transfer during ice-graupel collisions. First, we will 

describe our methods of inferring the microphysical data for the storm on August 

9, 1991. and then we will estimate the currents between the central negative and 

upper positive charge regions. The thermodynamic and microphysical properties of 

the August 9 storm have also been studied in detail by French et al. [1996]. Finally, 

we will make a similar estimate for a lower positive charge center that was observed 

on July 23, 1995. Recall that the July 23 storm produced elevated positive fields 

prior to the first lightning (see chapter 4, figure 4.2a). 
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6.2 Methods of Analysis 

As we have seen in chapter 2, all CP2 radar data were interpolated to a Cartesian 

grid with cells 0.2 km on a side. The charge separation current has been computed 

within each 0.2-km radar cell where graupel was detected. The volumes of cloud 

in which the currents were all of the same sign were added together to get an 

estimate of the total current in that region of the storm. The currents within 

each horizontal layer of grid cells were added together and divided by the total 

area to get an estimate of the average current density at that level. All currents 

and current densities are regarded as positive whenever there is upward motion of 

positive charge. 

The current produced by any cell is equal to the number of crystal-graupel 

collisions per unit time in that cell multiplied by the charge transferred per collision, 

Q. The collision rate. CR, is given by the following relation, 

CR = AOTIGNICVRV (6.1) 

where Ac is the projected geometric area of the graupel pellets, tiq is the graupel 

concentration. n,c is the crystal concentration, Vr is the relative velocity between 

the graupel and crystals, and V is the volume of the cell. As we will show, the 

values of AC and NC vary with the values of ZDR and ZFJM, measured by the radar. 

A collision efficiency of unity has been assumed. 
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6.2.1 Cloud Microphysics 

Following Jameson et al. [1996], we assume that there is graupel in every grid cell 

where the value of LDR is at least -25 dB. We distinguish between dry graupel and 

water-coated graupel by assuming that an LDR greater than -20 dB is indicative 

of water-coated graupel. We also assume that the liquid water is sufficient to keep 

graupel surfaces wet whenever the cloud liquid water content exceeds 3 g/m^ and/or 

the Zoft value exceeds 2 dB. These assumptions are consistent with observations of 

Florida storms by Jameson et al. [1996], Ramachandran et al. [1996], and French 

et al. [1996]. 

Jameson ti al. [1996] have shown that graupel is produced in Florida storms 

when raindrops are carried aloft, become supercooled, and freeze, (see figure 2.7). 

Since the mean diameter of the liquid drops is linearly related to the value of Zdr in 

dB [Herzegh and Jameson, 1992], we can assume that the mean size of the graupel 

pellets in each cell can be obtained from the value of Zqr that existed in that cell in 

the preceding radar scan. Once size heis been determined, the graupel concentration 

can be obtained from the reflectivity factor, Zfffi. Typically, graupel diameters 

ranged from 1 to 5 mm, and the concentrations ranged from 10 to a few thousand 

pellets per m^. French et al. [1996] observed similar sizes and concentrations during 

flights through this storm. 
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The sizes and concentrations of small ice crystals cannot be determined from 

the radar data because Zhh, Zdr- and LDR are aJl dominated by the precipi

tation. However, aircraft measurements have shown that Florida clouds produce 

large concentrations of ice crystals [Hallett et al. 1978; Hallett et al. 1993], even at 

temperatures close to O^C. The crystal sizes are usually between 150 and 400 fim, 

and the concentrations vary from 10 to 100 1~^. Such concentrations are typically 

three to four orders of magnitude higher than the ice nucleus concentrations [Hobbs, 

1974; Rangno and Hobbs, 1991], and, therefore, various ice multiplication mecha

nisms have been proposed to explain the observations. In the laboratory, Schaller 

and Fukuta [1979] observed rapid freezing of cloud droplets at temperatures close 

to 0 °C whenever a certain water supersaturation was exceeded. Alternatively, 

Mossop [1970] and Hallett et al. [1978] have argued that the crystals come from ice 

splinters that are produced by riming graupel pellets. Such a process is consistent 

with the sudden freezing of large drops, as shown in figure 2.7. 

In our estimates, we assume that there were 50 ice crystals per liter with a 

size of 200 /zm in every grid cell that contained graupel. The calculations were 

repeated with 100 crystals per liter at a size of 50 fun and also with crystals that 

were produced by a Hallett-Mossop mechanism and grew from an initial size of 

20 /xm [A. Blyth. personal communication]. The relative speed of the collisions 

depends on the terminal velocities of the graupel pellets and ice crystals. Terminal 

velocities were obtained from Hobbs [1974] (tables 10.4 and 10.5). 
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6.2.2 Charge transfer 

For the charge transferred per collision, Q, we have used the paxameterization de

scribed by Saunders et al. [1991] and a crude parameterization of the measurements 

by Takahashi [1978]. In the Saunders parameterization, the reversal temperature 

at which the polarity of Q reverses is described by the following relation 

Tr = -15.06 ( LWC + 0.49) for 0.22 g/in < LWC < 1.1 g/ra (6.2) 

where LWC is the cloud liquid water content in g/m^ and T is in °C. The function 

for Tfi in Takahashi's data is 

Tr = 8.70/n(^:y^) for LWC < 1 g/ml (6.3) 

The major difference between 6.2 and 6.3 is that Tr in 6.3 is higher than that in 

6.2 except at the lowest values of LWC. In both of the above parameterizations, Q 

depends on the relative velocity of the coUision ajid the size of the ice crystal: 

Q = Bd''vtq{T,LWC). (6.4) 

where d is the ice crystal diameter, is the relative velocity, a, 6, and B are 

constants, and q is an empirical function of temperature and liquid water content. 

Graphs of q are given in figure 6.1 for the Saunders parameterization and in 

figure 6.2 for the Takahashi parameterization. It should be noted that 

Takahashi's data (fig 6.2) extended to cloud liquid water contents greater than 1.1 

g/m^. Because the charge transfer in both parameterizations is quite sensitive to 
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Figure 6.1; Illustration of charge parameterization of Saunders et al. [1991] as a function of liquid water 
content (EW) and temperature. Figure taken from Saunders et al. [1991]. 
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Figure 6.2: Charge parameterization of Takaiiashi [1978] laboratory data eis a 
function of liquid water content and temperatxire. Dash-dotted line indicates 
polarity reversal. Region A: q=33 fC ; Region B: q=16.5 fC; Region C; 
q=3.3 fC; Region D: q proportional to square root of T — Th; Region E: q 
proportional to T -f- 10; Region F: q=-16.5 fC; Region G: Q proportional to 
LWC - LWC{TR). Figure adapted from Takahashi [1978]. 
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LWC, we have used values of LWC that are 0.1, 0.2, and occasionally 0.5 times 

the adiabatic liquid water content. We have used the adiabatic values of cloud 

temperature throughout the calculations. 

6.3 Current Between the Central Negative and Upper Positive Charge Regions 

Figure 6.3 shows the total current between the central negative and upper pos

itive charge regions as a function of time for various values of LWC and an ice 

crystal concentration of 50 1~^ Figure 6.3 shows only the Takahashi parameter

ization because the Saunders parameterization produced currents that were two 

orders of magnitude below our observed currents. The two maxima in figure 6.3 

correspond to the development of two cells in the storm. Note that the values of 

current in the first cell are between 1 and 2 A, and those in the second cell approach 

1 A. The values of AQ/At computed for this storm in chapter 5 range from 0.7 to 

1.4 A, and the lightning currents are in the same range. Therefore, the ice-graupel 

mechanism appears to be consistent with our observations, even though much of 

the graupel may have been outside the radar scan boundaries (discussed in chapter 

5) during the minimum in fig. 6.3. 

Table 6.1 summarizes the currents that have been computed between the upper 

positive and central negative charge regions for different values of the cloud param

eters. Column A is with the original set of assumptions (also shown in fig. 6.3), 

and columns A through D were computed with the Takahashi parameterization. 
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Figure 6.3: Currents between upper positive and central negative charge regions on August 9, 1991, as a 
function of time. Takahashi parameterization was used, and liquid water contents (relative to adiabatic 
value) are shown at the upper right. 



Table 6.1; Compuled generator currents between negative and upper positive regions under different sets of assumptions. 
A. Takahashi; LWC=0.2adia.; n=50; crys. size = 200 um.; graupel is like high-density snow 
B. Takahashi: LWC=0.2adia.; n=50; crys. size = 200 um.; graupel is like hail 
C. Takahashi; LWC=0.2adia.; crystal size and concentralion determined by Hallett-Mossop process with growth; graupel is like 
hail; increased updrafis by 2.5 m/s 
D. Takahashi; LWC=0.2adia.; n=50; crys. size = 200 um,; graupel is like hail; increased updrafis by 2.5 m/s; supercooled 
raindrops allowed to move upward between radar scans 
E. Saunders; LWC=0.ladia.; n=50; crys. size = 200 um; graupel is like high-density snow 
F. Saunders; LWC=0.2adia.; n=50; crys. size = 200 um; graupel is like high-density snow 

Time (sec) A B C D E F 

0(18:36 GMT) 0.00 0.00 0.00 0.02 0.00 0.00 

300 1.00 2.51 0.00 0.61 0.05 0.00 

400 1.81 4.33 0.84 1.61 0.06 0.00 

500 1.23 2.93 0.87 2.97 0.07 0.00 

600 0.12 0.29 0.21 4.23 0.02 0.00 

700 0.06 0.13 0.01 2.03 0.00 0.00 

800 0.03 0.08 0.04 0.88 0.00 0.00 

900 .40 1.00 1.27 1.58 0.00 0.00 

1000 0.86 2.05 5.96 2.32 0.00 0.00 

noo 0.59 1.41 21.57 2.24 0.02 0.00 

1200 0.29 0.68 8.77 1.97 0.00 0.00 
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Note that the difference between column A and any of the other three Takahashi 

trials is generally within a factor of 2.3 (except the bottom half of col. C), a range 

of uncertainty that is consistent with the currents discussed in chapter 5. Columns 

E and F are for the Saunders parameterization, and all the currents are too small. 

6.4 Electrification of the LPCC 

Table 6.2 summarizes estimates of the currents that generate a lower positive 

charge region on July 23, 1995. For these estimates, the ice crystal concentration 

has been assumed to be 5 1~' for two reasons; first, neither of the ice multiplication 

mechanisms discussed above is capable of producing crystals in regions that are 

warmer than -3 °C, and second, when concentrations of 50 and 500 crystals were 

assumed, the currents were one to two orders of magnitude larger than the currents 

discussed in chapter 5. The last two columns in table 6.2 show the total charge 

separation current and the maximum current density. In all the cases where the 

Saunders parameterization was used, the graupel charged positively. The majority 

of the graupel charged positively with the Takahashi parameterization, but not 

all. These findings are consistent with the observations of an initial positive field 

tendency that have been discussed in chapter 4. 

In table 6.2. the graupel current densities are on the order of tens of nA/m^ in all 

cases. These values are generally consistent with the current densities measured in 

Florida by Krider and Blakeslee [1985] and Deaver and Krider [1991]. The volumes 
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Table 6.2. Computations of charge separation current during electrification 
on July 23, 1995. Charge parameterizations are S (Saunders) and T 
(Takahashi). Liquid water contents (LWC) are either 0.1 or 0.2 times the 
adiabatic value (A). The third and fourth columns give the volume of the 
region where graupel was positively charged and the altitude of the reversal 
temperature. Volumes of cloud are in cubic km. 

Charge LWC Volume Top (km) ; Current (A) Jmax (nA/m^2) 
s 0.2 A 28.9 8.5 .590 20 
s O.I A 28.9 8.5 .370 14 
T 0.2 A 16.5 7.1 .760 28 
T 0.1 A 24.3 7.7 .800 28 
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of graupel in table 6.2 may have been influenced by melting because the LDR bright 

band was close to the melting level [Herzegh and Jameson, 1992]. To test for this 

possibility, we have repeated the calculations excluding all grid cells at the melting 

level and in the first layer above it, and the total current densities range from 7 

to 14 nA/m^, values that are more consistent with the observations of Deaver and 

Krider [1991]. 

The first lightning flash that removed charge from the LPCC occurred at 20:37:36 

GMT on July 23, or about 6.5 minutes after the radar scan at 20:31 GMT. The 

charge removed from the LPCC by this flash was 7.5 ± 1.3 C; therefore, a constaJit 

charging current of 0.019 ± 0.003 A over the entire 6.5-minute interval could just 

supply the necessary charge. According to table 6.2, cin ice-graupel mechanism 

is sufficient to produce this current with 5 ice crystals per liter, even after the 

bright-band enhancement is taicen into account. 

Other than an ice-graupel collision process, the following charge separation 

mechanisms have been proposed for the generation of the LPCC: (a) the breakup 

of large drops [Simpson, 1927]; (b) the capture of positive corona ions and/or pos

itively charged cloud droplets by rain [Wilson, 1929; Marsh and Marshall, 1993]; 

and (c) melting of ice [Hobbs, 1974]. Such processes may also be consistent with 

the formation of an LPCC in Florida storms. 
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CHAPTER 7 

Conclusion and Directions for Future Research 

In this work, we have shown that the overall charge structure of sunimer Florida 

thunderstorms is tripolar and that the average lightning and charging currents 

are consistent with a non-inductive ice-graupel mechanism of charge separation. 

We have documented an initial lower positive charge center during the onset of 

electrification, when most collisions between ice crystals and graupel are occurring 

in areas that are warmer than the reversal temperature. As the cloud continues to 

grow, most collisions are at lower temperatures, and a central region of negative 

chaxge and an upper positive region develop. 

We have seen that a LPCC is a necessary prerequisite for the initiation of CG 

lightning. Perhaps storms that do not produce CG lightning do not have enough 

ice crystals at the right altitudes to produce a LPCC. 

While studying the periods of elevated electric field in chapter 4, we noted 

discontinuities in the values of that were associated with CG flashes at the end 

of many offsets. Certain CG flashes in the early and middle portions of these offsets 

were followed by relatively low values of Jo, but the flashes that terminated the 

offsets were typically followed by much larger Jjds. Although it is beyond the scope 
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of this work to study these phenomena, we recommend further study of Jd and its 

relationship to the LPCC. 

In the radar-based estimates of the cloud charging currents, we noted that the 

charge transfer parameterization of Saunders et al. [1991] was not able to explain 

the observed currents but that Takahashi [1978] was consistent with observations. 

Further study of charge transfer in ice-graupel collisions is recommended, for high 

liquid water contents. 
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Appendix A 

Simulated Values of  AQ and AQ/At 

To test how well our analysis procedure retrieved the parameters of the 2QA 

and IC models for lightning charges and the models for the charging rate, we have 

generated sources of /S.Q and AQfAt. All sources were located either over the 

central portion (near (20,20) in fig. 2.1) or the western portion (near (10,20) and 

(15,13)) of the field mill network, near where our storms occurred. When a lower 

positive charge center (LPCC) was simulated, it was located at 4.5 km altitude. 

Negative charge centers were always at 7 km altitude, and upper positive charge 

centers were at 10 km altitude. The values of AQ were -5 C in the LPCC, +15 

C in the negative region, and -15 C in the upper positive region, unless otherwise 

stated. Values of AQfAt were always +0.2 A in the LPCC, -0.8 A in the negative 

region, and +0.8 A in the upper positive region. Cloud-to-ground (CO) lightning 

was modeled either as a single source in the negative region or as a combination of 

the negative charge and a LPCC. Simulated IC flashes always involved the negative 

and upper positive charge regions. When pairs from the charge regions were used, 

they were tilted so that the upper charge closer was to the middle of the network 

and again the opposite way. Fifty sets of AE (or Jo) data were generated for each 

charge configuration with randomly generated errors added to the values. The 
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random error was 1.6% for the AQ simulations and varied from 3% to 10% of Jq 

for AQ/At trials. 

Table A.l gives the meaji and staxidard deviation of the errors in horizontal 

distance, D, altitude, and AQ for four CG flash simulations. The 2QA model was 

used in these trials. Note first how the errors in were often substantial for 

the dipoles on the western edge of the network, and therefore, fewer solutions in 

that area could be believed. Secondly, see how the model always worked better 

whenever the larger upper charge was closer to the network center than the lower 

charge. Finally, note that the altitude error tended to be positive for the upper 

chaxge and negative for the lower charge. Correspondingly, the values of AQ in 

both regions tended to be too small. Biases such as these have been discussed in 

detail by Koshak and Krider [1994]. 

Table A.2 shows the 2QA model results on four pairs of AQ corresponding to 

intracloud flashes. As in the CG trials, the errors in D were small, even along the 

western edge of the network. In these simulations, the altitudes and AQ values were 

significantly biased. This is the major reason why we introduced the IC model. 

Table A.3 shows the results of IC model simulations in a format similar to 

that of table A.l. With this model, we generated data for intracloud flashes only. 

Simulations were run with two equal values of AQ, with the upper charge reduced 

to 14.5 C. and finally with the lower charge reduced to 14.5 C. In table A.3, the 

first three columns describe the location, tilt, and values of AQ in each trial. The 



Table A. 1. Results of eight-parameter model trials using simulated dipoles characteristic of CG 
flashes. Tilt 'In' means upper charge is closer to network center. Standard deviations given in 
parentheses. 

Location error (km) Altitude error (km) Delta-Q error (C) 

Location Tilt upper lower upper lower upper lower 
Central Out 0.6(0.1) 0.3 (0^04) 0.3(0.1) -6.5(6.1) -1.8(0.2) 2.0 (0.2) 
Central In 0.1 (0.1) 0.1 (0.04) 0.01(0.03) -0.02(0.1) -O.l (0.3) O.l (0.3) 

West Out 4.2 (0.2) 8.1 (0.1) 0.7(0.1) 2.9(0.2) 3.5 (0.9) -4.6(1.0) 
West In 0.4 (0.5) 0.8(1.2) 0.2(0.4) -0.4(1.3) -1.1(1.2) 0.9(1.4) 

Table A.2. Results of eight-parameter model trials using simulated dipoles characteristic of 
intracloud flashes. Tilt 'In' means upper charge is closer to network center. Standard deviations 
given in parentheses. 

Location error (km) Altitude error (km) Deita-Q error (C) 

Location Tilt upper lower upper lower upper lower 
Central Out 0.3(6.1) 6.1 (O.i) 0.2(0.1) -6.2(0.1) 1.5(6.8) -1.5(0.8) 

Central In O.l (O.l) O.l (0.04) 0.03(0.08) -0.02(0.1) 0.2 (0.7) -0.2 (0.7) 
West Out 0.3 (0.2) 0.2 (O.l) 0.2(0.1) -0.2(0.2) 1.9(1.2) -1.9(1.1) 
West In 0.4 (0.2) 0.2 (0.1) 0.2(0.2) -0.2(0.1) 1.6(1.3) -1.7(1.4) 
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remaining three colurrms are in the same format as table 3.2. Note in table A.3 

that there is no bias in altitude and AQ when the charges were equal, but that 

there is a significant bias whenever one of the charges was reduced. 

Table A.4 summarizes the results of selected AQ/At simulations. The first four 

columns show the random error level, location, tilt, and combination of the charging 

regions. The remaining columns give the mean and standard deviation of the errors 

in horizontal position, altitude, and Note first in this table that combinations 

involving a negative charge and a lower positive charge were not very well retrieved. 

However, when only a single negative source was simulated (denoted by 'CG (IQ)' 

in column four), the results were quite good. Combinations of a central negative 

and an upper positive source were retrieved very well and were seldom biased. 



Table A.3. Results of simulations of the seven-parameter model. The first three columns 
describe the dipoles simulated. Standard deviations of all values are given in parentheses. 

Location Tilt Q red Error in position (km) Error in altitude (km) Error in charge (C) 
Lower Upper Lower Upper Lower Upper 

Central vertical equal 0.03 (.02) 6.05 (.02) -0.02 (.16) 0.05 (.22) -0.13(1.89) 0.13(1.89) 
Central vertical upper 0.04 (.02) 0.07 (.03) -0.65 (.10) 1.86 (.18) -5.84 (0.43) 5.54 (0.43) 
Central out equal 0.07 (.05) 0.15 (.10) -0.01 (.13) 0.05 (.13) 0.03(1.32) -0.03(1.32) 
Central in equal 0.06 (.04) 0.12 (.09) -0.01 (.10) 0.07 (.11) -0.02(1.11) 0.02(1.11) 
Central in lower 0.33 (.11) 0.76 (.20) 0.19 (.17) -0.91 (.17) 6.77 (4.25) -6.27 (4.25) 
Central out lower 0.62 (.13) 1.17(.18) 0.56 (.17) -1.32 (.16) 25.58(19.59) -25.08(19.59) 
Central in upper 0.30 (.05) 1.06 (.15) -0.24 (.16) 0.98 (.19) -3.19(1.87) 2.69(1.87) 
Central out upper 0.50 (.05) 1.83 (.17) -0.64 (.09) 1.45 (.08) -5.44(0.31) 4.94(0.31) 
West in equal 0.22 (.12) 0.49 (.30) -0.21 (.23) 0.35 (.34) -1.94 (2.33) 1.94 (2.33) 
West out equal 0.22 (.19) 0.36 (.28) -0.16 (.45) 0.08 (.29) 0.44 (9.61) -0.44 (9.61) 
West in lower 0.29 (.12) 0.62 (.19) -0.15 (.27) 0.25 (.40) -1.52 (2.66) 2.02 (2.66) 
West out lower 0.83 (.83) 0.84 (.74) -1.34 (.97) 0.52 (.27) -4.20(1.91) 4.70(1.91) 
West in upper 0.25 (.10) 1.07 (.35) -0.33 (.21) 0.44 (.31) -2.58(1.88) 2.08(1.88) 
West out upper 0.69 (.28) 0.55 (.26) 0.54 (.55) -0.24 (39) 7.84(17.13) -8.34(17.13) 

Cn 



Table A.4. Selected simulations of the l-dq/dt and 2-dq/dt models for fitting displacement current densities. The 
dq/dt dipoles and the random error levels are described in the first four columns. Tilt 'In' means negative region of 
dq/dt was closer to network center. Standard deviations are given in parentheses. 

Error in position (km) Error in altitude (km) Error in dq/dt (A) 

R.E. (%) Loc'n Tilt Type Lower Upper Lower Upper Lower Upper 

3 (20.15) In CG 6.4 (i.7) 19 (0.8) 4.5 0.0) 1.4(0.6) 0.63 CI 1) -6.M(.il) 

3 (20.15) Out CG 0.2 (0.1) 0.2 (0.2) 0.1 (0.3) -0.1 (0.3) 0.05 (.11) -0.05 (.11) 

3 (15.13) In CG 1.0 (0.3) 0.4 (0.1) 1.1 (0.2) -0.2 (0.1) 0.25 (.02) -0.26 (.02) 

3 (15.13) Out CG 10.4 (0.3) 6.2 (0.2) 6.9 (0.4) 3.9 (0.3) 0.67 (.10) -0.61 (.10) 

10 (20.15) In IC 0.3 (0.2) 0.6 (0.6) -0.3 (0.4) 0.3 (0.7) 0.09 (.16) -0.09 (.16) 

10 (20.15) Out IC 0.2 (0.1) 0.3 (0.2) -0.1 (0.3) 0.1 (0.3) 0.01 (.08) -0.01 (.08) 

10 (15.13) In IC 0.4 (0.3) 1.1 (1.0) -0.3 (0.4) 0.2 (0.7) 0.11 (.14) -0.12 (.14) 

10 (15.13) Out IC 0.5 (0.4) 0.6 (0.8) -0.3 (0.7) 0.2 (0.5) 0.07 (.15) -0.06 (.16) 

10 (15.13) NA CG(IQ) 0.2 (0.1) -0.1 (0.2) 0.01 (.02) 

10 (20,15) NA CG(IQ) 0.2(0.1) -O.l (0.2) -0.01 (.02) 

5 (20.15) In IC- 0.2 (0.2) 0.7 (0.6) -0.2 (0.4) 0.4 (0.7) 0.08 (.16) -0.07 (.17) 

5 (20.15) Out IC- 0.2 (0.1) 0.4 (0.4) -0.1 (0.3) 0.1 (0.4) 0.03 (.11) -0.03 (.11) 

5 (15.13) In IC- 0.3 (0.2) 1.2(1.1) -0.3 (0.4) 0.3 (0.6) 0.11 (.14) -0.12 (.16) 

5 (15.13) Out IC- 0.3 (0.2) 0.4 (0.5) 0.1 (0.4) -0.1 (0.3) -0.05 (.09) 0.05 (.09) 
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