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ABSTRACT 

KINEMATIC, MICROPHYSICAL, AND ELECTRICAL STRUCTURE 

AND EVOLUTION OF THUNDERSTORMS DURING THE SEVERE 

THUNDERSTORM ELECTRIFICATION AND PRECIPITATION 

STUDY (STEPS) 

Doppler-polarimetric radar and state-of-the-art lightning mapping measurements 

are used for detailed investigations of the kinematic, microphysical, and electrical evo-

lution of several storms observed during the Severe Thunderstorm Electrification and 

Precipitation Study (STEPS). The focus is on determining what is different and/or 

unique about those storms that are dominated by positive cloud-to-ground ( +CG) 

flashes . The set of case studies includes a +CG-dominant supercell, multicellular 

storms of varying severity that experienced a shift from - CG-dominance to +CG-

dominance, and an isolated storm that produced no CG flashes of either polarity 

despite frequent intra-cloud (IC) lightning. 

The parent charge structure of - CG-dominated storms differed significantly from 

that of +CG-dominated storms. In general, - CG-dominated storms exhibited the 

commonly observed normal tripole charge structure (positive over negative over pos-

itive charge), while the +CG-dominated storms exhibited what could be roughly de-

scribed as an inverted tripole st ructure (negative over positive over negative charge). 

Neither polarity of ground flash occurred without the presence of a lower charge re-
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gion {lower positive charge in the case of - CG flashes, and lower negative charge in 

the case of +CG flashes). The one storm that produced no CG flashes exhibited an 

inverted dipole charge structure consisting of a vertically thin upper negative charge 

region and a deep lower positive charge region. The absence of a lower negative charge 

in this latter storm is likely the reason for its lack of +CG flashes. 

The total (IC plus CG) flash rate was found to be well-correlated with the convec-

tive development of each of the storms, with a particularly robust correlation between 

total flash rate and echo volume of radar-inferred graupel. Dramatic increases in total 

flash rate and vertical extent of t he lightning flashes often accompanied strong surges 

in updraft and hail growth aloft, showing that total lightning measurements are a 

reliable proxy for convective intensity of thunderstorms and may have some utility as 

a indicator/predictor of severe weather. 
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CHAPTER 1 

INTRODUCTION 

The majority of cloud-to-ground (CG) lightning flashes produced by warm-season 

thunderstorms lower negative charge to ground (- CGs; Fig. I.la). However, some 

severe thunderstorms often produce copious positive cloud-to-ground flashes ( +CGs), 

with little if any - CGs (MacGorman and Burgess, 1994; Stolzenburg, 1994; Carey 

and Rutledge, 1998; Lang and Rutledge, 2002) . In addition, +CG-dominated severe 

storms are frequent within a corridor extending northward from the Colorado-Kansas 

border into Canada (see Fig. l.lb,c, and also Orville and Huffines, 2001; Zajac and 

Rutledge, 2001; Carey et al., 2003a). The Severe Thunderstorm Electrification and 

Precipitation Study (STEPS: Lang et al., 2004a) was conducted in this +CG corridor 

during the summer of 2000. 

The objective of this dissertation is to investigate the kinematic, microphysical 

and electrical characteristics of several storms observed during STEPS. The focus 

will be on determining what is different and/or unique about those storms which 

are dominated by +CG flashes. The set of case studies includes a +CG-dominant 

supercell on 29 June that produced large hail and an Fl tornado, multicellular storms 

of varying severity on 23 June t at experienced a shift from - CG-dominance to +CG-

dominance, and an isolated storm on 3 June that produced no CG flashes of either 

polarity despite frequent intra-cloud lightning. Specific questions to be addressed 

include: 

• What are the charge structures of these storms and how do these structures 

develop, evolve, and differ? 
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• Do +CG-dominated storms have charge structure that is consistently different 

from - CG-dominated storms? 

• What are the source charge regions of +CG and -CG flashes and how do these 

source regions compare with the overall charge structure? 

• Are there any kinematic/microphysical differences between +CG-dominated 

and - CG-dominated storms, and . if so, can these differences explain the dif-

fering CG production? 

• To what extent do the observations of charge structure agree with laboratory 

charging studies? 

• To what extent do the observations agree with hypothesized explanations for 

+CG-dominated storms? 

• Do total lightning flash rate and CG-polarity have any utility as indicators or 

predictors of severe weather? 

Using the unique combination of instrumentation in STEPS, this research makes 

significant progress toward answering these questions. 

1. 1 Background and Motivat ion 

1.1.1 Thunderstorm Charge Structure 

As reviewed in Williams (198 ; 2001), thunderstorms commonly have a tripole 

charge structure consisting of a dominant negative charge region between - l0°C and 

- 25°C, a positive charge region above the negative, and an additional (usually small) 

positive charge near the 0°C level (see Fig. 1.2a). The negative charge is termed 

"dominant" because it typically dominates the electric field measured at the ground 

and is the source region of the predominantly negative polarity CGs produced by 

warm-season thunderstorms (e.g., Krehbiel et al., 1979). Intra-cloud (IC) lightning 

flashes typically occur between the dominant negative and upper positive charge re-

gions. Numerous laboratory studies (e.g., Takahashi, 1978; Saunders and Peck, 1998; 
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Berdeklis and List, 2001) have shown that rebounding collisions between ice parti-

cles undergoing growth by riming (i.e., graupel or hail) and smaller ice crystals act 

to separate charge, imparting one sign of charge on the rimer and the opposite sign 

of charge on the ice crystals. This non-inductive ice-ice collision (NIC) mechanism 

operates independently of ambient electric field and is thought to be primarily respon-

sible for the formation of thunderstorm charge structure. The physical mechanism 

of this charge transfer is still uncertain (Baker and Dash, 1994; Mason and Dash, 

2000; Dash et al., 2001); however, the current consensus is that the particle grow-

ing faster by vapor deposition gains positive charge in the collision (e.g., Baker et 

al., 1987; Jayaratne, 1993) . Though the results from the various laboratory studies 

differ to some degree, they consistently show that the polarity and amount of the 

charge transferred is dependent on temperature, supercooled liquid water content, 

and impact velocity (Fig. 1.3) , or, equivalently, on temperature and rime accretion 

rate (Fig. 1.4). For a representative effective liquid water content of 1 g m-3, the 

rimer gains negative charge at temperatures colder than about - l0°C, and gains pos-

itive charge at warmer temperatures and/or greater effective liquid water content. 

The temperature or height where t he rimer charge switches from negative to positive 

has often been termed a charge reversal level. Following gravitational sedimentation 

and associated size-sorting of the hydrometeors, the NIC mechanism may produce the 

dominant tripole structure commonly observed in thunderstorms. For example, the 

main negative charge region may be carried by graupel and/or hail while the upper 

positive charge may be carried by smaller ice crystals. The lower positive charge may 

be carried by graupel and/or hail that experienced charge-separating collisions near 

and/or below the charge reversal level. 

In situ measurements of electric field and particle charge in thunderstorms (e.g., 

Marshall and Winn, 1982; Marsh and Marshall, 1993; Marshall and Marsh, 1993) 

generally support the NIC mechanism and the tripole model. However, there are cer-

tainly observed deviations from this basic structure. For example, Stolzenburg et al. 

(1998a, 1998b, 1998c) analyzed a large set of balloon-borne electric field soundings 
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through thunderstorms. The updraft region of most of these storms consisted of the 

tripole structure with an addit ional negative charge region at the top, likely a screen-

ing layer. The heights of all the tripole charge regions were well-correlated with the 

strength of the updraft , with stronger updrafts associated with more elevated charge 

structures. The charge structures in the "non-updraft" regions of these storms were 

consistently more complex and variable, with additional alternating charge regions 

below the lower positive. The magnitude of the electric field was also consistently 

greater in the non-updraft regions. Stolzenburg et al.(1998c) suggest that the NIC 

mechanism could explain the tripole structure in the updraft , but that additional 

processes (e.g., inductive charging, deposition of charge by lightning, screening layer 

production) might be more efficient in the strong electric field of the non-updraft 

regions and could contribute to the more complex structure observed there. 

Analyses of lightning mapping (Krehbiel et al., 2000b; Zhang et al., 2001; Hamlin, 

2004) and vertical electric field profiles (Rust and MacGorman, 2002; MacGorman et 

al., 2004) suggest that the thunderstorms in the STEPS region are sometimes inverted 

in polarity. That is, the inferred charge structure of these storms consists of a main 

mid-level positive charge and upper negative charge, and, in some cases additional 

lower negative charge - essentially the inverse of the more typically observed normal 

tripole structure (See Fig. 1.2b) . One of the goals of this dissertation is to determine 

if STEPS storms do indeed exhibit inverted charge structure and if these storms are 

different dynamically and microphysically from storms that exhibit 'normal' charge 

structure. Such an inverted s ructure would explain the high percentage of +CG 

flashes in the STEPS region. 

1.1.2 Total Lightning and Storm Severity 

As reviewed by Williams (2001), lightning activity in mid-latitude storms dramat-

ically increases with thunderstorm size, with the total flash rate (IC plus CG) roughly 

proportional to the fifth power of cloud top height. This lightning/ cloud height rela-

tionship is attributable to the strength and depth of the updraft. A stronger, deeper 
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updraft creates a deeper cloud and also allows for greater production of ice in and 

above the mixed-phase region of the cloud. This ice production is crucial to the NIC 

· mechanism described above. Several studies have shown that total lightning flash 

rate is also well correlated with the volume of 30-40 dBZ radar reflectivity within the 

mixed-phase region, where collisional charging is thought to occur (e.g., Larson and 

Stansbury, 1974; Carey and Rutledge, 1996; MacGorman et al., 1989). This mixed-

phase reflectivity volume is ultimately fed by the storm updraft. Hence, a greater 

volume of strong updraft lea ing to a greater volume of ice should result in more 

collisional charging and increased lightning flash rates. Conversely, since storms with 

stronger updrafts are more likely to produce larger hail and hence severe weather at 

the ground, the lightning itself may be a useful predictor of storm severity. Indeed, 

the very nice study by Williams et al. (1999) noted a flash rate threshold (60 flashes 

min- 1 ) between ordinary and severe storms. In addition, they often found that the 

total flash rate would "jump" dramatically during explosive vertical development of 

the radar echo. These lightning jumps were typically followed tens of minutes later 

by severe weather at the ground in the form of hail and down-bursts. Other studies 

(e.g., Hamlin, 2004) have noted similar lightning jumps preceding severe weather. An-

other, somewhat secondary, goal of this proposed research is to further examine these 

relationships among updraft, ice echo volume, total flash rate, and hail production; 

and to determine what utility total lightning measurements have for severe weather 

indication/prediction. 

1.1.3 +CG Flashes and Storm Severity 

The usual dominance of - CG flashes and relative sparsity of +CG flashes (see, 

e.g., Fig. 1.1) is consistent with the normal tripole charge configuration discussed 

above; the main negative charge is the source of the - CG flashes. +CG-dominated 

storms, on the other hand, are somewhat contrary to the tripole model, and several 

studies have indicated that +CG-dominated storms are often severe. For example, in 

their investigation of 15 severe storms, MacGorman and Burgess (1994) found that 
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storms with frequent +CG flashes often produced large hail during times when +CGs 

dominated the ground flash activity. Furthermore, if the dominant polarity of CG 

flashes switched to negative in these storms, the frequency of large hail reports and 

diameter of the reported hail usually decreased. In a survey of severe +CG-dominated 

storms, Stolzenburg (1994) also found that large hail was often reported in the vicinity 

of dense +CG activity. It's important to keep in mind that -CG-dominated storms 

can also be severe, which leads to a one-way correlation: +CG-dominated storms are 

often severe, but not all severe storms are +CG-dominant. As discussed above, +CG-

dominated severe storms are frequent within a corridor extending northward from the 

Colorado-Kansas border into Canada (Fig. l.lb,c; see also Orville and Huffines, 2001; 

Zajac and Rutledge, 2001; Carey et al., 2003a). The STEPS campaign (Lang et al., 

2004a) was conducted on the sout west end of this +CG corridor. One of the primary 

goals of STEPS ( and of this dissertation) is to understand why the storms ( especially 

severe ones) in this region are often dominated by +CG lightning. 

As recently reviewed by Williams (2001), several hypotheses have been put forth 

to explain the charge structure leading to +CG-dominated thunderstorms. 

1. Tilted dipole (e.g., Brook et al., 1982; Curran and Rust, 1992): A typical 

dipole or tripole is assumed. The shearing of the updraft by strong mid-to-

upper-level horizontal wind laterally displaces upper-positive charge. This de-

creases the shielding effect of the main mid-level negative charge, thus exposing 

the upper positive charge to ground. The +CGs could then originate from this 

displaced upper positive charge. 

2. Precipitation unshielding: A typical dipole or tripole is assumed. Much of 

the main negative charge is removed by descending precipitation during storm 

collapse, leaving the upper positive charge "u shielded" from the ground and 

more able to produce +CG flashes . Carey and Rutledge (1998) proposed this 

to explain the maximum +CG flash rates that trailed maximum hail rates by 

tens of minutes in the storm they studied . 
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3. Tripole with enhanced lower positive charge: Here, the lower positive 

charge of the "typical" tripole structure is enhanced and becomes a dominant 

charge region. As described by Williams (2001), this charge structure may occur 

due to extraordinarily broad, undiluted updrafts. This would allow for enhanced 

formation of hail, enhanced positive charging of larger hydrometeors by the NIC 

mechanism, and hence a larger reservoir of lower positive charge which could 

lead to +CG-domination of ground flashes. In addition, - CG flashes would be 

reduced because of the shielding effect of the enhanced lower positive charge 

and also because a broader, stronger updraft would further elevate the main 

negative charge region. 

4. Inverted dipole: The charge structure is essentially reversed, with negative 

charge aloft and positive charge in the place of the usual main negative charge 

region (Fig. 1.2b). The +CGs could then originate from the "main" positive 

charge region of this inverted structure. As noted in Williams (2001), such a 

structure would be expected to produce IC flashes that are also inverted rela-

tive to those in a normal tripole configuration. As discussed above, preliminary 

analyses of lightning mapping (Krehbiel et al., 2000b; Zhang et al., 2001) and 

balloon-borne electric field soundings (Rust and MacGorman, 2002; MacGor-

man et al., 2004) suggest that the thunderstorms in the STEPS region are 

sometimes inverted in polarity. 

Another goal of this dissertation is to determine which, if any, of these hypotheses is 

most consistent with the charge structure of the +CG-dominated storms in STEPS. 

These hypotheses do not explicitly address an additional element of +CG light-

ning production; namely, a lower negative charge region. In a normal tripole config-

uration, the presence of the lower positive charge beneath the main negative charge 

is thought to locally enhance the electric field which provides the impetus for the 

negative discharge to ground (e.g., Williams, 1989, 2001; Williams et al., 1989b). 

For the case of +CGs, a lower negative charge would provide a similar impetus for 
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a "main" positive charge. Furthermore, Marshall and Stolzenburg (2002) used an 

idealized one-dimensional charge model to demonstrate that - CG ( +CG) flashes are 

more energetically favorable if the lower positive (negative) charge is involved in the 

flash. In their more more elaborate modeling studies, Mansell et al. (2002) found 

that CG flashes do not occur without such a lower charge region. Another goal of 

this dissertation is to determine what charge structures support CG flashes ( of either 

polarity), and how these charge structures develop and evolve within the kinematic 

and microphysical context of their parent storms. 

1.1.4 Enter STEPS 

Most of the above studies and hypotheses are based on limited observational 

data. They generally lack the comprehensive time-resolved measurements of the mi-

crophysical, kinematic, and electrical structure necessary even to begin to unravel 

the complexities of thunderstorm electrification. As stated by Williams (2001): "Ur-

gently needed are observations that constrain the location of the positive charge region 

participating in the anomalous [positive] ground flashes." With the combination of 

Doppler-polarimetric radar, lightning mapping, and in-situ observations, these "ur-

gently needed observations" were made during STEPS. Given the unique combination 

of instrumentation and storm activity, this dissertation provides new insight into the 

hypotheses and pressing scientific questions outlined above. 
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Figure 1.1: Climatological (1989- 1997) mean values for June. (a) - CG flash den-
sity ( color-filled according to color bar) and +CG flash density (black contours with 
intervals of 5 flashes per 100 km2). (b) Percentage of +CGs ( color-filled according 
to color bar) and severe storm reports (black contours with intervals of 10 reports). 
( c) Predominantly positive CG (PPCG) days ( color-filled according to color bar) and 
surface Be (black contours with 5K intervals). A PPCG day is defined as a day (at 
each grid point) in which there were more +CGs than - CGs, with the additional 
constraint that there were at least 10 +CGs that day at that grid point. 
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(a) 

# LMA sources 

(b) 

# LMA sources 

Figure 1.2: Schematics of th nderstorm charge structure and lightning for (a) normal 
tripole and (b) inverted tripole, with representative IC (red) and CG (blue) discharges 
for each case and representative altitude histograms of LMA sources. The dotted 
horizontal lines indicate initiation altitudes of the flashes. See Section 2.2.3 for further 
explanation. 
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Figure 1.3: Sign and magnitude of charge imparted to riming particle in collisions 
as a function of temperature and liquid water content . Open circles show positive 
charge, solid circles show negative charge and crosses represent uncharged cases. The 
electric charge of rime per ice crystal collision is shown in units of 10-4 esu. Adapted 
from Fig. 8 of Takahashi (1978) . 
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Figure 1.4: Critical rime accretion rate (RAR) for charge sign [imparted to the riming 
particle) reversal as a function of temperature from experiments conducted in the 
velocity range 4 to 11 m s- 1, mean velocity 7.5 m s- 1 , drawn as a smooth curve 
through the data circles. Also shown is the result obtained by Saunders et al. (1991) 
at 3 m s-1. Rime accretion rate is simply the liquid water content multiplied by 
collision efficiency and impact velocity. Adapted from Fig. 6 of Saunders and Peck 
(1998). 
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CHAPTER 2 

DATA AND METHODOLOGY 

All times are referenced to niversal time (UTC; local time=UTC- 6 hours). All 

altitudes are referenced to mean sea level (MSL; ground level = 1.1 km MSL). 

2.1 Radar 

The Colorado State University CSU-CHILL and National Center for Atmospheric 

Research (NCAR) S-Pol polarimetric research radars, along with the KGLD National 

Weather Service (NWS) radar in Goodland, Kansas, comprised the triple-Doppler 

network during the STEPS campaign. Fig. 2.1 shows the locations of these radars 

along with their associated Doppler coverage areas. Table 2.1 lists the specifications 

for each radar. 

2.1.1 Processing 

The CHILL and S-Pol data files were obtained in Universal Format (UF: Barnes, 

1980). Initial processing and quality control was performed while preserving the 

radar-centric spherical coordinate system of these UF files. The CHILL and S-Pol 

data were first "cleaned" of second-trip echo and other artifacts (including ground-

clutter) by thresholding the data on the propagation differential phase and correla-

tion coefficient (see descript ion of the polarimetric variables in Section 2.1.3) using 

methodology similar to that of Ryzhkov and Zrnic (1998). The specific differential 

phase (KDP) was then computed along each radar ray using a finite impulse response 

filter method based on Hubbert and Bringi (1995). These first two processing steps 
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were combined in an automated routine written by Dr. Larry Carey. Radial velocities 

from the CHILL and S-Pol radars were manually removed (i.e., flagged as bad data) 

from each ray where side-lobe contamination was suspected. 

These cleaned data, along with data from the KGLD radar, were then routinely 

interpolated onto a Cartesian grid using NCAR's Sorted Position Radar INTerpolator 

(SPRINT: Mohr and Vaughn , 1979; Miller et al., 1986) . For each of the case studies 

in the following chapters, this Cartesian grid is centered on the KGLD radar, and 

grid altitudes are relative to mean sea level (MSL). The horizontal resolution of these 

gridded data is 0.5 km for the 3 June and 29 June cases and 1.0 km for the 23 June 

cases. The vertical resolution is fixed at 0.5 km for all cases. 

2.1.2 Doppler Synthesis 

After interpolation, the velocity data were globally unfolded using NCAR's Cus-

tom Editing and Display of Reduced Information in Cartesian Space (CEDRIC; Mohr 

et al., 1986). If the storms were within the STEPS multi-Doppler coverage area, their 

three-dimensional winds were computed using the radial velocities from all three 

radars (when possible) or from two of the radars. This Doppler synthesis process 

closely followed the methodology of Tessendorf (2003) and Tessendorf et al. (2004a) 

and is described only briefly here. The multi-Doppler synthesis was obtained (again 

using CEDRIC) by vertically integrating the mass continuity equation, 

(2.1) 

using the variational method for the boundary conditions (O'Brien, 1970). Coordi-

nated volume scans, i.e., multiple radars scanning the same sectors at the same time, 

were not perfectly coordinated. Depending on the location of the echo relative to the 

radars, and depending on the scanning coverage pattern, one of the radars typically 

finished its volume scan sooner than another. This was especially true for coordinated 

scans involving the KGLD adar. The KGLD radar followed a very specific and regu-

lar 360° volume scan coverage pattern which typically took 5- 6 minutes t-0 complete. 
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The two research radars, on the other hand, typically restricted their coverage to 

smaller sectors and finished their volume scans more quickly. In attempts to account 

for this during the synthesis process, the velocity data from each radar were advected 

along the direction of storm motion (Gal-Chen, 1982). The synthesized winds were 

then shifted to the mean start time of each coordinated radar volume scan to account 

for storm advection during the sampling interval. 

The resultant three-dimensional Cartesian gridded data for each volume scan were 

then converted to Net Common Data Format (NetCDF) which proved to be a very 

useful and efficient format for further processing, analysis, and display. 

2.1.3 Polarimetric Radar and Hydrometeor Identification 

All three of the radars in the STEPS network measure horizontal reflectivity and 

radial velocity. The two polarimetric research radars (CHILL and S-Pol) measure 

additional quantities that allow for improved discrimination of the shape, size, and 

phase of hydrometeors (e.g., Jameson, 1985; Bringi et al., 1986; Aydin et al., 1990; 

Herzegh and Jameson, 1992; Conway and Zrnic, 1993; Lopez and Aubagnac, 1997; 

Carey and Rutledge, 1998; Zrnic and Ryzhkov 1999; Liu and Chandrasekar, 2000; 

Straka et al., 2000; Lim, 2001; Scott et al., 2001; Zrnic et al., 2001). These polari-

metric measurements were combined with air temperature (from nearby soundings) 

to infer bulk hydrometeor ypes within the storms of this study. To provide some 

background for the techniq es used in this study, the following is a brief review of the 

definitions and physical interpretations of the five polarimetric radar measurements 

commonly used for hydrometeor classification. Bringi and Chandrasekar (2001) and 

Straka et. al (2000) (and others) provide more thorough treatments. 

Horizontal Reflectivity 

The horizontal reflectiYity (hereafter abbreviated as Z H) is the most commonly 

used and familiar of radar variables. It is proportional to the power returned in the 

horizontal polarization state (H received) due to scattering of a horizontally polarized 

15 



(H transmit) wave: 

(2.2) 

where>. is the wavelength of the transmitted wave, K is the dielectric factor, Dis the 

mean diameter of the particles in the resolution volume, and< JsHHl 2 > is the squared 

ensemble average of the first element of the Jones scattering matrix, i.e., backscattered 

power in the horizontal from the ensemble of targets in the radar resolution volume. 

The vertical reflectivity Zv is similarly defined for vertical transmit and receive: 

Zv = :~
4 

IKl2 (lsvvl 2
) 

IKl2D6 
ex 

Z H is often expressed as th general radar reflectivity, 

(2.3) 

(2.4) 

in units of mm6 m-3 . The latter form more explicitly shows the dependence on 

number concentration N(D) of targets in the radar resolution volume. However, the 

form of Equation 2.3 more explicitly shows the dependence on the dielectric factor 

and orientation of the polarized wave. 

Due to its proportionality to the sixth power of the diameter, ZH provides in-

formation about the size of the hydrometeors. In addition, liquid water has a much 

higher dielectric factor tha ice. Thus, a water target would produce a greater Z H 

than an ice target of the same size. Due to the huge measured range of Z H , it is 

typically expressed in logarithmic units (or dBZ), i.e., dBZ = 10log10(ZH ). 

Differential Reflectivity 

The differential reflectivity (hereafter abbreviated as ZnR) is the log of the ratio 

of horizontal to vertical backscattered power: 
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[ 
(lsvvl2)] 

ZDR = lOlog (lsHHl2) (2.5) 

Differential reflectivity should be interpreted as the reflectivity-weighted axis ratio, 

though this interpretation of ZDR is not readily apparent in the short-hand form of 

Equation 2.5. That is, ZDR is a measure of the mean axis ratio (horizontal dimen-

sion to vertical dimension) oft e hydrometeors weighted by their reflectivity. ZDR 

thus gives information about the shape and size of the hydrometeors in the resolu-

tion volume. Horizontally-oriented hydrometeors (e.g., large oblate rain drops) have 

large ZDR values, while quasi-spherical hydrometeors (e.g., drizzle, dry graupel, and 

tumbling hail) have ZDR near zero. 

Aydin et al. (1986) combined ZH and ZDR to form a composite hail variable they 

called HDR· They defined this variable by first using measured and modeled liquid 

drop size distributions to define a piecewise "rain line" function of ZH in terms of 

{ 

27, 
J(ZDn) = 19ZDn + 27, 

60, 

ZDR 0 (dB) 
0 ZDR 1.74 (dB) 

ZDR > 1.74 (dB) 
(2.6) 

Figure 2.2 illustrates this schematically. The segments of this f(ZDn) function form 

an upper bound to ZH measurements due only to rain echo. For a given pair of ZH, 

ZDR measurements, a ZH that exceeds the rain line value indicates the presence of 

ice. The H DR is defined as the deviation from the rain line: 

(2.7) 

where ZH is in dBZ and Hon is in dB. "When HDR > 0, the radar observables (ZH, 

ZDn) lie in the region above f (ZDn) in the ZH- ZDn plane and are taken to signify 

the presence of hail. Also, the larger HDR, the greater the certainty that the radar 

reflectivities are not due to raindrops" (Aydin et al., 1986) . 
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Specific Differential Phase 

The differential propagation phase <PDP is the difference in the propagation phase 

delay for horizontally ( ¢ H) a d vertically ( ¢v) polarized waves, 

(2.8) 

The phase delays ( ¢ H, ¢v) would differ if the propagation medium consisted of ori-

ented hydrometeors. For ex mple, a rain shaft composed of oblate rain drops would 

have a longer propagation path in the horizontal than in the vertical. Thus, due to a 

greater path length through the liquid water in the rain shaft, a horizontally polarized 

wave would experience greater phase delay than would a vertically polarized wave. 

The specific differential phase (hereafter abbreviated as K DP) is the change in 

<PDP with ranger, and is given by: 

(2.9) 

In practice, KDP is approx·mated by a finite difference calculation. Ice targets (es-

pecially hail) are typically quasi-spherical such that <PDP can be approximated as the 

difference between the phase delays due only to liquid water, i.e., 

<PDP = ( ¢ H,water + <P H,ice) - ( <PV,water + <PV,ice) (2.10) 

;:::;; <P H,water - <P H,water 

We can then interpret KDP as the range derivative of <PDP due only to liquid water. 

Though it's not apparent in the above equation, KDP is proportional to the liquid 

water mass in the radar resolution volume and thus very useful for quantitative rain-

fall estimation. For the purposes of hydrometeor classification, KDP is useful for 

discriminating between ha·1 a drain and for determining rain drop size. Larger KDP 

is generally indicative of heavier rain and/or larger liquid drops. 
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Linear Depolarization Ratio 

The linear depolarization ratio (hereafter abbreviated as LDR) is the logarithm 

of the ratio of received cross-polar to co-polar power. That is, given a horizontally 

transmitted wave, LDR gives the ratio of power received in the vertical to power 

received in the horizontal: 

[ 
(lsvHl 2

) ] 
LDR = lOlog (lsHHl 2) (2.11) 

LDR increases due to scattering from irregularly shaped or canted radar targets. It 

also increases with increased dielectric of the target. LDR is most often used to 

locate hail (especially wet hail) and has been used in concert with Znn to infer hail 

size. Kennedy et al. (2001) and Depue (2003) combined LDR with Aydin's Hnn 

to define another composite variable called the Hail Quadrature Parameter (HQP). 

This is constructed by normalizing the measured LDR over the range (- 25 to - 10 

dB) and normalizing Hnn over the range (5 to 50 dB). The HQP is defined as the 

length of the (LDR, Hnn) vector in this normalized space. For example, an LDR of 

- 10 dB and Hnn of 50 would give an HQP of v'2, i.e., the maximum value. Only 

positive HQP values are considered. Depue (2003) evaluated the utility of HQP for 

several Colorado hailstorms by actually going out and measuring the hail that fell 

and/or getting hail size information from people who measured the hail. She found 

some evidence that HQP does indeed increase with hail diameter. Further testing, 

refinement, and interpretation of HQP is ongoing. So far the results suggest that 

HQP does not provide more information about hail and hail size than does Hnn (S. 

A. Rutledge, personal communication). 

Correlation Coefficient at Zero Lag 

The correlation coefficient at zero lag (hereafter abbreviated as p HV) is defined 

by, 
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< SyySyy > 
IPHvl = ( < 82 >1/2< 82 > 1/2) vv vv 

(2.12) 

It is a measure of the rando ness and heterogeneity of targets in the resolution vol-

ume. In a radar resolution volume composed of a single hydrometeor type (e.g., all 

drizzle or all graupel), PHv should be near unity. The value of PHV is expected to 

decrease from unity in a region of mixed hydrometeors. It is useful as an indica-

tor of the melting level and other regions of mixed phase. As described in Scott et 

al. (2001) , LDR and PHv are not independent measured quantities; they give redun-

dant information. Hence, in truth, polarimetric radar gives only four independent 

measurements. 

Fuzzy Logic Hydrometeor Classification (FHC) 

The five polarimetric va iables plus temperature can be thought of as comprising 

a six-dimensional (6D) space, one dimension for each of the radar variables plus 

one for temperature (Recall that only four of the radar variables are independent 

measurements since LDR and PHv are related.) Due to the size, shape, phase and 

orientation of bulk hydrometeors in the radar resolution volume, the radar echoes 

from specific hydrometeor ypes are expected lie within specific regions of this 6D 

space. Straka et al. (2000) and Zrnic et al (2001) provide detailed boundaries and 

thresholds for each dominant hydrometeor type in this space. For example, large hail 

is expected to be constrained to Zh > 55dBZ, - 1 < Zdr < 0.5 , - 0.5 < Kdp < 1, 

etc. One could thus take a set of radar measurements and, in a lookup table fashion, 

determine which hydrometeor type best matches the measurements. An example of 

this would be something like the following: 

IF Z_h>55 

AND (-1<Z_dr<0 .5) 

AND (-0.5<K_dp<1) 

AND(LDR>-24) 
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THEN Hydrometeor = Large Hail. 

Several studies (e.g., Lopez and Aubagnac, 1997; Carey and Rutledge, 1998) have 

done hydrometeor classification in this way. However, this lookup table method is 

not always reliable because it imposes "hard" boundaries between the radar variable 

sub-spaces of each hydrometeor type. As noted in Liu and Chandrasekar (2000): "the 

radar signature for different hydrometeors is not mutually exclusive and unique," and 

the boundaries in the 6D space overlap, such that more than one hydrometeor could 

occupy the same space in the lookup process. Fuzzy logic hydrometeor classification 

(hereafter abbreviated as FHC) mitigates this problem by essentially making the 

boundaries softer. 

In technical terms, the FHC process consists of four simple steps : (1) Fuzzifica-

tion, (2) Inference, (3) Aggregation, and ( 4) Defuzzification . See the block diagram 

in Fig. 2.4. In simple terms, this means take the crisp (i.e, not fuzzy) inputs, per-

form some physically-based logic on them, and produce a crisp output. In terms of 

hydrometeor classification, the crisp inputs are the radar measurements and temper-

ature, and the crisp output is the hydrometeor type (Fig. 2.5). The FHC method 

used in this dissertation is based on that of Liu and Chandrasekar (2000), with some 

significant differences. 

The fuzzification steps converts the six input variables to fuzzy sets with cor-

responding membership degrees, or truth values. The fuzzy sets correspond to the 

hydrometeor types like drizzle, rain, hail , etc. The truth values are simply numbers 

between 0 and 1 which indicate how well the input variables fit each of the fuzzy sets. 

For our purposes, each of these truth values is the returned value of a membership 

beta function (MBF) of the form: 

(2.13) 
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where xis the input variable (e.g., ZH, Zvn, etc.), mis the center of the function, a 

is the width, and bis the slope. For a given hydrometeor type, this function is defined 

to be near unity in the region where there is confidence that the value of x is due to 

that hydrometeor type. Outside this region, the function falls off asymptotically at 

a rate defined mainly by its slope, b, but never reaches zero. The value of each MBF 

may be thought of as a probability or "truth value" that the measurement x is due 

to a particular hydrometeor type j. For the most part, these MBFs were constructed 

based on the radar variable threshold tables in Straka et al. (2000). Tables 2.3-2.13 

summarize these thresholds and compare them to thresholds used in other studies. 

Figs. 2.6- 2.16 show plots of the actual MBFs for each hydrometeor type. 

The inference step consists of taking the "fuzzy" outputs of each MBF and com-

bining them to give a total truth value for each hydrometeor type. For example, in a 

manner analogous to computing a joint probability, the MBFs could be combined as 

a product: 

µj /JzH,J * /JzoR,J * · · · * /Jr,j 
6 

= IT !3iJ (2.14) 
i=l 

Fig. 2.3 illustrates the portion of the two-dimensional space of ZH and Zvn expected 

to be occupied by rain. Extension of this product to six dimensions (which is, ob-

viously, not possible to illustrate graphically) gives the total truth value for rain. 

Liu and Chandrasekar (2000) used this product method with good results. However, 

as noted by Zrnic et al.(2001), there can be difficulties with this method. A single 

bogus measurement could conceivably lead to misclassification. For instance, if the 

LDR value were contaminated by noise, this product method may combine the accu-

rate MBF output from ZH, Zvn , Kvp, PHv, and temperature with inaccurate MBF 

output from LDR. If the MBF output from LDR were near zero, this could lead to 

misclassification despite the good fit to the other measurements. Instead of a product, 
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Zrnic et al.(2001) employed a weighted sum scheme in which all of their membership 

functions were trapezoidal (not beta functions) and were two-dimensional with ZH. 

The FHC in this dissertation uses one-dimensional MBFs (not trapezoids) for all the 

variables and combines the MBFs in a hybrid weighted sum scheme similar to that 

in Lim (2001). The output of the MBFs for ZDR, KDP, LDR and Phv are combined 

as a weighted sum like this: 

11-1 WzDR,J * fJzDR,J(ZDR) 

+WKDp,j * fJKDp,j(KDP) 

+w,,HV ,J * {JPHv,j(PHv) 
4 

I: w iJ * fJi,j(xi) 
i= l 

(2.15) 

This weighted sum is normalized by the sum of the weight factors then multiplied by 

the MBFs for ZH and temperature to give the total truth value for each hydrometeor 

type: 

(2.16) 

The weighting factors WiJ allow for more importance to be placed on each variable 

for each hydrometeor type. Multiplication of the weighted sum by the MBFs for 

ZH and temperature effectively gives more importance to these two variables. As we 

gain better knowledge and in situ validation of this hydrometeor identification, we 

could use this framework to define unique weighting factors for each variable and each 

hydrometeor type. However, for this dissertation, one weighting factor was used for 

each polarimetric variable for all hydrometeor types. That is, the weighting factor 

for, say, LDR was different from the weighting factor for ZDR, but all hydrometeor 

types used the same set of weighting factors. These weighting factors are the same 

ones suggested by Zrnic et al. (2001) and are listed in Table 2.14. 
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The aggregation step simply compares the total truth values µi from each hy-

drometeor type, and defuzzification consists of returning the hydrometeor type with 

the maximum µi. The index j is then defined as the dominant bulk hydrometeor type 

at each grid point. If none of the hydrometeor types gets a total truth value greater 

than 0.001, then the grid box is assigned to the unclassified category. The resultant 

three-dimensional grid of hydrometeor types can then be analyzed, manipulated, and 

plotted like any of the other radar variables. 

Table 2.2 lists the hydrometeor types used in the FHC. Essentially, these FHC 

types apply a physical description (e.g., graupel, rain, hail) to each radar volume 

based on where the measurements fall within the theoretically expected ranges for 

each measurement and hydrometeor type. It should be noted that FHC gives the 

dominant hydrometeor species in each radar resolution volume, with little or no in-

formation about the size dist ibution of the dominant species, or relative presence 

and concentration of other less dominant species in the same volume. For example, a 

grid point classified as hail may also contain significant amounts of rain, graupel, etc. 

The number and description of the hydrometeor types can be changed or modified by 

omitting some of them or combining categories with similar threshold ranges. For ex-

ample, the "high density graupel" category could be combined with the similar "small 

hail" category by combining their respective MBFs into one MBF that encompasses 

both categories. Reducing the number of possible outputs forces the FHC algorithm 

to choose from the reduced number of hydrometeor types. 

When examining individual radar cross-sections, hydrometeor classification pro-

vides a useful and physically consistent summary of the polarimetric radar and tem-

perature measurements. For example, Figs. 2.17 and 2.18 show comparisons of the 

polarimetric measurements to the FHC for the case of the 29 June 2000 supercell. 

Here a so-called 'ZDR column' (Hall et al., 1984; Illingworth et al., 1987) has formed 

near a strong updraft, indicating ingestion of large liquid drops. Atop the ZDR col-

umn is a so-called 'LDR cap' (Bringi et al., 1997) indicating wet/melting hail or drops 

in the process of freezing. The interpretation is that big drops in the ZDR column 
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served as effective embryos for rapid hail growth. The large drops themselves may 

have resulted from melting hail and/or graupel. As shown in the bottom panel, the 

FHC captures this process quite well. Note also the strong downward gradient in 

Zvn in Fig. 2.17b. This clearly illustrates how the quasi-spherical ice particles be-

come oblate liquid drops as they descend past the melting level. The very large Z DR 

values (>2 dB) near the precipitation core indicate larger rain drops there, as appar-

ently the hail growing aloft has not yet descended to the surface. Again, the FHC 

result summarizes all this information very well. Fig. 2.18 shows the same storm, but 

20 minutes later. (The color-shading for Zvn in Fig. 2.18 is different from Fig. 2.17.) 

The hail growth had obviously accelerated over this time period, as the precipitation 

core has very large ZH but near-zero Zvn- This is a very robust indication of a large 

hail shaft extending to the surface. However, the large values of Kvp in Fig. 2.18 

indicate significant liquid water mass in the hail core as well, suggesting that the 

precipitation core had hail mixed with rain and/or hail with a thick water coating. 

Panels (c) and (d) of Fig. 2.18 show the FHC results in which hail/rain mixtures are 

excluded and included, respectively. The two results look very similar, but have some 

differences below the melting level. In general, the hail/rain mixture result shows 

mixed phase precipitation right where there is elevated Kvp, while the mixture-free 

result categorizes the "small hail mixed with rain" area as pure rain and the "large 

hail mixed with rain area" as pure large hail. As a final example, Fig. 2.19 compares 

near-surface horizontal cross-sections of ZH, Hvn, HQP, and the FHC. The agree-

ment of the FHC to the other hail metrics is very good. Hence, overall the FHC 

seems to do a good job. 

For this dissertation, the two "hail mixed with rain" categories were omitted, 

forcing grid points that would have been classified as rain/hail mixtures to be classified 

as either hail or rain. As illustrated above, it's possible to discriminate pure hail 

or pure rain from a hail/rain mix; however, the FHC was used in this dissertation 

primarily for computing time series of echo volumes of the various hydrometeor types 

(particularly hail, see Section 2.1.4). These time series are more physically consistent 
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and useful for interpretation if the rain mixed with hail categories are removed from 

consideration. 

2.1.4 Echo Volume Computations 

Using the three-dimensional Cartesian-gridded radar volume scans, "echo vol-

umes" of specific quantities were computed for the purposes of constructing time se-

ries and time-height contour of these specific quantities. These "echo volumes" were 

computed by isolating the echo of interest, counting up the the number of Cartesian 

grid boxes that satisfied certain criteria (e.g., ZH > 30 dBZ, updraft > 10 ms-1 , or 

classified as hail by the FHC), then multiplying this number by the volume of the 

grid box. Such time series are useful as gross representations of storm evolution and 

for investigating temporal relationships among precipitation, updraft, and lightning. 

2.2 Lightning Mapping Array (LMA) 

The New Mexico Tech Lightning Mapping Array (LMA: Rison et al., 1999; Kreh-

biel et al., 2000a; Hamlin, 2004; Thomas et al., 2004) is a Global Positioning System 

(GPS)-based time of arrival (TOA) system that locates very high frequency (VHF) 

radiation sources emitted by lightning discharges. For a given lightning flash, the 

LMA may locate hundreds to thousands of such VHF sources, resulting in detailed 

maps of the total lightning activity. The LMA sources can be grouped into discrete 

flashes for computing total (IC+CG) flash rates (see Section 2.2.2), and analysis of 

the individually mapped lightning flashes can be used to determine qualitative thun-

derstorm charge structure (see Section 2.2.3). 

2.2 .1 How the LMA Works 

Hamlin (2004) gives a very detailed description of the LMA, which is summarized 

here. During STEPS, the LMA consisted of an array of 13 stations centered within 

the Doppler radar network and extending 57.2 km along N- S and 76.6 km along E-W 

(Fig. 2.20; see also Thomas et al., 2004). As shown in Fig. 2.21, each LMA station 
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included: 

• An antenna to detect the VHF radiation from lightning, 

• A GPS antenna to provide very accurate position of the station and time of 

arrival (TOA) of the radiation, 

• A personal computer (PC) and associated custom-made electronics to process, 

time-tag, and archive the TOA of the radiation, 

• A communications antenna for remote control of the station and for transmission 

of the TOA measurements for near real-time processing. 

The LMA receives lightning radiation signals in a locally unused TV channel (in this 

case, Channel 3 at 60-66 MHz). 

The LMA maps lightning by accurate TOA of VHF radiation emitted by im-

pulsive accelerations of charge during lightning discharges. Each of these impulsive 

accelerations is termed an event or a source. At each LMA station, the VHF antenna 

measures the radiation from each source, and an analog to digital (A/D) converter 

digitizes the logarithmically amplified antenna output . The peak power event (above 

a defined threshold) is saved in successive discrete 80 (or 100) µs windows, and the 

time of each peak power event is saved at a timing resolution defined by the digitiza-

tion rate of the A/D converter (see Fig. 2.22). The timing is done this way since it's 

assumed that the peak power associated with a given lightning event will produce the 

the peak power received at each antenna in the array. However, there is sometimes 

local noise (corona discharges from sharp objects and power line noise) that may 

exceed the received power of the lightning event at a given station. During STEPS, 

the LMA used two types of A/D converters with digitization rates of 20 and 25 MHz, 

with respective timing window sizes of 100 and 80 JL. At full duty cycle, each LMA 

station in this configuration would save an event in each 100 (80) µs window, resulting 

in 10,000 (12,500) recorded events s- 1 at each station. Processing of the LMA data 
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to determine lightning source location and time ( described below) is not dependent 

on the window size. As described in Thomas et al. (2004), the LMA during STEPS 

had a nominal timing uncertainty of 40-50 ns. 

As illustrated in Fig. 2.23 , for a lightning event that occurs in space and time at 

(x, y, z, t), and is recorded at each LMA station located at (xi, Yi, zi), the TOA of the 

event at each station is given by 

ti= t + J(x - Xi) 2 + (y - Yi) 2 + (z - Zi) 2 
C 

where c is the speed of light. Square this, expand, and rearrange to get, 

(2.17) 

(2.18) 

If four other stations record an event within a physically possible time1 of the 

first one, we get four more equations like the one above: 

r 2 - c2t2 - 2(xjx + Y}Y + ZjZ - c2tjt) 

r 2 - c2t2 - 2(xkx + YkY + ZkZ - c2tkt) (2.19) 

Each equation in (2.19) is then subtracted from Equation (2.18) to get rid of the 

quadratic terms, r 2 and c2t2. This gives four differenced linear equations that are 

solved analytically for the event location. To simplify the notation, let Xij = xi - Xj, 

Yi} = Yi - Y}, etc., and let 

(r2 - r2) - c2(t2 - t2) K ·. = , 1 , 1 
tJ - 2 . (2.20) 

1Since the spatial separation between two LMA stations was at most 60 km during STEPS, this 
physically possible time is generally 200 µs. 
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In matrix form, then, we have the system of equations: 

Yii 
Yik 
Yil 
Yim 

(2.21) 

The solution from this system of equations gives a first guess at the event location, 

m0 = (xo, Yo, zo, do). This first guess is further refined by adding measurements 

from as many additional stations that recorded the same event2 . The positions and 

TOAs of all these stations al ng with the first guess m 0 from the linear solution are 

used to solve for the event location using an iterative process called the Levenberg 

Marquardt method (see, e.g, Bevington, 1969). That is, m 0 from the differenced 

linear equations serves as the the initial input into the modified Newton's ·method 

root finding algorithm, expr~sed in classical inverse problem form as: 

mnext = mo - (J (mof J(mo) + >..I) - 1(J(mof F(mo)) (2 .22) 

where J is the Jacobian of the forward model G matrix, 

(2 .23) 

and Fis the vector of residuals, 

(2.24) 

Equation 2.22 is iterated until it converges, that is, until the difference in residuals 

from one iteration to another 

(2.25) 

2Theoretically, one could analytically solve for the four unknowns (x, y, z, t) of the lightning 
event with just four stations giving four equations like Equation 2.18. However, the 4 x 4 matrix in 
Equation 2.21 is ill-conditioned because the lack of a vertical baseline results in near-zero values of 
the elements zi,•. Hence, more statio s are included in the solution to provide redundancy and to 
discriminate against inclusion of noise. 
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changes by a very small amount, 1:. 

In mathematical terms, this method finds the root of the gradient of the residual 

vector, i.e., the minimum of the residual vector. Essentially, this amounts to finding 

the best fit (i.e., minimal error) between the matrix of observed TOAs (tf8
) and the 

matrix of TOA solutions from each iteration (tfit). This error or goodness of fit can 

be quantified in terms of the x2: 

N (toos - tfit ) 2 
2 i i 

X = L 6.t2 
i= l rms 

(2.26) 

where N is the number of stations in the solution, and 6.trms is the known ( or as-

sumed) uncertainty of the measured TOAs. As detailed in Hamlin (2004) and Thomas 

(2004), the reduced x2 value (x~ = x2 /v, where v = (N - 4) is the number of degrees 

of freedom) is used to define a metric for the quality of the iterative solution. If the 

x~ is low enough (typically :S 5), then the iterative solution is good enough, and 

the event is considered located. In practice, solutions for each event are found with 

all reasonable combinations of stations (Fig. 2.22), and only the solution giving the 

lowest x~ for each event is kept. 

Thomas et al. (2004) performed a detailed analysis of the accuracy of the LMA in 

general, and for the STEPS configuration in particular. For lightning sources within 

the LMA network, they found that the effective timing errors (6.trms in Equation 

2.26) were ::::: 50 ns, with location accuracies of 6- 12 m in the horizontal and 20-

30 m in the vertical. This accuracy was degraded for lightning sources very low to 

the ground. Location accuracy for lightning sources outside the network decreased 

with distance and scaled with range. Based on model results and very reasonable 

physical interpretations, they expressed the location uncertainties in azimuth ( 6.y), 

range (6.r), and height (6.z) for sources outside the network as: 
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6.y = (;) c6.T (2.27) 

6.r = (~2 ) c6.T (2 .28) 

6.z = (;: ) c6.T (2.29) 

where r is the slant range to the radiation source, D is the effective diameter of the 

network, 6.T ::::: v26.t is the uncertainty in the TOA difference at a given pair of 

stations, and 6.t is the root-mean-square timing uncertainty at each station. Thomas 

et al. also found that the timing errors did follow a x2 distribution, suggesting that 

these errors are indeed Gaussian. The x2 statistics are such that a restriction of 

x~ 2 passes about 90% of valid (i.e., well-located) sources (e.g., Bevington, 1969). 

New Mexico Tech (NMT) processed all the LMA data used in this dissertation. 

That is, NMT took the data from each individual station and performed the iterative 

solution algorithm (described above) for each event . The resulting processed data 

consist of just the time, location, and x2 value of each recorded lightning event. 

NMT have these processed data available in the public domain, but at decimated 

data rates. The decimation effectively reduces the number of events to ~ 10% of 

"full-rate" data. For this dissertation, however, only the full-rate data were used. 

Fig. 2.24 shows an exampl of how the LMA data are typically displayed and 

analyzed. This figure shows 10 minutes of LMA data from one of the storms on 

23 June 2000. There will be many plots like this one in this dissertation, so some 

description of the layout of these plots is in order. The top panel shows the altitude of 

the LMA sources versus time. I this case, the sources are color-coded with time, blue 

to red. The lower panels shows three two-dimensional projections of the LMA sources, 

counterclockwise from the top-left: altitude versus east-west distance, north-south 

distance versus east-west distance, and north-south distance versus altitude. The 

color-coding is the same in all panels. It may be useful to think of the projections in 

the three lower panels as the bottom and lateral surfaces of a box. The LMA sources 
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within the box are projected onto these surfaces, then the lateral surfaces are folded 

down. The histogram near the top right shows the number of sources as a function of 

altitude. The LMA sources can also be plotted in terms of LMA source density (as 

in Fig. 2.25), which highlights the more lightning-active regions of the storm. 

Note the discrete appearance of the LMA sources in the upper altitude versus 

height panel in Fig. 2.24. The sources are grouped into what look like vertical streaks. 

These groupings of LMA sources are individual lightning flashes, each one composed 

of up to hundreds or thousands of sources. They are very compressed in the figure 

because of the large time range (10 minutes) shown. Zooming in on one of these 

flashes (Fig. 2.26) allows for inspection of the temporal and spatial development of 

the flash. This development is much clearer when the the sources are viewed in 

a time-animated fashion. Obviously such animations are not possible in the static 

images like in Fig. 2.26, but color-coding the sources by time gives some sense of the 

development. 

2.2.2 Flash Counting 

Total flash rates (IC plus CG) are determined by applying an algorithm developed 

by Thomas et al. (2003) which sorts the LMA sources into isolated groups. If an 

individual source is separat d by less than 150 ms in time and 3 km in horizontal 

distance from another source, then the sources are put into the same group. Each 

group is deemed a "flash" . All such flashes are then simply binned into each UTC 

minute to arrive at a total flash count for each minute. Only those sources with x~ 1 

were used in the flash rate computations. Williams et al. (1999) and Williams (2001; 

see his Table 13.2) used a similar method to deduce flash counts from the LDAR 

system at Kennedy Space Center. Flashes with fewer than ten sources were excluded 

in an attempt to eliminate noise sources and single-source "flashes" that could give 

artificially (and unphysically) large flash rates (see, e.g., Fig. 2.27). Though this 10-

source threshold is somewhat arbitrary, it seems large enough to ensure that those 

flashes with ten or more sources are not noise. This sorting algorithm has been tested 
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on storms with low to moderate lightning activity by simply visually counting distinct 

groupings of LMA points and then comparing the visual count with the output of 

the sorting algorithm. For these low to moderate cases, the sorting algorithm works 

very well. However, for more intense storms when the lightning activity is almost 

continuous (like in the severe stages of the 29 June supercell), it is often impossible to 

visually discern distinct flashes i the LMA data. Given that there is some uncertainty 

in the sorting algorithm and some subjectivity in the additional 10-source criterion, 

there is some concern about the validity of these flash rates. However, for the purposes 

of this study, the interest is primarily in the trends. Fig. 2.27 compares the lightning 

activity of the 29 June storm in terms of overall LMA sources, total flash rates 

including all groups of sources (including single-event "flashes"), and total flash rates 

that include only those groups of sources with at least 10, 50, and 100 sources. As 

is evident in this figure, the trends are much the same regardless of how the LMA 

sources are partitioned into flashes . Imposing the 10-source criterion reduces the non-

thresholded total flash rates by a factor of 2- 5, while further restricting the flashes 

to ~50 or ~100 sources leads to less severe reduction but very good preservation of 

the trends. In this dissertation, however, the 10-source threshold is used for the total 

flash rate because it seems like a more physically representative metric that is most 

directly comparable to other flash rates reported in the literature. 

2.2.3 Charge Structure Determination 

Analysis of LMA data on a flash-by-flash basis is an interpretative process guided 

by a realistic physical model of the lightning discharge. Recent interferometer mea-

surements (Rhodes et al., 1994; Shao and Krehbiel, 1996) and LMA measurements 

(Rison et al., 1999; Krehbiel et al., 2000a, Hamlin, 2004; Thomas et al., 2004) support 

the bi-directional model which was originally proposed by Kasemir (1960) and more 

recently advocated and described by Mazur and Ruhnke (1993). In this model, the 

lightning discharge initiates in the strong electric field between regions of net positive 

and negative charge. The discharge then propagates in opposite directions from the 
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discharge origin with one direction advancing negative charge ( called negative break-

down or negative leaders) and the other direction advancing positive charge (positive 

breakdown or positive leaders). The charge block experiments of Williams et al. 

(1985) and modeling studies of Mansell et al. (2002) showed that discharges prefer-

entially propagate into regions of higher charge density, with much denser branching 

in these regions. 

Using this bi-directional model as a basis for physical interpretation, the temporal 

and spatial development of each flash is examined in a time-animated sense to infer 

locations of the charge regions involved in the flashes. As described in Rison et al. 

(1999): "Positive charge regions are penetrated by negative polarity breakdown which 

is inherently noisier [at the 60- 66 MHz frequencies used by the LMA] than positive 

breakdown into negative charge regions. The difference is sufficiently pronounced that 

one can usually determine the polarity of the breakdown and the sign of the charge 

region from the relative numb r of sources." Thus, for a given flash, a region of 

relatively greater number of sources is generally indicative of a positive charge region 

(e.g., see the schematic of Fig. 1.2). In addition, partial mapping of negative charge 

regions is possible when negative leaders retrace the path of the quieter positive leader. 

This retracing of the positive channel by negative breakdown seems to correspond to 

the "recoil streamers" described by Mazur and Ruhnke (1993). For a typical IC flash 

between two charge regions, the lightning mapping generally reveals a stratified bi-

level structure. Since the LMA primarily detects negative polarity breakdown, and 

since the negative breakdown proceeds through positive charge, the region ( or height 

range) with a greater number of LMA sources typically corresponds to the positive 

charge region and the region (or height range) with fewer LMA sources corresponds 

to the negative charge regio . The relative number of LMA sources in each inferred 

charge region gives a rough i ea of the charge structure, though the spatial and 

temporal development of each flash is a more useful and reliable way to determine 

the charge region involved in the flash. Since the LMA primarily detects negative 

breakdown, the propagation direction of the first several sources of a flash are assumed 
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to correspond to negative breakdown that propagates in a direction opposite that 

of the electric field vector, i.e., the lightning mapping of each flash is assumed to 

initially progress toward posit ive charge and away from negative charge. The recent 

study by Coleman et al. (2003) found good agreement between LMA-inferred charge 

structure and balloon soundings of electric field . The location of LMA-inferred flash 

initiation agreed well with the balloon-inferred heights of maximum electric field, and 

the lightning preferentially branched into "wells" of electrostatic potential, which are 

typically coincident with regions of large net charge density. 

To illustrate the LMA-infe1Ted charge structure methodology, Fig. 2.28 shows 

lightning mapping of a five-flash sequence during the 29 June 2000 storm which 

reveals five vertically stacked charge regions, alternating in polarity with positive the 

lowest. The sources are color-coded by inferred charge to highlight the stratified 

structure. Fig. 2.29 shows the second flash of the five-flash sequence, with the sources 

color-coded by time. This flash initiated at 9.5 km, with negative breakdown initially 

proceeding downward and through an inferred stratified positive charge region at 8-

9 km. A distinct and more sparse grouping of sources above the initiation point 

mapped out the inferred negative charge at 10--11 km. Additionally, some of the red-

colored points late in the flash indicate a retracing of the breakdown through both 

charge regions. Such flashes are termed "inverted" IC flashes because they reveal an 

inverted dipole structure. Fig. 2.30 shows the third flash of the five-flash sequence 

and shares many of the features of the previous flash, but flipped in the vertical. 

This flash initiated upward from 8 km into the same stratified positive charge region 

at 8- 9 km that was revealed by the previous inverted flash. The sparse grouping of 

sources at 6- 7 km maps out the inferred negative charge below the positive. Such 

flashes are termed "normal" IC flashes as they reveal a normal dipole structure. 

Hence, the location of the positive charge was consistently revealed by both of these 

flashes. The remaining flashes were similarly clear, with each showing distinct bi-

level structure. When put together, they reveal a very clear and consistent picture of 

the charge structure (Fig. 2.28) . This sort of flash-by-flash analysis is performed on 
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literally hundreds to thousands of flashes throughout the duration of each storm to 

obtain a qualitative picture of the gross charge structure as a function of time. For 

example, Fig. 2.31 shows the same ten minutes of LMA data as Fig. 2.24, but with the 

sources color-coded by inferred charge instead of by time. Here all the lightning flashes 

showed a very consistent normal tripole charge structure. Finally, Fig. 2.32 shows the 

same ten minutes of LMA data color-coded by charge "density", in which the redder 

(bluer) colors indicate relatively greater number of LMA sources in inferred positive 

(negative) charge regions and t e altitude histogram shows separate histograms for 

the inferred positive and negative charge. This latter plot more clearly shows the 

vertical separation of the charge regions and illustrates how the upper-positive charge 

region dominates the lightning activity of this storm (at least in terms of the LMA 

sources). 

[In the body of this dissertation, concise descriptions of the development of light-

ning flashes presents a challenge in terms of nomenclature. For clarification, "upward 

initiating" ( "downward initiating") flash means that the first several LMA sources 

show the initial negative breakdown proceeding upward (downward) . In general, a 

given "upward" ("downward" ) flash indicates a positive-over-negative (negative-over-

positive) dipole charge structure mapped out by the flash. For brevity, the "upward 

initiating" or just "upward" flash terminology will be used interchangeably with "nor-

mal", and "downward initiating" or "downward" will be used interchangeably with 

"inverted" in the remainder of this dissertation. It's important to keep in mind, 

however, that even a normally electrified storm (i.e., a storm with normal tripole 

charge structure) may produce "inverted" IC flashes. For example, flashes between 

the mid-level negative and lower positive charge regions initiate downward but are 

not indicative of an overall ''inverted" charge structure.] 

LMA determination of charge structure on a flash-by-flash basis certainly has 

drawbacks, including: 

1. It is a very labor-intensive process, and, unfortunately, resists automation. 
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2. There is no quantitative information about the magnitudes of the charge. How-

ever, distributions of the density of LMA sources can reveal relatively more or 

less electrically active regions. 

3. During very intense (i.e., frequent) lightning activity in severe storms, the light-

ning is more amorphous and distinct charge regions are not always clear. 

4. The LMA cannot reveal charge regions that are not involved in lightning. 

It's important to keep in mind that, despite these drawbacks, LMA inference of charge 

structure gives a basic picture of the fully three-dimensional and time-evolving charge 

structure. Without the LMA charge inference, information about the charge structure 

is limited to in situ measurements by balloons and/or aircraft which give, at best, a 

one-dimensional profile through only one part of the storm for only a brief period of 

time. 

Another somewhat more objective means of determining the gross vertical charge 

structure is by inspecting altitude histograms of the LMA sources in comparison 

with altitude histograms of ash initiation heights (see the bottom-right panel of 

Fig. 2.33) . As mentioned a ove, the altitude histograms of LMA sources give a 

general sense of the vertical charge structure since the positive charge regions are 

expected to contain relatively more LMA sources. The flash initiation heights add 

another piece to the puzzle. These flash heights are a nice by-product of the sorting 

algorithm used to compute total flash rates. The algorithm keeps track of which 

sources correspond to each flash. One can then take the sources from each flash, 

sort them in chronological order, and determine at what height each flash originated 

and what direction it initially traveled. The origin height is just the height of the 

first source of the flash , and the initiation direction can be determined by regressing 

the altitude of the first sev ral sources onto the time of the first several sources. 

If the regression coefficient is positive (negative), then the flash initiated upward 

(downward). If we interpret these initial flash heights and directions according to 
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the bi-directional discharge model, then flashes that initiate upward ( downward) are 

heading toward positive charge above (below) the initiation height. 

Fig. 2.33 shows an example of these histograms in comparison with vertical cross-

sections of radar reflectivity and LMA source density. The LMA data used in this 

figure are the same as what's plotted in Fig. 2.31. In this case, the distributions in 

the LMA sources in the flash start heights are entirely consistent with the manual 

flash-by-flash charge structure determination. The prominent upper-level peak in the 

LMA source altitude histogram and LMA density cross-section strongly indicates the 

upper positive charge at 8- 10 km altitude, while the smaller lower-level peak gives 

some indication of lower positive charge near 4-5 km altitude. As indicated by the 

red curve in the histogram plot of Fig. 2.33, most of the flashes initiated upward 

near 7 km, while a second distinct population of flashes initiated downward from 5 

km. Hence, the upper population of upward flashes indicates the boundary between 

the mid-level negative charge and upper positive charge, while the lower population 

of downward flashes indicates the boundary between the mid-level negative charge 

and lower positive charge. The heights of these two flash start maxima may also be 

interpreted as the locations of maximum vertical electric field (e.g., Coleman et al., 

2003). 

Finally, note that there are significant numbers of flashes exterior to the maxima 

in the histogram of Fig. 2.33, and there are significant numbers of downward flashes 

in the same height range as the maxima of upward flashes . These features are not 

consistent with a simple tripole structure nor with the manual flash-by-flash charge 

determination of Fig. 2.31. Clearly, the objective determination of flash start heights 

and flash initiation directions is not always correct and not always a reliable indicator 

of the vertical charge structure. The root of this problem is the algorithm which sorts 

the LMA sources into flashes . For example: 

• If the sorting algorithm places noise sources into a flash, and if these noise 

sources are among the first several sources, then the initiation altitude and 
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propagation direction would be in error. 

• If the sorting algorithm incorrectly groups sources from more than one flash into 

the same flash , then the initiation altitude and propagation direction will not 

be representative of the all the flashes grouped into the single flash identified 

by the sorting algorithm. 

• If the sorting algorithm incorrectly breaks what is really a single flash into more 

than one flash, the altitude and propagation direction of some sub-set of sources 

in the middle of the real flash will be incorrectly identified as the initial altitude 

and propagation of a flash. 

In an attempt to mitigate these problems, only those sorted flashes with at least ten 

sources were used in the objective flash start height and flash direction computations. 

This restriction should reduce the effects of noise to some degree. 

Lightning mapping (and LMA charge determination) cannot replace in situ mea-

surements of thunderstorm charge regions, such as those obtained from balloons and 

aircraft. However, it does provide a fully three-dimensional qualitative picture of the 

charge structure throughout th evolution of the storm to complement the quanti-

tative information gained from in situ measurements. Furthermore, with lightning 

mapping, the development and evolution of charge regions can then be investigated 

relative to concurrent dynam·cal and microphysical evolution of thunderstorms. 

2.2.4 CG Origin Determination 

In order to reveal the relationships between storm structure and CG production 

(and CG polarity), we need to know not just when and where the CGs strike ground, 

but also where they originate. To this end, the LMA data were also used to extract 

the origin location of each CG flash. Following a method similar to that of Proctor 

(1991), the origin of the flash is defined as the centroid of the first ten LMA sources 

associated with the flash (thee a.re typically 100s- 1000s of sources in each CG flash). 
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Origin locations for each CG were computed only if the LMA sources of the parent 

flash that produced the CG strike could be confidently isolated and identified as 

being distinct from other surrounding lightning flashes. For example, Fig. 2.34 shows 

shows ten seconds of LMA data centered on the time of a +CG flash at 2244:52 

during the 29 June supercell. The parent flash for this +CG was distinct from other 

lightning. It could thus be isolated (Fig. 2.35) for computation of its origin location. 

In contrast, Fig. 2.36 shows ten seconds of LMA data centered on another +CG 

flash from the same storm, this one at 2340:19. Though the +CG appears somewhat 

isolated, zooming in on it (Fig. 2.37) shows that there is simultaneous lightning at 

two separate altitudes. This one could not be isolated for computation of its origin 

location. 

One reason for computing these CG origin locations is to see if they are consistent 

with a storm's overall charge structure. As shown by the filled diamond symbols on 

the vertical cross-sections in Fig. 2.33, the -CG origin heights are generally consistent 

(at least for this case). Another more important reason for computing these CG origin 

locations is to shed more light on the theories for their production, especially for +CG 

production. For example, do most +CGs for a given storm originate from the anvil, 

as would be predicted by the tilted normal dipole hypothesis? Or do they mostly 

originate at mid-levels in the core of the storm, as would be more consistent with any 

of the other hypotheses? Are origin altitudes for +CGs in a given storm consistently 

different from those of -CGs? Do +CGs (- CGs) require the presence of a lower 

negative (positive) charge? 

2.3 National Lightning Detection Network (NLDN) 

The National Lightning Detection Network (NLDN; Cummins et al., 1998) pro-

vides measurements of the time, strike location, polarity, and peak current of CG 

flashes. The NLDN does not measure (or at least doesn 't archive) intra-cloud flashes. 

According to Cummins et al., the NLDN detection efficiency is 80- 90% in the STEPS 

region. For this research, the NLDN data are used primarily to calculate CG flash 
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rates, to identify those LMA sources associated with CG flashes , and to place the 

strike points of CGs within the context of the radar observations. The NLDN data 

were provided courtesy of NASA Marshall Space Flight Center. 

2.4 EFM Balloons 

The National Severe Storms Laboratory launched balloons carrying electric field 

meters (EFMs: Winn and Byerly, 1975; see also Chapter 6 of MacGorman and Rust, 

1998) through many of the storms during STEPS, including the 3 and 29 June storms 

of this study. These balloons measure in-situ temperature, relative humidity, and 

electric field along their flight path. Historically, these EFM balloon measurements 

have been the primary source of information about thunderstorm charge structure 

(e.g., Winn et al., 1978, 1981; Marshall and Winn, 1982; Marshall et al., 1989; Rust, 

1989; Stolzenburg et al., 1998a, 1998b, 1998c; Stolzenburg and Marshall, 2002). There 

are also a few published studies of the balloon-inferred charge structure of storms 

during STEPS (Rust and MacGorman, 2002, MacGorman et al., 2004, Rust et al., 

2004). Charge structure information is gleaned from these EFM soundings mainly 

by examination of the vertical profile of the electric field vector (E), specifically the 

vertical component of E. Assuming the charge regions are horizontally infinite (and 

thus vertically layered), taking a one-dimensional approximation of Gauss' Law, 

V . E = Pc 
€. 

(2.30) 

gives the charge density Pc as a fonction of the gradient of the vertical electric field: 

(2.31) 

The modeling studies by Stolzenburg and Marshall (1994) have shown that this ap-

proximation is accurate to within 10% if the charge regions are at least 6x6 km in 

areal extent. They state that "[A: layered charge structure is a good first approxima-

tion of the actual vertical structure in the thunderstorm." Recent improvements to 

these EFMs ( and increased sophistication in the signal processing of their measure-
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ments) have permitted extraction of the full three-dimensional electric field vector 

along the balloon's flight path (e.g., MacGorman et al., 2004). 

For the purposes of this dissertation, the EFM balloons' temperature soundings 

are used as input into the FHC algorithm on the 3 June and 29 June cases, and the 

charge structure inferred from the balloons' electric field measurements are used as a 

supplement to (and comparison with) the LMA-inferred charge structure. 

2.5 Software 

A tremendous amount of time and work went into developing the methodology 

and analysis software to bring the enormous variety and quantity of the STEPS 

observations together into a common analytical framework. This is probably true of 

most research projects, Master:'s theses, and Ph.D. dissertations. However, the effort 

was so great in this case that a brief description of the effort deserves a place in this 

dissertation. 

New Mexico Tech developed a software package for the graphical analysis of LMA 

data. This software package (called XLMA) was written in the Interactive Data Lan-

guage (IDL), and it proved to be an indispensable tool. XLMA was used for charge 

structure analysis, computation of flash rates and for making all the conventional 

lightning mapping style plots (e.g, Fig. 2.24). I (Kyle Wiens) developed another 

software package in IDL called CDF _WIDGET3 in order to ingest and manipulate es-

sentially all the STEPS data sets (radar, LMA, NLDN, balloons, etc.) and to display 

and overlay them onto each other in order to see each storm from the perspective of 

all the different measurement platforms, simultaneously. CDF _WIDGET was used for 

the time series computations, correlation analysis, fuzzy logic hydrometeor identifica-

tion, and almost every other form of analysis. Nearly every plot in this dissertation 

(other than the conventional LMA plots) was produced using CDF _WIDGET . 0th-

3This CDF_WIDGET software was inspired by, and is an outgrowth of, a similar program called 
UF _RADAR which was developed at New Mexico Tech. UF _RADAR was originally written by 
Demian Shown, and has been modified and improved by many persons including me (Kyle Wiens). 
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ers have already made use of CDF_WIDGET (e.g., Tessendorf, 2003; Dolan, 2004; 

Hamlin, 2004; Kuhlman, 2004, Lang et al., 2004a, 2004b). Hopefully, it will continue 

to be used (and continue to be useful) in the future. 
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Radar Latitude Longitude Altitude (km) Wavelength (cm) 
CHILL 39.235 - 102.278 1.285 11.01 
KGLD 39.367 - 101. 700 1.123 10.0 
S-Pol 39.761 - 102.093 1.103 10.71 

Table 2.1: Radar locations and specifications 

Hydrometeor type Classifier output index 
Unclassified 

Drizzle 
Rain 

Dry snow 
Wet snow 

Vertically oriented ice crystals 
Low density graupel 
High density graupel 

Small hail 
Large hail 

Small hail mixed with rain 
Large hail mixed with rain 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Table 2.2: Hydrometeor types used in the FHC. 

Drizzle 
Source ZH ZDR KDP LDR PHV 
S(2000) < 28 0-0.07 0- 0.03 < -32 > 0.97 

LC(2000) < 25 0-1.1 - 0.1 to 0.1 < -34 > 0.98 
Lim(2001) < 20 0- 0.7 0- 0.1 < -33 > 0.97 

FHC < 28 0-0.7 - 0.1 to 0.1 < -32 > 0.97 

T 
>0 
NA 
> 0 
>0 

Table 2.3: Radar variable threshold ranges for selected hydrometeor types. This 
table is for drizzle. Tables 2.4-2.13 show similar information for other hydrometeor 
types. Each of these tables lists the thresholds from the following sources: Straka et al. 
(2000), S(2000); Liu and Chandrasekar (2000) , LC(2000); Carey and Rutledge (1998), 
CR(2000); Lopez and Aubagnac (1997), LA(l997); Lim (2001); and the thresholds 
used in the fuzzy logic hydrometeor classification for this dissertation, FHC. An 'NA' 
entry indicates that variable was ot used or its thresholds were not clearly stated. 
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Rain 
Source ZH ZnR Kop LDR PHV T 
S(2000) 28- 60 > 0.7 > 0.03 -34 to - 25 > 0.95 > -10 

LC(2000) 25- 60 2-D >0 -33 to - 27 > 0.97 NA 
CR(1998) < 60 > 0.5 > 0.5 < -27 > 0.97 >0 
LA(1997) 25- 60 0.5-4 0- 10 NA NA NA 
Lim(2001) 15- 60 2-D 2-D - 36 to - 17 > 0.95 NA 

FHC 25- 60 > 0.7 0.03-6 -33 to - 27 > 0.95 > -10 

Table 2.4: As in Table 2.3 but for rain. LC(2000) and Lim(2001) used two-dimensional 
MBFs with ZH for ZDR and KDP· 

Dry snow 

Source ZH ZoR Kop LDR PHV T 
S(2000) < 35 0-6 0- 0.6 < -25 > 0.95 <0 

LC(2000) < 35 0-5 0- 1 < -25 > 0.95 NA 
Lim(2001) 10- 35 - 0.1 to 1 - 0.1 to 0.2 < -24 > 0.95 NA 

FHC < 35 > -0.1 0- 0.6 < -25 > 0.95 <0 

Table 2.5: As in Table 2.3 but for dry snow. 

Wet snow 
Source ZH ZoR Kop LDR PHV T 
S(2000) < 45 0.5- 3 0- 0.5 - 10 to - 20 0.5- 0.9 >0 

LC(2000) < 45 0-3 0- 2 - 18 to - 15 0.82- 0.95 NA 
Lim(2001) 28- 25 - 0.1 to 3 - 0.1 to 0.5 > -23 < 0.9 NA 

FHC < 45 0- 3 0- 2 - 18to - 13 0.82-0.95 - 2 to 4 

Table 2.6: As in Table 2.3 but for wet snow. 

Vertically oriented ice crystals 

Source ZH ZoR Kop LDR PHV T 
S(2000) < 35 - 0.5 to 0.5 - 0.6 to 0 < -24 > 0.95 <0 

CR(1998) < 40 NA < -0.25 NA NA < -20 
FHC < 35 - 0.5 to 0.5 < -0.25 < -25 > 0.95 <0 

Table 2. 7: As in Table 2.3 but for vertically oriented ice crystals. 
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Low density graupel 

Source Ztt ZoR Kop LDR PHV T 
8(2000) 20- 35 - 0.5 to 1 0-0.5 < -25 > 0.95 <0 

LC(2000) 40- 50 - 0.5 to 1 - 0.5 to 0.5 < -30 > 0.96 NA 
LA(l997) 40- 50 - 0.5 to 1 - 0.5 to 0.5 NA NA NA 
Lim(2001) 20-45 2-D 2-D - 30 to - 25 > 0.95 NA 

FHC 30- 45 - 0.5 to 1 - 0.5 to 0.5 < - 30 > 0.97 <0 

Table 2.8: As in Table 2.3 but for low density graupel. Lim(2001) used two-
dimensional MBFs with ZH for ZDR and KDP· 

High density graupel 

Source Ztt ZoR Kop LDR PHV T 
8(2000) 30- 50 -0.5 to 2 0- 1.5 - 30 to - 20 > 0.95 > -15 

LC(2000) 40-55 -0.5 to 3 - 0.5 to 2 - 25 to - 20 > 0.95 NA 
LA(l997) 40-55 -0.5 to 3 - 0.5 to 2 NA NA NA 
Lim(2001) 30- 52 2-D 2-D - 27 to - 18 > 0.94 NA 

FHC 40- 55 -0.5 to 3 - 0.5 to 2 - 25 to - 20 > 0.95 - 15 to 10 

Table 2.9: As in Table 2.3 ut for high density graupel. Lim(2001) used two-
dimensional MBFs with ZH for ZDR and KDP · 

Small hail 
Source Ztt ZoR Kop LDR PHV T 
8(2000) 45- 60 - 0.5 to 0.5 - 0.5 to 0.5 - 26 to - 20 0.92-0.97 > -15 

LC(2000) 50-60 - 0.5 to 0.5 - 0.5 to 0.5 < -20 NA NA 
CR(l998) > 50 < 0.5 < 0.5 < -18 > 0.96 >0 

> 55 > -26 > 0.97 <0 
LA(l997) 50- 60 - 0.5 to 0.5 - 0.5 to 0.5 NA NA NA 
Lim(2001) 50- 60 - lto0.5 - 0.5 to 0.5 > -25 0.91- 0.98 NA 

FHC 50- 60 - 0.5 to 0.5 - 0.5 to 0.5 -24 to - 18 0.92- 0.98 NA 

Table 2.10: As in Table 2.3 but for small (d<2 cm) hail. CR(l998) used different 
thresholds above and below t e freezing level. 
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Small hail mixed with rain 
Source ZH ZoR Kop LDR PHV T 
8(2000) 45-60 - 0.5 to 6 >0 > -25 < 0.95 > -5 

LC(2000) > 50 - 1 to 1 >0 - 20 to - 10 > 0.9 NA 
CR(1998) > 50 < 1 > 0.5 - 27 to - 20 < 0.98 > 0 
LA(1997) 50-70 - 1 to 1 0- 10 NA NA NA 
Lim(2001) > 45 2-D 2-D -24 to - 14 < 0.94 NA 

FHC 45-60 > -0.5 0.5- 6.5 -26to - 19 < 0.95 > -5 

Table 2.11: As in Table 2.3 but for small hail mixed with rain. Lim(2001) used 
two-dimensional MBFs with ZH for ZDn and KDP· 

Large hail 

Source ZH ZoR Kop LDR PHV T 
8(2000) > 55 - 2 to 0.5 - 0.5 to 1 > -20 < 0.92 > -25 

LC(2000) > 55 < -0.5 - 1 to 1 - 15 to - 10 > 0.96 NA 
CR(1998) > 55 < 0.5 < 0.5 > - 18 < 0.96 >0 

> -26 > 0.97 <0 
LA(1997) 55- 70 < 0.5 - 1 to 1 NA NA NA 
Lim(2001) > 55 < 0.5 - 0.5 to 1 > -20 0.84 to 0.92 NA 

FHC > 55 < 0.5 - 0.5 to 1 > -20 0.85 to 0.92 NA 

Table 2.12: As in Table 2.3 but for large (d>2 cm) hail. CR(1998) used different 
thresholds above and below the freezing level. 

Large hail mixed with rain 

Source ZH ZoR Kop LDR PHV T 
8(2000) > 55 -0.5 to 3 >0 > - 22 < 0.92 > - 10 

LC(2000) > 50 - 1 to 1 >0 - 20 to - 10 > 0.9 NA 
CR(1998) > 55 < 1 > 0.5 > -20 < 0.96 >0 
LA(1997) 50- 70 - 1 to 1 0-10 NA NA NA 
Lim(2001) > 45 2-D 2-D - 24 to - 14 < 0.94 NA 

FHC > 55 0.5- 3 0.5- 6.5 - 20to - 10 < 0.93 > -10 

Table 2.13: As in Table 2.3 but for large hail mixed with rain. Lim(2001) used 
two-dimensional MBFs with ZH for ZDn and KDP · 
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Variable 
ZnR 
Knp 
PHV 
LDR 

Weight Factor 
1.0 
0.8 
0.5 
0.5 

Table 2.14: Weight factors used in the FHC. The same factors are used for each 
hydrometeor type. 
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Figure 2.1: Nominal areas of coverage (gray shading outlined with thick black lines) by 
the STEPS radar network (CHILL, S-Pol, KGLD) for triple- and dual-Doppler (inter-
radar beam angles greater than 25 degrees) winds. Topographic height contours (black 
lines) are at 3,4,5, and 6 kft. The straight, thin black lines are the Colorado-Kansas, 
Colorado-Nebraska, and Kansas-Nebraska borders. NWS WSR-88D radars are shown 
for Denver, CO (KFTG), Pueblo, CO (KPUX), and Goodland, KS (KGLD), along 
with the Yucca Ridge Fiel Station (YFRS). Landmarks are shown at Denver, CO 
(den), Colorado Springs, CO (esp), Limon, CO (lim), Akron, CO (ako), McCook, NE 
(mck), Atwook, KS (atw), and Oakley, KS (oak) . All distances are East-West (X) 
and North-South (Y) from the the KGLD radar. From Tessendorf et al. (2004a). 
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Figure 2.2: Plot of ZH vs Zvn with the line illustrating the rainfall boundary line 
defined by J(Zvn) in Equation 2.6. 

50 



C) 

Figure 2.3: Two-dimensional (ZH and ZDR) MBF for rain. The "height" of the 
surface is the product of the 1-D MBFs of ZH and ZDR· 
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Figure 2.4: Block diagram of a general fuzzy logic system. After Liu and Chan-
drasekar ( 2000). 
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and Chandrasekar (2000) 
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Figure 2.6: MBF for drizzle. 
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Figure 2.7: MBF for rain. 
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Figure 2.8: MBF for dry snow. 
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Figure 2.9: MBF for wet snow. 
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Figure 2.10: MBF for vertically oriented ice crystals. 
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Figure 2.11: MBF for low density graupel. 
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Figure 2.12: MBF for high density graupel. 
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Figure 2.13: MBF for small (d<2 cm) hail. 
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Figure 2.14: MBF for small hail mixed with rain 
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Figure 2.15: MBF for large (d>2 cm) hail. 
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Figure 2.16: MBF for large hail mixed with rain. 
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Figure 2.17: Radar vertical cross-sections at 2331 on 29 June 2000 comparing fuzzy 
logic hydrometeor classification (FHC) results to polarimetric measurements. (a) 
Color-shaded Z H with wind flow vectors and additional black contours of Z DR at 
1, 2, and 4 dB. (b) Color-shaded ZDR with additional black contours of LDR at 
- 22 and - 20 dB. (c) The FHC result (see color bar key on right) with additional 
black contours of ZH that repeat the color-shaded contours in (a). Key for FHC 
categories: LR-large hail, SH-small hail , HG-high density graupel, LG-low density 
graupel, VI-vertically oriented ice crystals, WS-wet snow, DS-dry snow, R-rain, Drz-
drizzle, UC-unclassified. 
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Figure 2.18: Radar vertical cross-sections at 2331 on 29 June 2000 comparing fuzzy 
logic hydrometeor classification (FHC) results to polarimetric measurements. (a) 
Color-shaded ZH with wind flow vectors and additional black contours of Knp at 1, 
2, 3, and 4 deg km-1 . (b) Color-shaded ZnR• (c-d) The FHC result without and with 
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with rain. The orientation of these vertical cross-sections are shown in Fig. 2.19. 
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Figure 2.19: Radar horizontal cross-sections at z=3 km at 2331 on 29 June 2000 
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Figure 2.20: Location of STEPS instrumentation. The red lines indicate the lay-
out of the LMA, with a station at each node. The blue-yellow lines show the 
baselines between the three Doppler radars. The yellow-highlighted dashed line 
is the Colorado-Kansas border. (From the STEPS web-site at New Mexico Tech: 
http://lightning.nmt.edu/nmLlms/steps_2000/steps_config.html). 
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Figure 2.22: Example of LMA data format and processing. The red points indicate 
times of peak power received at each station (A- E) during each discrete 80 µs window. 
Smaller black points indicate vents with less power that are not recorded by the LMA. 
The three jointed lines indicate three possible solution combinations using peak power 
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Figure 2.25: As in Fig. 2.24, but sources are color-coded by LMA source density, with 
warmer colors indicating greater concentration of LMA sources. 
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Figure 2.26: As in Fig. 2.24, but for a single flash over a time span of 65 ms. This 
is a "normal" IC flash that initiated upward from an inferred negative charge region 
at 6- 7 km altitude into an inferred positive charge region at 8- 10 km altitude. The 
stratification of the charge regions is most evident in the N-S vs altitude projection 
in the bottom-right panel. Sources are color-coded by time in all panels. See section 
2.2.3 for more description of charge structure determination. 
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Figure 2.27: Comparison of LMA metrics of lightning intensity for the 29 June 2000 
supercell. (a) Total flashes each minute (black) compared with flashes having at least 
10 (red) , 50 (green) , and 100 (blue) sources. (b) Total LMA sources each minute 
(black) compared with flashes having at least 10 sources (red). Total flashes include 
all isolated groups of LMA sources (including single sources). Bin size is one minute 
for all plotted quantities. 
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Figure 2.28: Lightning mapping of five flashes (two normal, three inverted) showing 
5-layer charge structure at 2210 during the 29 June 2000 storm. Panel layout is the 
same as in Fig. 2.24, but here the LMA sources are color-coded by inferred charge 
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Figure 2.29: The second flash of the 5-flash sequence in Fig. 2.28. This is an "inverted" 
flash that initiated downward from an inferred negative charge region at 10- 11 km 
into an inferred positive charge region at 8- 9.5 km. LMA sources are color-coded by 
time from blue to red. 
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Figure 2.30: The third flash of the 5-flash sequence in Fig. 2.28. This is a "normal" 
flash that initiated upward from an inferred negative charge region at 6- 7 km into 
an inferred positive charge region at 8- 9.5 km. LMA sources are color-coded by time 
from blue to red. 

77 



14 
E 12 

6 10 
(l) 8 
.] 6 

4 
2 

20:00:40 

20000623 

20:02:20 20:04:00 20:05 :40 20:07 :20 20:09:00 

14 
12 
10 

8 
6 
4 
2 

alt-histogram 

0 .............. .............. o.___ _ ___..___~---' 

0 

E -10 
'---' 

(l) 
u 
C 
0 

-~ u 
..c -20 
"'5 
0 

(/) 
I 

=2 
0 z 

-30 

-100 -90 -80 -70 -60 0 1000 2000 3000 

11\• • • 

-;;~· .. ·-~- ~f'- . 
... · ,..., . :;_ 

_.,,;.1 
· '-. /'.,,,~ ...,. ,,...~ 

. ;: _i,~ . 
~~----s,,.~ ..,_ . 

-t' 

0 

-10 

-30 

-40~~...__.__~~...__.__~~~~~~...__.__~~...__.__~~~-40~~~~~~~ 
-100 -90 -80 -70 -60 0 2 4 6 8 101214 

East-West distance (km) Altitude (km) 

Figure 2.31: As in Fig. 2.24, but sources are color-coded by inferred charge region 
( red=positive, blue=negative, green=undetermined). 

78 



14 
E 12 

6 10 
(I) 8 
-0 6 :J 

4 
<i: 6 

20:00:40 

14 

E 12 
10 

(I) 8 
-0 
:J 6 

<i: 4 
2 
0 

-100 

0 

,,.--.... 
E -10 

(I) 
u 
C 
0 

en 
-0 

:5 -20 
:J 
0 

(/) 
I 

t 
0 z 

-30 

-100 

20000623 

20:02:20 20:04:00 20:05:40 

-90 -80 -70 

-90 -80 -70 
East-West distance (km) 

20:07:20 20:09:00 
alt-histogram 

14 
12 '"-- -- - --=-=-=-10 

8 
6 
4 
2 
0 

-60 0 

0 

-10 

-20 

----

1000 2000 3000 

2 4 6 8 101214 
Altitude (km) 

Figure 2.32: As in Fig. 2.24, but sources are color-coded by inferred charge density. 
Redder (bluer) colors indicate greater number of LMA sources in inferred positive 
(negative) charge regions. The altitude histogram panel shows separate histograms 
for LMA sources in inferred positive (red) and negative (blue) charge regions. 
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Figure 2.33: Example illustrating comparisons of vertical radar cross-sections of hori-
zontal reflectivity ( Z H, top) to vertical cross-section of LMA source density (bottom-
left) and altitude histograms of LMA sources and flash initiation altitudes (bottom-
right). ZH contours are repeated in black on the LMA cross-section at 5, 25, and 45 
dBZ. Filled diamond symbols aloft in the vertical cross-sections mark the mean ori-
gin heights of - CG flashes, and diamond symbols along the surface mark the NLDN 
strike points of these - CG flashes. The altitude histograms show total LMA sources 
(black), initiation of heights upward flashes (red), and initiation heights of downward 
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integration of the black curve gives 100% and vertical integration of the blue plus red 
curves gives 100%. These data are from "storm 1" on 23 June 2000. The LMA data 
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Figure 2.34: Ten seconds of LMA activity centered on a +CG flash at 2244:52 from 
the 29 June supercell. Sources are color-coded by time from blue to red, and the 
green X marks the strike point of the +CG flash. Note how the CG's parent flash is 
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Figure 2.35: As in Fig. 2.34, but "zoomed" in on the +CG flash. 
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Figure 2.37: As in Fig. 2.36, but 'zoomed' in on the +CG flash. 
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CHAPTER 3 

29 JUNE OBSERVATIONS 

3.1 Introduction 

Since the completion of field campaign phase of STEPS, the primary focus has 

been on the +CG-dominated supercell of 29 June. This storm stayed within optimal 

radar coverage from its very beginning (2130) to near its end, and was penetrated 

by both the T28 aircraft and EFM balloons. This storm produced only a few CG 

flashes (all positive) in the initial two hours of lightning activity, and these few initial 

+CG flashes all occurred during brief surges in updraft and hail production. Copious 

+CG flashes began nearly coincident with dramatic surges in storm updraft, hail 

production, total flash rate, the dramatic right turn of the storm, and formation of 

an Fl tornado (Fig. 3.1). A two-part study of this storm has been submitted to 

the Journal of the Atmospheric Sciences (Tessendorf et al., 2004a- hereafter, Part 

I; Wiens et al., 2004- hereafter, Part II). Part I provides a detailed analysis of the 

kinematic and microphysical evolution of this storm. The following observations are 

essentially the same as those described in Part II, and focus on the storm's lightning 

activity and diagnosed charge structure. 

3.2 Observations 

As described in more detail in Tessendorf et al. (2004a), convection on this 

day developed along a southeastward moving surface bour..dary. An NCAR Moble 

CPS/Loran Sounding System (MGLASS) sounding (Fig. 3.2) was taken from the 

location of the KGLD radar at 2022, about 1.5 hours before the beginning of the 
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observation period (2130). This sounding shows high (~ 1200 J kg- 1) Convective 

Available Potential Energy (CAPE) and a veering, strongly sheared (5-10 m s-1 per 

3.5 km in the low levels) wind profile. Hence, the environment was primed for severe 

thunderstorm (supercell) development (Moller et al., 1994). 

3.2.1 Overall trends and relationships 

To provide some context for the detailed observations that follow, Fig. 3.3 provides 

a time series summary of the storm from 2130 (June 29) to 0115 (June 30). Echo 

volumes of updraft (w > 10 m s-1; hereafter UVio), graupel, and hail are plotted in 

Fig. 3.3a along with the total volume of the storm ( defined as the total echo volume 

with radar reflectivity in excess of O dBZ). To highlight smaller scale fluctuations, 

Fig. 3.3b shows echo volumes of UVio, graupel and hail in terms of their percentage 

of the total storm volume. Total flash rate (IC plus CG; designated as TFR) and 

CG flash rates are plotted in Fig. 3.3c. Overall, IC flashes dominated the lightning 

activity, with a minimum IC/CG ratio of about 40. Of the 254 CG flashes, 223 of 

them (88%) were positive1 . 

In general, the broad trends in the various echo volume and flash rate time series 

followed the trend in total storm volume. The dominant feature of these time series is 

the dramatic increase in updraft, hail, TFR, and +CGs accompanying the right turn 

of the storm at 2325. However, there were several smaller-s ale surges (e.g., at 2144, 

2227) that are more apparent in the normalized time series of Fig. 3.3b. For the most 

part, each of these surges followed the general pattern of a surge in UVio, followed 5-

10 minutes later by coincident surges in graupel echo volume and TFR, followed 5- 10 

minutes later by surges in hail echo volume. Surges in updraft affected the vertical 

distribution of reflectivity and lightning, as well (Fig. 3.4) . Each burst of updraft 

1 As discussed in Part I , a separate smaller ceU formed near midnight UTC, just northwest of 
the supercell of this study. It produced some hail and frequent lightni!1g (though nowhere near the 
scale of the supercell), and dissipated by 0100. Calculations of flash rates and echo volumes include 
this separate cell. It produced only six CG flashes (5 -CGs and 1 +CC), all of which occurred as it 
collapsed during the 0056 volume scan. 
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generally led to greater vertical extent of both significant reflectivity and lightning. 

For the first fifteen minutes of the observations period (2130 to 2145), the updraft 

was weak in terms of both magnitude and volume. Consequently, there was little 

graupel volume above 8 km (Fig. 3.4a, and the lightning activity was entirely below 

an altitude of 8 km and highly concentrated near 5 km (Fig. 3.4b). Following the 

first updraft burst around 2144, the lightning became highly concentrated at higher 

altitudes in an elevated reflectivity feature (Fig. 3.4), and the flash rate increased 

substantially (Fig. 3.3c). For the remainder of the observation period (2200 to 0115), 

the precipitation volumes and lightning pulsed in vertical extent in apparent response 

to bursts in updraft , though, in general the lightning sources extended further and 

further upward (Fig. 3.4). Throughout the last three hours of the observation period, 

there was considerable lightning activity at all altitudes below 15 km. However, 

the highest concentration of LMA sources, and thus the highest likely concentration 

of positive charge, remained at a relatively steady altitude centered near 8 km MSL 

(I'~ - 11:!'C ). There were also surges in the +CG flash rate, and, interestingly, these 

surges generally occurred during dramatic intensification of the storm's updraft and 

hail production. For example, the first two +CGs occurred near the time (~ 2239) 

of relative maxima in TFR and hail echo volume. There were no +CGs and little 

hail echo volume from 2252 to 2318. Then, at 2325, as the hail echo volume began 

to increase dramatically, so did the +CG flash rate. However, near the end of the 

observation period (0115), the UVio, and hail echo had been declining steadily, while 

the +CG flash rate reached its absolute maximum of the ent ire observation period. 

In an attempt to better quantify the relationships among updraft, precipitation 

and lightning, we performed residual correlation analyses of their time series. Since 

the bulk of the variance in all the time series of Fig. 3.3 can be accounted for by 

the steady quasi-linear increase in total storm volume (Table 3.1), we isolated the 

correlations from the dominating influence of the total storm volume. In mathematical 

terms, we first performed separate linear least squares fits of each of the raw time 

series (e.g., UVio , graupel, TFR) to the total storm volume time series. We then 
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subtracted these "fitted" time series from the raw series to get the de-trended residual 

time series which are, by definition, uncorrelated to the total storm volume. We then 

computed the correlation coefficients between the residual time series as a function of 

lag2 • Figures 3.5 and 3.6 show graphical representations of this procedure, and Table 

3.1 summarizes the results. 

Several studies (e.g., MacGorman et al., 1989; Carey and Rutledge, 1996) have 

shown that TFR is very well correlated with the volume of 30- 40 dBZ radar re-

flectivity within the mixed-phase region (often called the Larson Area; Larson and 

Stansbury, 1974) where collisional charging is thought to occur. This Larson Area 

essentially describes the same thing as does our graupel ec o volume, and we find a 

similar result for this s,torm. The TFR shows a robust correlation with graupel echo 

volume (and with updraft, to a lesser extent) even after the quasi-linear increase of 

the total storm volume has been removed (Fig. 3.7). Note that the residual correla-

tion between graupel and TFR peaks at zero lag (bottom panel of Fig. 3.5). That 

is, the best correlation between the residual time series occurs when the time series 

are contemporaneous. This is true for UVio vs. TFR, as w 11. However, the correla-
' tion vs. lag is not as sharply peaked as is the correlation between graupel and TFR 

(Fig. 3.6). The UVio vs. TFR correlation decreases more gradually when TFR lags 

UVio and more sharply when UVio lags TFR. This makes physical sense. Increases in 

the volume of significant updraft should lead to increases in graupel formation, electri-

fication and flash rate. Hence the overall trends of the storm indicate that increased 

updraft led to increased precipitation in the mixed-phase :-egion which invigorated 

the collisional charging, as manifested by the lightning activity. 

None of the other time series show such strong contemporaneous residual corre-

lations; however, Table 3.1 shows some interesting results at non-zero lag. The hail 

volume is best correlated with UVio, graupel and TFR when it lags the UVio by one 

2MacGorman et al. (1989) performed a similar detrending analysis; however, instead of removing 
the variance explained by the large-scale trend in overall storm volume, they removed the separate 
linear trend o: each their time series prior to computing the residual correlations. 
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volume scan interval (5- 7 mins) and lags the graupel and TFR by two volume scan 

intervals (10-15 mins). The +CG flash rate is not well-correlated with any other 

quantity at zero lag, and the best correlations between +CG flashes and graupel, 

hail and UVio occur when +CGs lag graupel and UVio but lead hail. One inter-

pretation of these collective results is that the broad, strong updrafts led rapidly to 

increased graupel and increased charge-separating collisions involving this graupel. 

With time, the graupel continued to grow within the supercooled liquid water-rich 

updrafts, forming hail. As discussed in Williams (2001), hail is unlikely to be a major 

player in charge separation due to its minuscule integrated surface area (compared to 

an equivalent mass of graupel). The lagged correlation between TFR and hail (and 

weaker correlation overall) seems to support this idea. Though we hesitate to attach 

too much significance to these results, the TFR (and to a lesser extent, +CG flash 

rate) seems to be a good indicator of this storm's intensification and may have some 

utility as a predictor of severe weather in the form of hail. Williams et al. (1999) 

found a similar result in their comparison of radar-inferred storm development to 

TFR derived from the LDAR system at Kennedy Space Center. They found that 

TFR would often "jump" dramatically during explosive ver-;; ical development of the 

radar echo, and these lightning jumps were typically followed 10s of minutes later by 

severe weather at the ground in the form of hail and down-bursts. 

In order to reveal the relationships among +CG flashes, updraft strength, and 

hail production, we need to know not just when but also whe e in the storm the +CG 

flashes originated and where they struck ground. To this end, we used the LMA data 

to extract the origin location of CG flashes (see Section 2.2.4). CG origin heights 

were determined for 180 of the 254 total CG flashes identified by the NLDN during 

the observation period of this storm. The disparity between the numbers of CG 

flashes and CG origin heights occurs for two reasons: ( 1) An origin location for a CG 

flash was determined only if its associated LMA sources could be clearly isolated and 

extracted from the surrounding lightning activity (e.g., Figs. 2.34 and 2.35). (2) As in 

Lang et al. (2004b), there were several instances in which multiple CG strike points 
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originated from the same LMA-mapped parent flash (e.g., Fig. 3.19). Each of the 

strike points is considered a separate CG flash by the NLDN as well as in the CG flash 

rate time series of this study. However, since these multiple strike points originated 

from the same flash, they were assumed to share a common origin for the purposes 

of computing the mean origin height. Figure 3.8a shows an altitude histogram of 

these CG origin heights, for both positive and negative polarity CG flashes. The CG 

origin heights are also overlaid onto the time-height contours of Fig. 3.4b. The +CG 

origin heights were generally constrained between 5 and 9 km MSL with a mean origin 

altitude of 6.8 km (temperature range of 0° to - 20° C, centered near - 10° C). This 

height range was clearly in the low-to-mid-level of the storm, not the anvil region. 

In contrast, all but one of the - CGs originated from upper-levels of the storm, i.e., 

above where the +CGs originated. Though there is some scatter, during any given 

volume scan time interval the mean of the +CG origin heights was between 6 and 7.5 

km, which is consistent with the region of dense positive charge implied by the LMA 

density contours in Fig. 3.4b. Both hail and graupel were highly concentrated in the 

inferred + CG origin height region, but there were no +CG flashes in the absence of 

radar-inferred hail. 

As shown in Fig. 3.8b, the difference between CG mean origin height and height 

of the very first source of each CG flash was generally small. This difference histogram 

also shows the tendency for the height difference to be positive for +CG flashes and 

negative for - CG flashes (though the sample size of - CG flashes is very small in this 

case). In other words, the mean origin height of +CG (- CG) flashes tends to be above 

(below) the height of the very first source of the flash . This is consistent with the 

assumed configuration of the charge regions involved, the physics of the breakdown 

process, and, in particular, the way the LMA operates. The first ten sources of a - CG 

flash typically have a downward trend because the LMA senses the initial negative 

leader as it initiates downward from negative charge toward positive charge and the 

ground below. The first ten sources of a +CG flash, on the ot her hand, typically have 

an upward trend as the LMA senses the initial negative leader as it initiates upward 

90 



from negative into positive charge. Hence, in the mean, the mean origin heights of 

-CG flashes are generally higher than the "true" origin heights, while the mean origin 

heights +CG flashes are actually lower than the "true" origin heights. 

Finally, for completeness, Fig. 3.8c shows histograms of the peak current of the 

CG flashes. As suggested by Cummins et al. (1998), these peak currents (I) were 

computed from the NLDN signal strength (LLP) as 

I = 0.185LLP (3.1) 

In their description of the performance of the upgraded NLDN, Cummins et al. (1998) 

noted a previously undetected population of +CGs with peak currents from 5- 15 kA. 

They stated that "it is likely that not all of these events are CG discharges" and 

recommend that "the subset of small positive discharges with peak currents less than 

10 kA be regarded as cloud discharges unless they are verified to be cloud-to-ground." 

As shown in Fig. 3.8c, all of the +CG flashes had peak currents in excess of 15 kA. 

The only +CG flashes in the 29 June 2000 storm with peak c rrents between 5- 15 kA 

occurred during the volume scan beginning at 2252. The lightning mapping of these 

two +CG flashes (not shown) suggests that they were, in fact, intra-cloud flashes . 

They were thus removed from consideration. 

3.2.2 Detailed observat ions of lightning and charge structure 

To illustrate the evolution of precipitation and electrical structure in the storm, 

Figs. 3.9- 3.11 show representative horizontal and vertical cross-sections of radar re-

flectivity and LMA density during selected volume scans, along with a composite 

schematic of the charge structure inferred from lightning mapping of many individual 

lightning flashes. The LMA density plots in these figures include only those LMA 

sources from the start time of the volume scan to five minutes after the start time 

of the volume scan. These LMA density plots are not exactly cross-sections per se. 

Rather, the LMA are gridded into the same Cartesian space as the radar data by 

summing the number of sources within each of the Cartesian grid boxes. Each grid 
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box has dimensions of 0.5 x 0.5 x 0.5 km. The quantity actually plotted at each grid 

point in Figs. 3.9-3.11 is the sum of all the LMA sources within a swath centered on 

the cross-section plane. For example, in the horizontal cross-sections at (z=7 km), 

the LMA density at each grid point (x,y) is the sum of all the LMA sources from 

z=4.5 to 9.5 km (i.e., z = 7 ± 2.5 km) at each (x,y). For the vertical cross-sections, 

the LMA density at each grid point (x,z) is the sum of all the LMA sources within 

y = ± 5 km of the vertical cross-section plane at each (x,z). The LMA density plots 

give an objective depiction of the electrically active regions of the storm, while the 

charge composites provide a (somewhat more subjective) interpretation of these re-

gions. We must stress that during the later severe phases of this storm, the lightning 

was very frequent and the LMA-inferred charge structure was not always clear. Thus, 

the charge composites are likely incomplete and oversimplified, but they do capture 

the gross charge structure revealed by the majority of the lightning flashes. 

Figs. 3.12 and 3.13 illustrate the evolution of the lightning and charge structure of 

this storm in a somewhat more objective way. Here, altitude histograms of total LMA 

sources (black) and flash origin heights (red and blue) are plotted for successive 15 

minute intervals. As described in Section 2.2.3, the flash origin heights are objectively 

partitioned, based on their initial velocity, into flashes that initiated upward (red 

curves in Figs. 3.12 and 3.13) and downward (blue curves). Frequent references to 

these histograms will be made in the following sections. 

EARLY DEVELOPMENT PHASE (2130- 2213) 

Over the first twenty minutes of the observation period {2130 to 2150), the storm 

consisted of a disorganized line of convective cells aligned roughly southwest-northeast 

near the Colorado-Kansas-Nebraska border. New cells developed to the west with 

precipitation forming and descending to the east of the updraft. The westernmost 

of these cells developed into the storm of this study. The lightning was relatively 

infrequent (1- 2 flashes min- 1), and consisted entirelyofIC flashes between an inferred 

negative charge region at an altitude of 7-8 km (- 10<T<- l5°C) and a lower positive 
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charge region at 4-5 km (T:::::::0°C). This arrangement of charge is corroborated by the 

histograms of LMA sources and flash origin heights in the top-left panel of Fig. 3.12. 

Here the one maximum in LMA sources (black curve) near 5 km MSL corresponds 

to the positive charge region, and the flash origin heights (blue curve) show that all 

of the flashes initiated downward from 6-7 km MSL into the positive charge region 

below. These IC flashes tended to originate in the elevated precipitation east of 

the updraft; they then propagated down through the inferred lower positive charge 

region associated with descending precipitation. The three fl.ashes that occurred from 

2140- 2144 are representative of this early lightning activity. Their LMA sources are 

overlaid onto a vertical radar cross-section in Fig. 3.14. This arrangement of charge 

could be described as an inverted dipole; however, the two charge regions involved 

in this early lightning activity might correspond to the lowest two charge regions of 

the tripole model and Stolzenburg et al. (1998a-c) observations. This early charge 

structure departed from the tripole model in that there was no lightning activity 

which indicated the presence of a positive charge above the negative charge. 

During the radar volume scan beginning at 2144 UTC, the storm developed a 

strong, broad, rotating updraft on its northwestern edge, with speeds exceeding 20 

ms-1 at an altitude of 10 km. Prior to this, updrafts did not exceed 6 ms-1 . In 

apparent response to this updraft burst, the storm developed a region of elevated 

reflectivity aloft and, by 2154, began producing frequent (10s min-1 ) upper-level 

inverted IC flashes between a negative charge region at an altitude near 11 km and 

a positive charge region at 9- 10 km. This rapid transition to frequent upper-level 

flashing is evident in the time series and contours of Figs. 3.3c and 3.4b as well 

as in comparison of the top-left and top-middle panels of Fig. 3.12. In addition to 

these upper-level flashes , the storm continued to produce relatively infrequent IC 

flashes between the mid-level negative and lower positive regions, with the lightning 

sometimes extending to altitudes as low as 3 km. There were also infrequent compact 

discharges at even higher alt itudes (from 12 km upward to 3 km) . These extremely 

elevated discharges tended to be well downwind of the updr ft in the low reflectivity 
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anvil region of the storm and may have been indicative of a positive screening layer on 

the upper cloud boundary. Fig. 3.15 shows lightning mapping of five successive flashes 

(from 2200:46 to 2200:59) that spanned these five inferred charge regions overlaid 

onto a radar vertical cross-section at 2159. As illustrated by the charge composite 

and vertical cross-section of LMA source density in Fig. 3.9, the lightning flashes 

from 2155 to 2210 were all consistent with this basic 5-layer structure. Most of the 

flashes occurred in the upper inverted dipole, leading to a pronounced peak in LMA 

source density in the upper po itive charge, with a secondary peak corresponding to 

the positive charge of the lower dipole (see also the top-middle panel of Fig. 3.12). 

The lightning flashes in the upper inverted dipole remained distinct from those in 

the lower inverted dipole, with no flashes connecting the tw regions, as if the upper-

level charge structure developed independently. The most important point to note, 

however, is that the upper-level lightning activity formed as a result of invigorated 

updraft and revealed an inverted dipole charge structure. This storm maintained an 

inverted dipole within the strongest updraft throughout the observation period. 

Another feature of the early lightning activity warrants some discussion. The 

presence of a lower charge region is thought to provide the bias for discharges to 

propagate to ground as CGs (e.g., Williams et al., 1989b; Williams, 2001; Mansell 

et al., 2002; Marshall and Stolzenburg, 2002). That is, - CGs (+CGs) are more 

energetically favorable if there is lower positive (negative) charge which could initiate 

a downward discharge from a larger negative (positive) charge above it. During the 

first hour of lightning activity, there were no CG flashes of either polarity even though 

the LMA data strongly suggest the presence of a lower positive charge. Possible 

explanations for this lack of CGs include: (1) The magnitudes of the negative and 

lower positive were significantly different from those of the more commonly observed 

tripole, such that IC flashes between these regions were more energetically favorable 

than - CG flashes ( e.g., Marshall and Stolzenburg, 2002). That is, the negative (lower 

positive) charge may have been weaker (stronger) than in -.;he common tripole. (2) 

There was no apparent negative charge region below the lower positive to provoke a 
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+CG. There were no in situ electric field measurements ta_ en in the storm during 

this early lightning period so we cannot determine whether the lower positive charge 

was larger than usual, nor can we determine if there was negative charge below the 

positive charge. The LMA did not indicate the presence of any such lower negative 

charge region. 

ORDINARY (NON-SEVERE) MATURE PHASE (2213- 2325) 

From 2159 to 2213, as the updrafts waned and the lofted precipitation grew and 

descended, the lightning contin ed to show 5-layer charge structure (e.g., Fig. 2.28), 

though more compressed, with the upper-level lightning activity descending along 

with the precipitation. There were also more "normal" flashes with initial breakdown 

proceeding upward from the negative charge of the lower inverted dipole into the 

descending upper positive (e.g., Fig. 2.30). However, inverted flashes in the upper-

levels still dominated the lightning activity. By 2220, the lightning activity was much 

more condensed at mid-levels without as much clear stratification of the charge regions 

(see bottom right panels of Fig. 3.9). There was still some semblance of a stacked 

inverted dipole structure, though the lower positive charge was more restricted near 

the precipitation core, and the next two charge layers above (negative over positive) 

extended further southeast and sloped downward. 

As described in Part I, there were two periods of hail growth and fallout from 2213 

to 2325. The first hail growth period followed the updraft surge beginning at 2144 

giving a hail maximum at 2220- 2227, and the second followed a larger updraft surge 

that began at 2220 and persisted for 30 minutes (Fig. 3.3). In apparent response to the 

second of these updraft bursts, graupel echo volumes extended to higher altitudes and 

resurgence of lightning at upper-levels began around 2227 (Fig. 3.4). By 2239 the TFR 

reached a peak of nearly 100 min- 1 (Fig. 3.3c) . As described in Part I, a bounded 

weak echo region (BWER) had developed in association with the strong updraft 

on the western edge of the storm. The lightning activity mirrored the reflectivity 

structure of this BWER, with almost no lightning activity within the BWER and 
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very active lightning in the strong lofted echo above and to the south of the BWER 

(left column of Fig. 3.10). The lightning was very frequent and somewhat amorphous, 

making charge structure determination difficult . However, the vast majority of the 

flashes near and within the echo vault surrounding the BWER were inverted IC 

flashes, leading to the inference of closely stacked inverted dipoles near and above the 

main updraft (bottom-left panel of Fig. 3.10). The positive charge regions of these 

two inferred dipoles correspond to the two prominent peaks of LMA sources in the 

vertical cross-section in left column of Fig. 3.10. These two maxima of LMA sources 

also stand out clearly in the altitude histograms of Fig. 3.12 c.s do the large number of 

downward flashes initiating from the lower end of the negative charge regions of the 

two stacked inverted dipoles. As illustrated by the charge composite (lower-left panel 

of Fig. 3.10), the charge regions of the upper-inverted dipole extended downwind 

with additional mid-level positive charge east of the precipitation core. Most notably, 

there were a few normal IC flashes between mid-to-low-level negative charge and 

positive charge above (e.g., Fig. 3.16). This mid-to-low-level negative charge region 

extended from the downwind side of the precipitation core to the southeast. The 

first two +CG flashes of the storm originated from the same region as these normal 

!Cs (though on the northwest edge of this region), and struck ground just southeast 

of the surface hail swath (Fig. 3.17). Prior to their return strokes, the structure of 

these two +CG flashes was very similar to the normal IC fl.a.shes. That is, the initial 

breakdown in both the normal !Cs and the +CG flashes progressed upward, defining 

positive charge at mid-to-upper-levels, with later breakdown elow the initiation point 

through presumed negative charge below. In the case of these and other +CG flashes , 

this lower breakdown (green points in Fig. 3.17) may be more indicative of the leaders 

to ground and not necessarily of lower negative charge. However, the normal IC flashes 

in this region suggest that this lower negative charge was present. Additionally, 

the +CG flashes also appeared to tap some positive charge further west, within the 

precipitation core and echo vaults surrounding the updraft. 

The chain of events leading to the production of these first two +CG flashes was 
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roughly as follows. An inverted dipole charge structure consistently formed above and 

within the strong updraft, with low-to-mid-level negative charge further downwind. 

The positive charge of the inverted dipole was apparently carried by precipitation 

growing within the updraft . As this precipitation grew furth er and descended on the 

downwind side of the updraft , it carried the positive charge with it. The descent of 

this positive charge is manifested in the time-height contours of LMA sources from 

2200 to 2240 in Fig. 3.4b and also in the corresponding sequence of altitude his-

tograms in Fig. 3.12. During this descent, the lower negative charge region persisted 

further downwind. It 's not clear how this lower negative charge formed. The initial 

breakdown of the first two +CG flashes progressed upward from this lower negative 

into the descending positive charge region. Th~ ensuing breakdown continued into 

the descending mass of ice and positive charge, but also tapped positive charge at 

higher altitudes further downwind (e.g., Fig. 3.17). The positive leaders of these +CG 

flashes went to ground almost directly beneath the initiation locations. The storm 

did not produce any more CG ashes of either polaritl until the onset of the severe 

right phase at 2325, though the chain of events leading to the next burst of +CG 

flashes was very similar. 

From 2246 to 2252, hail continued to grow and descend giving a deep hail shaft 

and relative maximum in hail echo at 2246 (Fig. 3.4a). TFR decreased to 50 min-1 . 

The lightning tended to avoid the >55 dBZ hail shaft almost entirely during this 

time (Fig. 3.18). By 2259, the hail had almost all fallen out, and the bulk of the 

lightning activity was again nearer the precipitation core, but was very concentrated 

above the collapsing hail shaft (middle column of Fig. 3.10). Overall, the LMA 

indicated an inverted tripole charge structure with frequent IC flashes from both 

upper and mid-level negative charge into an inferred positive charge region centered 

at 8-10 km altitude (bottom-middle panel of Fig. 3.10. See also the middle-right and 

3There were two flashes around 2252 that were identified as +CGs by the NLDN, but, as described 
earlier, they had very low peak current ( < 15 kA) and the lightning mapping suggested that they 
did not contact ground. 
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bottom-left panels of Fig. 3.12.). Though the lower negative charge was present, this 

charge structure did not produce +CG flashes. During the brief decline in updraft 

and hail volumes preceding the onset of the severe right mature phase at 2325, the 

storm maintained the gross inverted tripole structure shown in the middle column 

of Fig. 3.10. However, the concentrated region of LMA sources descended and grew 

deeper with time (Fig. 3.4), with inferred positive charge extending deeper on the 

upwind (west) side of the precipitation core, and negative charge on the downwind 

(east) side (see bottom-right panels of Fig. 3.10). 

In comparison with the charge structure during +CG flashes (e.g., left and right 

columns of Fig. 3.10 with the charge structure in the absence of +CG flashes (mid-

dle column of Fig. 3.10), the most obvious difference is the height of concentrated 

LMA sources and inferred positive charge. During the +CG flashes, there was very 

active lightning in an inferred positive charge region at mid-levels (6-8 km MSL). In 

the absence of +CG flashes, this mid-level positive was absent or further elevated. 

Perhaps the elevation of the charge regions allowed for the efficient neutralization of 

the charge regions via IC flashes thus precluding +CG flashes. Hence, lower negative 

charge appeared to be a necessary but not sufficient condition for +CG flashes . 

SEVERE RIGHT MATURE PHASE (2325- 0036) 

The storm and charge structure at the beginning of the severe right mature phase 

(2325) was in many way similar to that at 2239. A strong, broad updraft on the 

western flank was coincident with an echo vault and mid-level BWER (see top-right 

panels of Fig. 3.10). As discussed in Part I, the flow diverged around the updraft, 

particularly to the south, leading to a reflectivity maximum southeast of the main 

updraft. Again, the lightning density mirrored the reflectivity structure in the mid-

to-upper-levels, with a pronounced lightning hole coincident with the BWER, and 

active lightning above and downwind (especially southeast) of the BWER. As with 

2239, the TFR increased dramatically (to nearly 150 min- 1 ), and the storm began 

producing frequent +CG flashes. 
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Though much of the lightning within the echo vault above the updraft consisted 

of compact flashes lacking clear vertical charge structure, there were still many flashes 

indicating an inverted dipole structure here and in the upper-levels further downwind 

(see bottom-right panel of Fig. 3.10). In addition, relatively infrequent "normal" IC 

flashes continued to indicate the presence of lower negative charge just downwind of 

the precipitation core. The seven +CG flashes during the 2325 volume scan struck 

ground in two clusters. Each cluster appeared to be associated with the separate 

diverging flows around the updraft, with one cluster of three +CG flashes along the 

northeast path, and the other cluster of four +CG flashes along the more dominant 

southeast path. The initial breakdown of all seven +CG flashes proceeded upward 

from 6- 7 km into a distinct mid-level maximum of LMA density just downwind of 

the hail shaft (see second from bottom panel in the right column of Fig. 3.10). Fol-

lowing their return strokes, most of them tapped additional mid-level positive charge 

extending south and east, but rarely extended back westward into the more intense 

precipitation. Leading up to the peaks in hail echo volume and +CG fl.ash rate at 

2343- 2351, the majority of +CG flashes continued to cluster (in both origin and 

strike location) on the downwind side of the hail shaft along these divergent flow 

paths. Figs. 3.19 and 3.20 show one particularly clear example of these +CG flashes. 

By 2351, the BWER had filled in with large hydrometeors, and the lightning 

activity had wrapped around it, leading to a pronounced peak in LMA density on 

the southwestern side of the updraft (see left column of Fig. 3.11). Flashes in this 

western portion of the hail shaft generally indicated an inverted dipole with a deep 

positive charge region. The two +CG flashes that struck south of the updraft tapped 

this positive charge region. The remainder of the +CG flashes also showed limited 

propagation into inferred positive charge in the lower portion of the hail shaft, but 

the majority of the breakdown continued to be through mid-level positive charge from 

the downwind edge of the hail and extending eastward. 

From 0000 to 0030 UTC, the storm continued to produce frequent inverted flashes 

in the upper-levels. The lightning was essentially continuous during this time, with 
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no apparent break cessation between one flash and the next. Hence, we did not 

attempt to diagnose the detailed charge structure from the lightning mapping. How-

ever, Lang et al. (2004a) and MacGorman et al. (2004) report on the charge structure 

inferred from an instrumented balloon flown through the storm during this time. 

Within the updraft, they found positive charge from 8-10 km, with alternating nega-

tive/positive/negative above, with the uppermost negative charge at 12-13 km MSL. 

Along the descent, they again found positive charge from 9.5- 12 km with four addi-

tional regions of charge below, alternating in polarity with positive charge at 5.8- 8 

km and below 4 km. They posited that +CG flashes could involve any of the positive 

charge regions found in the downward sounding. From the lightning mapping, we 

found that the majority of the +CG flashes continued to cluster near and downwind 

of the core, with initial breakdown progressing upward from inferred negative charge 

at 5- 7 km into positive charge at 7- 9 km, which roughly corresponds to the mid-level 

charge structure inferred from the downward balloon sounding. However, a half dozen 

or so +CG flashes initiated to the south-southeast of the hail, with little discernible 

structure other than extensive low-level breakdown back westward into the hail core 

(e.g., Fig. 3.21). This extreme lower-level charge may correspond with the lowest pos-

itive charge region of the balloon sounding. Comparison with the balloon sounding is 

difficult, however, because the charge structure varies greatly in the horizontal while 

the balloon measures only along its flight path. 

During the radar volume scan at 0030, the +CG flash rate reached a relative 

maximum and the +CG strikes clustered along a roughly north-south line 5- 15 km 

east of the elongated hail shaft (middle column of Fig. 3.11). Exterior to the updraft 

and hail core, the lightning-mapped structure of the flashes was relatively consistent 

and revealed a basic inverted tripole charge structure. Keeping with the recurring 

theme of this storm, the lightning mapping of most of the +CG flashes showed the 

initial inferred negative breakdown progressing upward into the eastern, downward-

sloping positive charge of this inverted tripole. However, unlike during previous peaks 

in +CG flash rate, both the strike points and continued propagation of the +CGs 
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during 0030 were markedly further downwind of the descending ice mass in the hail 

core. The one - CG flash during this time, however, initiated near the top of the 

hail core and descended through it (and presumably throug positive charge) . Figure 

3.22 shows the lightning mapping of this - CG flash along with a representative +CG 

flash further downwind. There were a few other instances like this of - CG flashes 

initiating near the top of the hail shaft and propagating through it, while the +CG 

flashes clustered further downwind. Perhaps the hail core contained relatively low 

concentration of positive charge during these times, such that the breakdown from 

negative charge above was able to propagate through it and, instead of halting within 

the lower positive to make an IC flash, continued on to ground. 

DECLINING PHASE (0036-0115) 

As the updraft, graupel, and hail echo volumes steadily declined during this 

declining phase (Fig. 3.3) , the bulk of the lightning activi ty and initiation height 

of +CG flashes slowly descended (Fig. 3.4b). During the last volume scan of the 

observation period (0115), the +CG flash rate reached its absolute maximum, and 

all but four of the 23 +CG flashes from 0115- 0120 struck ground in a very tight 

cluster nearly coincident with the hail swath, beneath a very dense concentration of 

LMA sources (right column of Fig. 3.11). The +CG flashes points were so clustered 

that it is difficult to resolve the individual strike points or to discern the underlying 

storm structure. In contrast to earlier times, almost all of these +CG flashes tapped 

the inferred positive charge low down in the hail shaft (e.g., Fig. 3.23), though some 

also continued to tap into mid-level positive charge further east. Of the two - CGs 

during this time, one struck in the hail shaft and one northeast of it. The former's 

strike point is buried within the clustered +CG strike points in the right column 

of Fig. 3.11). Both - CG flashes initiated near 9 km MSL, atop the LMA density 

maximum (see vertical cross-sections in right column of Fig. 3.11). 
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3.3 Summary and Discussion 

The following points summarize the key observations from the 29 June supercell 

storm: 

1. The LMA-inferred total flash rate (TFR) rE;ached 200-300 min-1 during the 

severe phase, with an IC/CG ratio of at least 40 during the entire storm. Nearly 

90% of the CG flashes delivered positive charge to ground, with a peak +CG 

flash rate cif nearly 5 min- 1 . 

2. The TFR was well-correlated temporally with volumes of updraft (w> 10 m s-1 ) 

and inferred graupel echo. This latter correlation highlights the importance 

of charge-separating collisions within the mixed-phase region thought to be 

crucial in thunderstorm electrification. TFR was decidedly less correlated with 

hail echo volume, and the lightning sometimes avoided the >55dBZ hail shaft, 

suggesting that hail plays less of a role in charge separation. 

3. As shown in the schematic of Fig. 3.24, the LMA-inferred charge structure of 

this storm varied greatly in the horizontal and with time. The first 20 minutes 

of lightning activity in this storm indicated a charge structure consisting solely 

of a mid-level negative charge region and lower pos:tive charge region, with 

no indication of an upper-positive charge, which we termed an inverted dipole. 

Then, shortly after a strong surge in updraft, the storm rapidly developed upper-

level charge regions which dominated the ensuing lightning activity. For a brief 

period of time (10- 20 minutes) after this surge in updraft and lightning, the 

storm exhibited a distinct horizontally stratified, vertically layered charge struc-

ture which consisted of five charge regions, alternating in polarity, with positive 

nearest the ground. Over the remainder of the observation period, the light-

ning was very intense and the charge structure was less obvious. However, the 

storm consistently produced a dominant upper-level inverted dipole structure 

with each updraft surge, and "inverted" flashes between these two (negative 
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over positive) charge regions dominated the lightning activity throughout the 

storm (see, e.g., Fig. 3.13). This basic inverted dipole structure also extended 

downwind, but sloped downward along the direction of Doppler-inferred wind 

flow. Additional low-to-mid-level negative charge formed on the downwind side, 

beneath the sloping inverted dipole. The term "inverted tripole" is thus a rea-

sonably accurate description of the later charge structure, but a simple vertical 

description would be a gross oversimplification of this storm. 

4. The +CG flashes of this storm all originated at 5- 9 km altitude and generally 

clustered on the downwind side of the main precipitation/hail core. For the vast 

majority of the +CG flas es, the initial lightning-mapped breakdown proceeded 

upward from lower negative charge (revealed by surrounding normal IC flashes) 

into positive charge within the hail shaft. Continued breakdown frequently 

tapped into the mid-level positive charge extending further downwind. 

5. Four of the maxima in +CG flash rates (at 2239, 2325, 2343, and 0015) each 

seemed to follow this chain of events: Surges of strong, broad updraft led to 

inverted dipole charge structure aloft, with positive charging of graupel and/or 

hail within lofted echo. The downward descent of this ice mass carried the 

positive charge with it. The +CG flashes initiated between lower negative 

charge (described above) and the positive charge of the descending ice mass. 

Sustained +CG flashing throughout the severe right phase and the other +CG 

maximum at 0030 do not fit as simply into this chain of events, but updraft and 

hail production were strong throughout the severe right phase, which continued 

to produce an apparently vast reservoir of positive charge from 7- 9 km altitude 

extending further downwind (as suggested by the contours of LMA density in 

Fig. 3.4). This chain of events is somewhat similar to that described in Williams 

et al., 1989b. However, Williams et al. describe these events within the context 

of normal tripole thunderstorms in which the descent of the ice mass leads to 

formation of the lower positive charge and onset of -CG flashes. 
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6. Finally, lightning "holes" were often coincident with bounded weak echo regions 

(BWERs), with active lightning in the lofted echo above the BWER. In their 

LMA observations of tornadic storms in Oklahoma, Krehbiel et al. (2000a) 

noted similar lightning "holes" in otherwise volume-filling lightning activity. 

Hence, there is little doubt that, like BWERs, such lightning holes are indicators 

of strong, broad updrafts and hence should have value as an indicator of severe 

weather. 

Why was this storm inverted and how did it form such a deep, persistent region of 

positive charge? As suggested by Williams (2001) in his discussion of +CG-dominated 

storms, one possible explanation is that the strong, broad updraft suffered less entrain-

ment which allowed supercooled liquid water (SLW) contents to reach near adiabatic 

values in the mixed-phase region, resulting in the transfer of positive charge to grau-

pel and hail via the non-inductive ice-ice collision (NIC) mechanism (e.g., Takahashi, 

1978; Saunders and Peck, 1998). The coincident hail an +CG production of this 

storm were both the products of strong broad updraft in a SLW-rich environment. 

Carey et al. (2003b) proposed a similar explanation for the +CG-dominance of the 

1998 tornadic storm in Spencer, SD (though there was less evidence of associated 

hail formation in their study) . The results of Lang and Rutledge (2002) offer further 

support. Their study included 11 storms which spanned a wide range of severity. 

In general, they found that - CG production decreased with increased updraft and 

hail production. The two storms of their study (one of which was the 29 June, 2000 

storm) which had the strongest, broadest updrafts and greatest hail production, also 

produced predominantly +CG flashes. 

Much as a lower positive charge appears to be a requirement for - CG flashes 

in "normal" tripole thunderstorms, the presence of a lower negative charge region 

appeared to be a requirement for the +CG flashes of this storm. Assuming the 

NIC mechanism was primarily responsible for the formation of the charge struc-

ture, how did this lower negative charge form, and how was it maintained? Our 
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observations cannot answer this question. However, simulations of this storm us-

ing a high-resolution model that includes explicit kinematics, microphysics, charging, 

and lightning, were able to reproduce many of the observed features described here 

(Kuhlman et al., 2003; Kuhlman, 2004). In these simulations, the lower negative 

charge formed due to collisional charging of graupel on the periphery of the updraft 

and was then reinforced by inductive processes. 

Severe hailstorms are not always dominated by +CG flashes, so there is still 

something unique about the STEPS region that our observations have yet to reveal. 

Williams et al. (2004) suggest that large convective available potential energy com-

bined with the elevated cloud base height (CBH) of storms in the STEPS region may 

be the answer. Such conditions would tend to inhibit warm rain processes, allowing 

for "superlative" (i.e, near-acliabatic) SLW in the resulting broad, strong updrafts. 

This could lead to rapid hail growth (if the conditions o·.1tlined in Part I are also 

met), and would also have implications for the lightning. The higher CBH ( and at-

tendant strong updraft) would elevate the charge-bearing hydrometeors, accelerate 

the electrification, and increase the TFR and IC/CG ratio. With little liquid water 

lost to coalescence below elevated CBH, the SLW may reach near-adiabatic values in 

the broad updrafts, resulting in a deeper region of positive charging of graupel and 

hail via the NIC mechanism. 

Lightning mapping combined with multiple-Doppler polarimetric radar allowed 

for detailed observations of this +CG-dominated supercell storm. Though this study 

has answered some question about the production of hail and +CG flashes, the 

results are based on only one storm. In subsequent chapters, the analysis techniques 

of this study are applied to other STEPS cases to gain understanding of the 

electrification of the storms in this region. 
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Total Updraft Graupel Hail Total 
Storm Volume Echo Echo Flash 

Volume (> 10 ms-1 ) Volume Volume Rate 
Updraft 0.95 
Graupel 0.99 0.95 (0.23) 

Hail 0.84 0.89 (0.53) 0.85 (0.24) 
(0.57@-1) (0.73@-2) 

Total Flash 0.90 0.95 (0.68) 0.95 (0.84) 0.90 (0.58) 
Rate (0.75@+2) 

+CG Flash 0.81 o. 76 (- 0.02) 0.81 (0.08) 0.72 (0 .10) 0.74 (0.04) 
Rate (0.31@-1) (0 .58@-1) (0.67@+2) (0.52@-1) 

Table 3.1: Correlation coefficients between radar and lightn·ng time series for 29 June. 
Values outside of parentheses give correlations between zero-lag time series, prior to 
any trend removal. Values in parentheses give correlations between detrended time 
series at zero lag. Additional correlation coefficients and lag values are given if the 
best detrended correlation occurred at non-zero lag. Each lag increment corresponds 
to one 5- 7 minute radar volume scan interval. For example, the best detrended 
correlations for the +CG flash rate time series occurred when the +CG flash rate 
lagged the updraft, graupel, and TFR time series by one scan interval, but led the 
hail time series by two scan intervals. 
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Figure 3.1: Swath of KGLD maximum reflectivity in each vertical column, from 2130 
on 29 June to 0115 on 30 June. Axes are centered on the KGLD radar. Cell 'A' is the 
supercell. The thick black lines indicate the path of mean storm motion before and 
after the supercell made the right turn at 2325. The 'T' marks the time and location 
of the tornado, and 'X' and '0' symbols mark the NLDN locations of +CG and - CG 
flashes, respectively. The EB symbols mark the locations of the three radars. Adapted 
from Tessendorf et al. ( 2004a). 
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Figure 3.2: MGLASS sounding from 2022 UTC on 29 June. This sounding was 
launched from the KGLD radar which is the origin of the coordinates (0,0) in all the 
radar cross-section plots . 
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Figure 3.3: Time series summary of the 29 June 2000 supercell. (a) Radar-inferred 
echo volumes of storm updraft (w > 10 m s- 1 ), graupel and hail. Thick black line 
shows total storm volume ( defined as volume of storm with radar reflectivity exceeding 
0 dBZ). (b) As in (a), but with echo volumes plotted as percent of total storm volume. 
(c) Total and cloud-to-ground flash rates averaged over each radar volume scan time 
interval. Each tick mark on the time axis indicates the start time of a radar volume 
scan. Vertical dashed line indicates the time (2325) when the storm made a right 
turn. 
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Figure 3.4: 29 June 2000 supercell. (a) Time height contours of hail (in gray scale) 
and graupel echo volumes (blue), in units of km3 /0.5 km, along with the total number 
of +CG (red) and - CG (green) flashes during each volume scan, i.e., the CG flashes 
are summed (not averaged) over the duration of each volume scan. (b) Time height 
contours of total LMA sources (in gray scale) normalized to a five-minute time inter-
val. Contour values for the LMA sources are in decibel units (i.e., l0log10 ( # sources) 
per 0.5 km) due to huge variation in magnitude. The percent volume of updraft 
exceeding 10 m s-1 is overlaid onto (b) as a thick blue line. Origin altitudes of +CG 
and - CG flashes are overlaid onto (b) as red X's and green diamonds, respectively. 
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Figure 3.5: Graphical example of residual correlation analysis procedure. The upper 
two panels show the raw time series (in this case graupel echo volume and total flash 
rate (TFR)) along with their linear least-squares fits to the total storm volume and 
their resulting residual time series. Bottom panel shows the correlation coefficient 
between the two residual time series as a function of lag. Each lag increment cor-
responds to the time interval (5-7 minutes) between successive radar volume scans. 
See text for details. 
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Figure 3.8: CG flash histograms for the 29 June 2000 supercell. (a) Mean LMA-
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Figure 3.9: Representative cross-sections of the 29 June 2000 supercell, for volume 
scans beginning at 2140, 2159, and 2220. Each column corresponds to the same 
time. Top two panels show horizontal cross-sections of radar reflectivity ( Z H) and 
LMA source density at 7 km altitude. Next two panels show east-west vertical cross-
sections of the same quantities along the lines indicated in the top two panels. LMA 
source density plots include only those sources within 2.5 (5.0) km of the horizontal 
(vertical) cross-section and include only those sources from the start time of the 
corresponding volume scan to five minutes after the start time. Bottom panels show 
composite schematics of the LMA-inferred charge structure at each time. ZH panels 
have black updraft contours at 10, 20, 30 ms-1, and the ZH contours are repeated on 
the LMA and charge structure plots, with intervals of 0, 30, and 45 dBZ. 
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Figure 3.10: As in Fig. 3.9 but for volume scans beginning at 2239, 2259, and 2325. 
In addition, the X symbols on the horizontal cross-sections and along the bottom of 
the vertical cross-sections indicate the NLDN strike locations of +CG flashes. The X 
symbols at higher altitudes on the vertical cross-sections indicate the LMA-inferred 
origin locations of +CG flashes. Only those CGs that struck within 5 km of the 
cross-section plane are shown on the vertical cross-sections. 
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Figure 3.11: As in Fig. 3.9 but for volume scans beginning at 2351, 0030, and 0115. 
Origin and strike locations of CG flashes are indicated as m Fig. 3.10, with - CG 
flashes indicated by diamond symbols. 
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Figure 3.13: As in Fig. 3.12, but for 2350 to 0120. Time increment is ten minutes. 
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Figure 3.14: Vertical radar cross-section of horizontal reflectivity ( Z H) at 2140 in the 
29 June storm (same vertical cross-section as in left column of Fig. 3.9). LMA sources 
from three flashes are overlaid and color-coded by inferred ambient charge region (red 
for positive, green for negative). The filled diamond symbols mark the first LMA 
source of each flash. All three flashes were "inverted", i.e., the initial breakdown 
proceeded downward and the flash revealed a negative over positive charge structure. 
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Figure 3.15: As in Fig. 3.14, but for volume scan beginning at 2159 (same verti-
cal cross-section as in middle column of Fig. 3.9). LMA sources from five successive 
flashes from 2200:46 to 2200:59 are overlaid and color-coded according to inferred am-
bient charge region as in Fig. 3.14. Magenta triangle (filled diamond) symbols indicate 
the first sources of flashes whose initial breakdown proceeded upward ( downward). 
There are four downward flashes and one upward flash. 
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Figure 3.16: Radar cross-sections of radar reflectivity (ZH) for volume scan beginning 
at 2239. LMA sources from five "normal" IC flashes are overlaid onto (b) and (c) and 
color-coded by inferred ambient charge region (black for p::>sitive, gray for negative). 
For reference, NLDN strike points corresponding to the two +CG flashes shown in 
Fig. 3.17 are indicated by X's. (The lightning mapped flashes shown here are not the 
flashes that produced the +CG strikes.) ZH is gray-shaded in (a), and contoured in 
(b) and (c) with intervals of 0, 30, 45 dBZ. Doppler-derived flow field is also shown 
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Figure 3.17: Vertical cross-sections of radar reflectivity (ZH) and Doppler-inferred 
wind flow for volume scan beginning at 2239. LMA sources from the first two +CGs 
at 2242:07 and 2244:51 are overlaid on the top and bottom panels respectively, and 
color-coded by inferred ambient charge region as in Fig. 3.15. The magenta X symbols 
indicate the NLDN strike points of these two flashes, and filled diamond symbols mark 
the first source of each flash. The conventional LMA plot of the second +CG flash is 
shown in Fig. 2.35. 
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Figure 3.18: Cross-sections of (a) radar reflectivity (ZH) for volume scan beginning 
at 2252 and (b,c) LMA density during the first four minutes of this volume scan. 
LMA density includes all sources within 5 km of each cross-section. Contours of Z H 

are gray-shaded in (a) and repeated in (b) and (c) with intervals of 0, 15, 30, 45, 55, 
and 65 dBZ. 
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Figure 3.19: Lightning mapping of a +CG flash at 2334:38. Sources are color-coded 
by time from blue to red. Note the multiple NLDN strike points. 
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Figure 3.20: As in Fig. 3.17, but for volume scan beginning at 2331 with LMA sources 
from the +CG flash in Fig. 3.19. Note the very clear leader to ground. 
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Figure 3.21: Radar cross-sections from volume scan at 0010. (a) Fuzzy logic hydrome-
teor identification (FHC) at 3 km MSL. (b) Horizontal reflectivity (ZH) at 3 km MSL. 
(c) Slant vertical cross-section of ZH and Doppler-inferred wind flow. LMA sources 
from a +CG flash at 0013:15 are overlaid onto (band c) with no charge color-coding. 
Diamond symbol indicates the first source of the flash and X symbol indicates the 
NLDN strike point. For reference, contours of ZH are repeated on (a) at 5, 25, and 
45 dBZ. 
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Figure 3.22: Radar cross-sections for volume scan beginning at 0030. LMA sources 
from a - CG flash and a +CG flash are overlaid and color-coded by inferred ambient 
charge region, with red for positive and green for negative. In the horizontal cross-
sections, the X's and diamonds indicate the +CG and - CG strike points, respectively. 
In the vertical cross-section, the X and diamond aloft indicate mean initiation height 
of the CG flashes. 
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Figure 3.23: As in Fig. 3.20, but for volume scan beginning at 0015 and with +CG 
flash at 0117:21. 
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Figure 3.24: Schematic of the evolution of the 29 June supercell. Thick blue arrows 
show main updraft, and thin blue arrows show air flow. The red disjointed lines 
indicate a +CG discharge. 
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CHAPTER 4 

3 JUNE OBSERVATIONS 

4.1 Introduction 

The 3 June 2000 storm provided an excellent case study for several reasons. It 

was isolated, so there was no ambiguity in the echo volume and flash rate calculations 

due to contamination of other surrounding cells. It was observed by at least one of 

the research radars continuously for almost 3.5 hours (2210-0120), from its very early 

stages to its complete dissipation. The radar coverage began 30 minutes prior to the 

first lightning at 2240 and continued for 40 minutes after the last lightning at 0045, 

so the relationships between lightning and the convective state of the storm could be 

further explored (i.e., comparison of storm structure in both the absence and presence 

of lightning) . Finally, this storm produced no CG flashes of either polarity despite 

relatively active intra-cloud lightning. 

The only real downside of this case was the Doppler coverage. The storm was 

already well-developed by the time it entered the multiple-Doppler coverage area at 

2300, so the wind flow in its earliest stages could not be characterized. The Doppler 

coverage lasted for over two hours (2300 to 0120), but there was a 30 minute gap 

in the middle of the multi-Doppler coverage (from 0000 to 0026) when the S-Pol 

radar went down. Unfortunately, the storm was at its peak intensity during this gap. 

When the multi-Doppler coverage resumed, the updraft ha! weakened considerably, 

associated with the collapse of the storm. 
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4.2 Overview 

As described in Tessendorf et al. (2004b), a southwest-to-northeast-oriented sur-

face boundary was moving southeastward through the STEPS domain on this day. 

An MG LASS sounding launched at 0012 on 4 June ahead of the boundary (and ahead 

of the storm under study) indicated southwesterly surface winds and strong westerly 

winds aloft (Fig. 4.1 and top-middle panel of Fig. 4.11). Ahead of the boundary (i.e., 

south of it), the temperature was near 90° F and the dew point was in the mid-

50s0F. Convective Available Potential Energy (CAPE) was marginal (700 J kg-1), 

and the atmosphere was notably drier above 500 mb. Conditions were drier behind 

the boundary, with similar temperature but dew points in the mid-30s°F. C 

Around 2210 a pair of cells initiated in southwestern Nebraska on the northern 

end of the surface boundary. The cells tracked southeastward (Fig. 4.2), and the 

southern cell (cell 'A' in Fig. 4.2) developed into the storm under study. By the 

time dual-Doppler coverage began (around 2250), the targeted cell already had peak 

updrafts near 20 ms- 1 (Fig. 4.3a), and peak updrafts of this magnitude were sustained 

up until the S-Pol radar went down at midnight UTC. By 2330, the northern cell (cell 

'B' in Fig. 4.2) had almost completely dissipated and merged into cell 'A'. Visually, 

the targeted storm appeared to split around 2356, with the left-moving cell rapidly 

diminishing and the right-moving cell continuing on. Fig. 4.3b shows that the echo 

volume of updraft exceeding 10 ms- 1 (hereafter, UVio) was pretty small, but grew 

rapidly during the merger of cell 'B' and the ensuing storm split. By the time S-Pol 

came back up and multi-Doppler was possible again (0030), updrafts were weak and 

narrow. The storm completely dissipated by 0120. 

As in the 29 June supercell case, there was a close correspondence between total 

flash rate (hereafter, TFR) and development of significant echo aloft (i.e., graupel). 

Since the radar coverage began well before the first lightning flash in this storm, it's 

even more apparent that active riming growth aloft was crucial to the electrification. 

As clearly illustrated in Fig. 4.4, there was no lightning until there was a significant 
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volume of reflectivity above 30 dBZ. Throughout the storm, the flash rate time series 

tracked the graupel echo time series, though there was some indication that the 

lightning led the graupel. Figure 4.5 shows this graupel-lightning relationship in a 

time-height sense. The peaks in LMA sources tend to coincide with those of graupel 

echo, in both time and height . Both graupel echo and flash rates peaked near 2315 

and 0000, following increases in the updraft volume at approximately 2315 and 2330. 

During the gap in the multi-Doppler coverage (0000 to 0030), the graupel echo volume 

and flash rate steadily decreased, so presumably the updraft was weak and UVio was 

steadily declining during this period. By the time the Doppler-synthesis started again 

(0030), peak updrafts were only ~5 ms- 1 , and UVio was ve--:.:y small. Correspondingly, 

the graupel echo volume and TFR were much decreased. The last lightning flash was 

at 0045. There was some graupel (a very little) remaining in the storm after this last 

lightning flash, but there was little significant updraft and hence no continued driving 

force for charge-separating collisions involving graupel growing in an environment of 

supercooled water and ice crystals. 

Compared with the 29 June supercell , this storm produced very little radar-

inferred hail (Fig. 4.6), and what little hail it did produce was identified by the FHC 

as mostly small hail ( <0.75 in). Much of the hail echo identified by the FHC resided 

only near the surface, which is somewhat suspicious because one would expect to 

see a hail signal aloft prior to seeing one near the surface. It 's possible that the 

hail signal early in the storm (2300- 0000) was the result of a misclassification by the 

FHC. For example, the hail signal may be indicative of :he melting of graupel or 

small hail as it descends past the freezing level. This melting would increase ZH and 

LDR, resulting in a transition from a "graupel" category to a "small hail" category 

in the FHC. In any case, there was a robust signal of hail growth aloft during only 

one period of time (0000- 0020), and the FHC identified large hail (>0.75 in) in just 

one (0.5x0.5 km) grid point during the 0013 volume scan. The timing of this hail 

growth aloft makes physical sense with respect to the trends in the updraft strength, 

i.e, the robust signal of hail growth aloft occurred just after the most intense observed 

133 



updraft growth starting at 2330 (Fig. 4.3). Incidentally, this hail growth period was 

coincident with maxima in graupel echo volume and lightning flash rate. According 

to NCDC Storm Data, there was only one report of large (>0. 75 in) hail associated 

with this storm. The report was at 0015 (1815 CST) in agreement with the FHC 

results. 

4.2.1 Correlation Analysis 

Before discussing more quantitative relationships between radar-derived echo vol-

umes and flash rates, it should be noted that the radars employed differing scanning 

strategies at various time periods during this storm. Figure 4. 7 shows the computed 

time series of total storm volume (defined as total echo with ZH > 0 dBZ). Note 

the dramatic increase from 2320 to 2325. It's likely that this sharp increase was due 

not only to the growth of the storm, but also to the change in the scanning strat-

egy. From 2210 to 2233 and from 2320 onward, the radars were executing planned 

position indicator (PPI) volu e scans which encompassed the entire > 0 dBZ echo 

of the storm. However, from 2233 to 2320, the radars were executing Range Height 

Indicator (RHI) volume scans which encompassed the vertical extent of the echo but 

not the full horizontal extent. Hence, some of the weaker echo in the anvil region 

and periphery of the storm was not sampled during these RHI volume scans (see, for 

example, the clear cut-off in the vertical cross-sections of Figs. 4.12 and 4.14). These 

differing scanning strategies likely affected the time series computations of echo vol-

umes and especially the correlation analysis. Since the RHI volume scans did not 

always encompass the full horizontal extent of the echo, the total storm volume time 

series during these RHis was reduced from the actual total storm volume, i.e., reduced 

from what it would have been in PPI volume scans. When this total storm volume 

was used to remove the large cale trends from other time series (e.g., graupel, hail, 

TFR), the resulting detrended correlations were likely affected by such transitions in 

the scanning strategy. 

Despite these issues with the radar scanning strategies, detrended correlation 
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analyses for graupel and hail echo volumes and TFR were performed following the 

same procedure used for the 29 June supercell (see Section 3.2.1). The results are 

shown in Table 4.1. Recall i the 29 June case (see Table 3.1) that the echo volume 

and flash rate time series were very strongly correlated with the total storm volume, 

having correlation coefficients 2: 0.9. For the 3 June case, the correlations with total 

storm volume are much lower, ranging from 0.47 for TFR to 0.69 for graupel echo 

volume. One obvious reason for the reduced correlations with total storm volume is 

that there was variance in the total storm volume during the first 40 minutes of the 

observation period, but there was no graupel, hail, or lightning (and thus no variance 

in their respective time series) during the first 40 minutes. This is a weakness of this 

sort of correlation analysis. However, correlations between TFR and hail/graupel 

echo volumes were higher than with total storm volume (> 0.8 vs. 0.47). Like the 29 

June storm, the TFR was best correlated with hail echo volume (r = 0. 79) when TFR 

led hail echo volume by 2 scan intervals (:::::: 10 minutes). Unlike the 29 June storm, 

the best correlation between TFR and graupel echo volume (r = 0.89) occurred when 

TFR led the graupel echo volume by two scan intervals. This latter lagged correlation 

is evident in the non-detrended time series of Fig. 4.4b. The coarse temporal sampling 

of the radar echo volumes (relative to the finer temporal sampling of the flash rate) 

may be partially to blame for this lag. However, there are many other sources of 

uncertainty in these computations. For example: (1) Identification of graupel (or 

hail) by the FHC gives only a qualitative description of the radar resolution volume, 

(2) Quantification of the amount of graupel (or hail) in terms of echo volume may 

not be representative of the mass of the graupel (or hail) in that volume, (3) The 

LMA-derived flash rate is not a perfect metric of the electrification process. 

Hence, in the precise mathematical terms of these correlation computations, the 

relationship between graupel echo volume and TFR is not as robust as in the 29 June 

case, but the physical interpretation is the same. Increased graupel led to increased 

lightning, and as graupel volume decreased (more specifically, riming growth and 

collision rate decreased), lightning flash rate declined rapidly. 
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4 .2.2 Charge Structure 

To give a general large-scale picture of the charge structure of this storm, Fig. 4.5c 

shows time-height contours of the flash initiation heights (i.e., the first source of each 

flash, which can be roughly interpreted as the height of t;he maximum electric field 

between vertically adjacent oppositely charged regions , e.g., Coleman et al. , 2003) in 

comparison with the time-height contours of total LMA sources in Fig. 4.5b. Nearly 

all the flashes initiated from 9- 11 km altitude, above the - 20° C isotherm. The LMA 

sources were generally broadly distributed around the maximum at 7- 8 km, i.e, the 

bulk of the LMA sources was below the flash initiation heights. In a gross sense, this 

indicates that the main positive charge region (bulk of LMA sources) was below where 

most of the flashes initiated and the negative charge was above where most of the 

flashes initiated. All in all , this indicates an inverted dipole charge structure with deep 

(or multi-layered) lower positive charge extending downward from 9 km altitude and 

negative charge above the positive. This inverted dipole structure is perhaps better 

illustrated in Fig. 4.8, which shows the same information as Fig. 4.5b,c. Instead of 

t ime-height contours, though, the LMA sources and flash origin heights are plotted 

here as altitude histograms for several 15-minute intervals. Each histogram is plotted 

as the percent of the height-integrated total for each time interval, so the black and 

red curves in Fig. 4.8 should each sum to 100%. For most of the storm, the LMA 

sources had just one broad maximum (corresponding to the deep positive charge) 

centered at 6- 8 km. The flash origin heights generally also had just one maximum 

that lay consistently above the LMA source maximum. In other words, nearly all 

of the flashes initiated downward from upper negative charge into the deep positive 

charge below. 

In an attempt to further objectively diagnose the gross charge structure, the flash 

origin heights were partitioned into flashes that initiated upward and flashes that 

initiated downward (blue and green curves in Fig. 4.8). As discussed in Section 2.2.3, 

this sort of objective calculation of the initial flash direction is not always correct. 

That is, the objective result doesn't always give the same "sense" of the flash (i.e., 
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upward or downward initiating, normal or inverted) that a detailed manual inspection 

does. However, the cumulative results of such objective calculations do add some 

additional qualitative information about the large scale charge structure that nicely 

summarizes and corroborates the labor-intensive flash-by-flash analysis. In the case of 

this storm, a large majority of the flash start heights were associated with downward 

flashes (green curves in Fig. 4.8) that initiated above the main peak of LMA sources. 

This is consistent with the assumed dominant inverted dipole charge structure since 

the initial sources of a flash are generally due to negative breakdown toward the 

positive charge region, i.e., in the direction opposite to the electric field. However, 

there were also significant numbers of upward flashes (blue curves in Fig. 4.8) . Most of 

these upward flashes initiated at the same altitude as the majority of the downward 

flashes . This is physically reasonable, but suspicious. For example, if the charge 

structure were a tripole, the downward flashes would presumably initiate in the strong 

electric field between upper negative and lower positive, while the upward flashes 

would initiate between the upper negative and extreme upper positive. However, it is 

suspected that many of the upward flashes were simply incorrectly identified by the 

objective upward/downward calculation. This is for two reasons: (1) If the upward 

and downward flashes were indeed describing the tripole structure, one would expect 

that the heights of the peaks of the upward and downward flash histograms would be 

more indicative of the upper extent of the lower positive and the lower extent of the 

upper positive, respectively. Or, stated another way, upward flashes should initiate 

in the strong negative E-field on the upper side of the negative charge and downward 

flashes in the strong positive E-field on the lower side. (2) In the detailed flash-by-

flash analysis, there simply weren't that many upward initiating flashes in this storm, 

especially in its later stages. That being said, there were many upward flashes in the 

first 30 minutes (e.g., top three panels in Fig. 4.8) that do form distinct distributions 

above the downward flashes . As described in detail in the next section, the manual 

flash-by-flash analysis confirmed that this storm did have an extreme upper positive 

charge from 11- 12 km during the first 30 minutes. The distribution of upward flashes 
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( especially from 2255- 2310) indicate this upper positive pretty clearly. 

One final important thing to note about the altitude distributions in Fig. 4.8 is 

that there are essentially no flashes (up or down) that originate below the LMA source 

maximurr .. In other words, there is no indication of a lower charge region (specifically 

no lower negative charge region) from which flashes wou d initiate upward into the 

broad mid- level maximum of LMA sources. This seems to be the most likely reason 

why this storm produced no CG flashes, specifically no positive CG flashes . It had an 

inverted charge structure, but no additional lower negative charge to initiate positive 

ft.ashes to ground. 

The very gross microphysical/ electrical interpretation of these first few large-scale 

time series figures is this: charging processes began when there was graupel present, 

and the intensity of the charging process ( as manifested by lightning flash rate and 

location of concentrated LMA sources) mirrored the trends in graupel volume in both 

time and height. The graupel echo and LMA source maxima were nearly co-located 

in the vert ical, while the bulk of the flash initiations was systematically above these 

maxima. Hence, the majority of the graupel appeared to gain positive charge and 

hence defined the deep lower positive. Presumably, ice crystals carried the upper 

negative charge. The fleeting extreme upper positive may have been a screening 

layer, but as described below, was more likely the result of a separate embedded 

convective element in which rebounding collisions granted positive charge to smaller 

ice crystals and negative charge to the graupel. 

4.3 Detailed analysis 

As in the 29 June case, it is difficult to convey and fully appreciate the time-

evolving structure of this storm without analyzing and scrutinizing many, many radar 

cross-sections and lightning flashes. Verbal descriptions just don't suffice, nor do static 

images of :-adar cross-sections and lightning flashes . However, Figs. 4.9- 4.11 provide 

a reasonably good and representative sense of the storm's structural evolution. The 

goal with these figures is to bring the radar and LMA measurements together in 
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order to give as complete a picture as is possible of the microphysical, kinematic, and 

electrical structure of the storm at each time. View each row in these figures from 

left to right to get a sense of the evolution. While reading the following narrative, 

refer to a specific column in these figures to get a sense of the state of the storm at 

each sampled time. 

4.3.1 2200- 2300: Initiation and early electrification 

Radar scan coverage began around 2210. These initial scans were coarse PPis, 

and the data from these scans have no echo below 4.5 km. The radars were scanning 

lower than 4.5 km, but the echo was not that close to the ground yet. By 2240 the 

storm started to develop >30 dBZ echo aloft, and lightning flashes soon followed. 

During the 2247 volume scan (left column of Fig. 4.9), the storm had strong (>35 

dBZ) lofted echo to the northwest, with precipitation descending to the southeast. 

Fig. 4.12 shows a couple repr sentative flashes in this developing echo. There are 

three flashes overlaid here, all of which were inverted IC flashes that initiated near 

10 km altitude. Two of them stayed compact in the extreme NW echo, while the 

other extended further SE and downward. The inferred positive charge followed 

the stronger echo in both the compact flashes and in flashes that extended deeper 

through the descending precipitation. The inferred negative charge region was more 

horizontally stratified in the weaker echo from 10- 11 km MSL. 

Over the next few minutes, the stronger echo deepened and descended toward the 

surface. The lightning continued to be much the same: all inverted IC flashes, with 

the negative breakdown through the positive charge sometimes staying in the W 

lofted echo, sometimes extending further SE and downward , but always hugging the 

35 dBZ contour. Looking at several flashes in sequence gives the impression that 

the positive charge region was continuous, sloping downwarc from the NW to the SE 

within the descending precipitation. 

In addition to these numerous inverted IC flashes, at 2253 the storm started to 

produce normal IC flashes above the preceding inverted IC flashes. That is, these 
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flashes initiated from negative charge that resided near the same altitude as the 

negative charge revealed by downward flashes in the main inverted dipole, but they 

initiated upward into positive charge above. Flashes involving this extreme upper 

positive were decidedly downwind of the core of the storm and bulk of the lightning 

activity (e.g., Figs. 4.13- 4.15) . These upper-level normal IC flashes moved farther 

and farther downwind as time progressed, and they ceased altogether by 2330. As 

described in more detail in Section 4.4, these upward flashes were somewhat of an 

anomaly cocnpared with the vast majority of the lightning activity. 

4.3.2 2300- 2330: Intensification and updraft split 

Multi-Doppler coverage began with the volume scan at 2301, and the first de-

tection of reflectivity exceeding 45 dBZ also occurred at this time. As suggested by 

the storm structure in the preceding volume scans, the Doppler synthesis showed the 

main updraft co-located with the echo vault on the northwest part of the storm (see 

middle column of Fig. 4.9). At 2301, the peak updraft speed was near 20 ms- 1 in 

this main updraft. There was also a secondary, weaker (10 ms-1 ) updraft further 

downwind. 

From 2301- 2330, the storm experienced two cycles of growth and decay, with 

maxima in U½o around 2300 and 2315 and minima in U½o around 2305 and 2325 

(Fig. 4.3). The influence of each of these updraft surges is apparent in the time series 

of reflectivity and lightning (Figs. 4.4 and 4.5). The 35 and 45 dBZ echo heights 

reached maxima during the U½o maxima, then descended during the U½o minima. 

Graupel ecr_o volume steadily increased during these two updraft surges, reaching a 

pronounced maximum at 2320, then tapering off a bit. The lightning response was 

similar to that of the graupel echo, though the lightning led the graupel somewhat. 

During these two growth cycles, the main updraft appeared to split into a north-

ern and southern component. Perhaps "split" is not the best terminology. In any 

case, a new updraft formed to the north of the pre-existing updraft. The northern up-

draft tracked eastward relative to the southern updraft and dissipated. The southern 
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updraft "split" again around 2331 (see the top panels in Figs. 4.9- 4.11). In general, 

the southern updraft was the more dominant of the pair after each split and persisted 

through the duration of the storm. The northern updraft dissipated more rapidly. As 

shown in Fig. 4.16, both the northern and southern updrafts had associated vaulted 

echo struct res , reflecting their separate precipitation growth paths and resulting in 

a "split" in the 45 dBZ echo aloft. The lightning was highly concentrated in both 

echo vaults and continued to reveal an inverted dipole structure, with a thin region of 

upper nega:.ive charge at 10- 12 km altitude and deep and/or multi-layered lower pos-

itive charge. The lower positive charge continued to be co-located with the strongest 

echo, both within the lofted echo vaults and within the descending precipitation. 

This basic echo structure and inverted dipole charge structure persisted throughout 

the storm. Flashes from the upper negative into the extre:ne upper positive charge 

also continued during this time period , but these flashes remained well downwind in 

the eastern anvil region (e.g., bottom-right panel of Fig. 4.9 and Figs. 4.13-4.15). 

4 .3.3 2330-0000: Peak intensity 

From 2325 to 0000 UTC, the updraft speed and updraft volume underwent their 

strongest periods of growth (Fig. 4.3) . The echo top heights, graupel echo volume, 

and flash r tes again followed suit (Figs. 4.4 and 4.5). Graupel echo volume nearly 

doubled. T,)tal flash rates more than tripled , reaching a midnight UTC peak of nearly 

35 flashes min- 1 . The flashes into the extreme upper positive charge had completely 

ceased, and structurally, the storm continued to exhibit vaulted echo structure and 

only a persistent inverted dipole charge structure everywhere. So, overall, the storm 

was much the same as it had been, only stronger. However, there were some inter-

esting variations that are worth discussing. Refer to Figs. 4.10-4.11 for the context 

of the following narrative. 

At 2331, the northern updraft had a larger volume of 45 dBZ echo associated 

with it and more lightning than did the southern updraft . The stronger southern 

updraft was redeveloping its vaulted echo which included an appendage forming out 
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west of the core. A weak BWER and lightning hole was also co-located with the 

southern updraft at this time. From 2331 to 2344, the northern updraft weakened 

while the southern updraft split again. Meanwhile, the western echo vault appendage 

had grown and deepened, filling with lightning and leading to a more pronounced 

lightning hole. From 2350 to 2356, the northern updraft died away while the south-

ern updraft intensified further. The UVio, graupel and hail volumes and flash rates 

increased markedly during this time and peaked about 10 minutes later. Nearing 

UTC midnight , the echo vault near the ain updraft filled in further , also extending 

south of the updraft . The only robust hail signal of the entire storm formed within 

this southern echo. The bulk of the lightning activity shifted south, following this 

new precipitation growth. Overall , the invigoration of the southern updraft and as-

sociated precipitation growth aloft was largely responsible for the dramatic jump in 

the lightning flash rates from 2345 to 0000. 

4.3.4 0000- 0130: Dissipation 

From 0000 to about 0030, S-Pol went down so multi-Doppler synthesis (and cal-

culations of updraft speeds and UVio) was not possible during this time. Data from 

the CHILL radar and LMA were still available though, and these data indicate that 

the storm reached its peak in ensity right at the time the S-Pol radar went down. 

The storm steadily dissipated thereafter. The echo top heights, graupel echo volume 

and TFR all dropped off rapidly after midnight (Figs. 4.4 and 4.5). Graupel echo 

volume decreased by almost an order of magnitude and flash rates dropped from 35 

flashes min-1 to only a few flashes min-1 in a span of about 30 minutes. 

The northern updraft (and its associated precipitation dissipated first) leaving 

only a smc.ll remnant of >45 dBZ echo aloft by 0016 (Fig. 4.11). The southern 

updraft appeared to remain fairly strong up to 0016, as evidenced by the continued 

presence of lofted 45 dBZ echo. The lightning continued to concentrate in the echo to 

the southeast of the southern updraft and continued to show a simple inverted dipole 

charge structure. The lower positive continued to be deep and generally constrained 
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in the strongest precipitation. By the time multi-Doppler resumed (0030), there was 

only a weak ( ~5ms-1 ) and narrow updraft on the extreme southwest edge of the 

storm. Up to the very end of the lightning activity, the flashes were clear inverted 

ICs between the upper negative and deep lower positive charge regions. 

4.4 Discussion and Conclusions 

Though this storm was fairly intense in terms of updraft strength (>20 ms- 1 ) and 

total lightning flash rate (tens of flashes min- 1 ), it produced no CG flashes of either 

polarity. The charge structure inferred from the lightning mapping of the flashes 

consistently revealed an inverted dipole. A thin region of negative charge resided in 

weak echo at 10-12 km altitude, with deep or multi-layered positive charge in the 

stronger echo below. The lightning mapping gave no indication of a lower negative 

charge region below the main positive. As discussed in Section 1.1.3, modeling studies 

such as Mansell et al. (2002) and Marshall and Stolzenburg (2002) suggest that a 

lower charge center is required to initiate flashes to ground. The lack of a lower 

negative charge is likely the reason why this storm produced no +CG flashes, despite 

its inverte · charge structure. 

The information provided by the Doppler winds greatly aided the interpretation 

and understanding of the echo and lightning structure. Referring to the situation at 

2301 (middle column of Fig. 4.9): Note how the LMA sources are all downwind of the 

main updraft and how the charge regions all slope downward to the southeast, with 

the lower positive charge following the descending precipitation. The interpretation 

is that most of the charge-separating collisions were occurring in the main updraft. 

The charge-bearing particles then drifted downwind and separated according to size 

[i.e., larger positively charged hydrometeors (graupel) fell faster than small negatively 

charged ones (ice crystals)]. This resulted in vertical separation of the net oppositely 

charged regions, build up of the electric field, and lightni g. By 2316 (right column 

in Fig. 4.9), the secondary updraft had tapered off, while a >45 dBZ echo vault 

had formed near the main updraft. The lightning and inferred positive charge was 
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highly concentrated in this lofted echo, with negative charge above in weaker echo. 

This inverted structure was maintained further downwind and, with the highest con-

centration of lightning and inferred positive charge constrained within the strongest 

echo. 

Similar structure persisted throughout the storm, though there was some variabil-

ity due to surges of updraft and cycles of precipitation growth and descent, Hence, 

the electrification process near the main updraft appeared to consistently grant pos-

itive charge to the larger particles, resulting in an inverted dipole charge structure. 

The persistence of the vaulted echo and high cloud base near the main updraft and 

charging region may explain why the rimer was consistently charging positively. Fol-

lowing the arguments of Williams et al. (2004), higher cloud base would reduce the 

warm-rain collision/coalescence growth, allowing for near ac.iabatic supercooled liquid 

water contents and elevated riming rates in the charging/ collision region. According 

to laboratory studies of the collisional-charging mechanism, such conditions would 

promote positive charging of the rimer (e.g., Takahashi, 1978; Saunders and Peck, 

1998). 

In add:tion to the persistent inverted dipole near the core of the storm, from 2253 

to 2330 there were many flashes indicating an additional upper positive charge. That 

is, the flashes initiated upward from negative charge into positive charge above the 

main inverted dipole structure. In general, this extreme upper positive lay downwind 

(i.e., east and southeast) within the leading anvil echo. Given that the electrification 

process in the main updraft consistently formed an inverted dipole, how did this upper 

positive charge form? Here are two explanations: (1) The upper positive charge was 

a screening layer. This is reasonable given that the upper positive often appeared 

to lie along the upper echo boundary. (2) The upper positive charge resulted from a 

different charging regime associated with either the periphery of the main updraft or, 

more likely, the weaker secon ary updraft f rther downwind. That is, the collisions in 

weaker updraft granted negative charge to the rimer. This latter explanation is more 

consistent with the observations. Ref rring again to the :niddle column of Fig. 4.9: 
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Note how the secondary updraft is within much deeper echo, i.e., there is no associated 

echo vault and cloud base is much lower. Hence, the liquid water contents (or, riming 

rate) may !-_ave been reduced in the collision zone of the secondary updraft because 

(a) the updraft was weaker and narrower and suffered more entrainment and (b) more 

of the liquid water may have been lost to collision/coalescence. From 2255 to 2310, 

there were at least as many normal IC flashes involving the extreme upper positive 

as there were inverted IC flashes near the core of the storm (e.g., Fig. 4.8), which 

suggests there was a robust charging process responsible for the upper positive charge 

region. Furthermore, the flashes involving the extreme upper positive charge were all 

downwind of the secondary updraft and proceeded to be even further downwind as 

time went on and the secondary updraft dissipated (i.e, compare the middle and 

right columns of Fig. 4.9.). For further clarification, Figs. 4.13 and 4.14 show two 

representative flashes during the 2301 and 2316 volume scans, respectively. In each 

figure , one of the flashes was a deep inve ted IC flash near the main updraft; the other 

was a normal IC flash involving the extreme upper positive. Finally, Fig. 4.15 shows 

another sioilar pair of flashes , this time during the 2325 volume scan. By this time, 

the upper positive had moved much further downwind , and the normal IC flash shown 

was the last such flash involving the extreme upper positive. Note that the positive 

LMA sources are decidedly within significant echo in this last normal IC flash . This 

is more evidence that the extreme upper positive was not a screening layer. 

Finally, NSSL launched an EFM balloon through this storm at 0013 on 4 June. 

Fig. 4.17 shows the trajectory of this balloon relative to the echo and lightning struc-

ture. Fig. 4.18 shows the electric field measured along the balloons path. The bal-

loon managed to penetrate the updraft and lofted echo region of the storm, traveling 

through the region of highest lightning concentration. However, the balloon missed 

the lower extent of the precipitation and lower positive charge. As described in Rust 

and MacGorman (2002), the charge structure inferred from the vertical electric field 

(Ez) profile generally agrees with the LMA charge structure: positive charge from 

;::::7- 10.5 km, a very strong but vertically thin negative charge region from 11- 12 km, 
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and a poorly resolved positive charge at the top. The strongest Ez in the sounding 

is between 10-12 km, which is consistent with the location of the vast majority of 

flash initiat ion altitudes in Figs. 4.5c and 4.8. Though there are fluctuations in the 

sign of the gradient of Ez from 7- 10.5 km, Rust and MacGorman (2002) identified 

this region as only positive charge, with no intervening negative charge. This agrees 

with the lightning mapping. However, Rust and MacGorman identified the negative 

gradient of Ez from 4- 6 km as a negative charge region, though there was never any 

lightning mapping indication of this lower negative charge. It is possible that the bal-

loon may not have been passing through a net negative charged region ( as a Gauss' 

Law interpretation would indicate), but instead the electric field was simply pointing 

away from the positive charge above it. For example, accor ing to the lightning map-

ping in Fig. 4.17d, the balloon encountered the lower positive charge near 6 km MSL, 

which is in very good agreement with the point on the balloon sounding where the 

E-field gradient becomes positive. Hence, the negative gradient of Ez in this lowest 

balloon-inferred "negative" charge regi n may have been due to the balloon nearing 

the positive charge above it rather than an actual negative charge region. 
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Total Graupel Hail 
Storm Echo Echo 

Volume Volume Volume 
Graupel 0.69 

Hail 0.59 0.84 (0.75) 
Total Flash 0.47 0.81 (0. 76) 0.69 (0.58) 

Rate (0 .89@+2) (0.79@+2) 

Table 4.1: Correlation coefficients between radar and lightning time series for 3 June. 
Values out~ide of parentheses give correlations between zero-lag time series, prior to 
any trend removal. Values in parentheses give correlations between detrended time 
series at zero lag. Additional correlation coefficients and lag values are given if the 
best detrended correlation occ rred at on-zero lag. Each lag increment corresponds 
to one 5-7 minute radar volume scan interval. For example, the best detrended 
correlation between hail and graupel was at zero lag, while TFR was better correlated 
with graupel and hail when the TFR led graupel and hail by two scan intervals. 
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Figure 4.1: MGLASS sounding from 0012 UTC on 4 June. The location and flight 
path of this sounding is shown in the top-middle panel of Fig. 4.11. 
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Figure 4.2: Swath of KGLD maximum reflectivity in each vertical column, from 
2236- 0021 UTC, color shaded according to the color bar on the right. Origin of the 
coordinates is the KGLD radar. (Courtesy of S. Tessendorf) 
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Figure 4.3: (a) Color contours of multi-Doppler-inferred max updraft at each height 
and time, with overall max value for each time overplotted as thick black line. (b) 
Color contours of updraft volume exceeding 10 ms- 1 (UVio) at each height, with 
height-integrated volume overplotted as thick black line. 
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Figure 4.4: (a) Time-height contours of max reflectivity with total volume of storm 
(ZH 2: 30 dBZ) overlaid as thick black line. (b) Graupel echo volume and total flash 
rate. Radar quantities are from the CHIL or S-pol radars and are plotted at the 
beginning of each volume scan time. Flash rates are plotted at each minute and have 
been smoothed by a 3-pt running mean filter. 
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Figure 4.5: (a) Time-height contours of graupel echo volume with height-integrated 
graupel echo volume overplotted as thick black line. (b) Time-height contours of total 
LMA sources, with total (height-integrated) LMA sources overlaid as thick black line. 
( c) Time-height contours of flash start heights with total flash rate overlaid as thick-
black line. All lightning quantities are plotted at each minute and smoothed by a 
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Figure 4.6: Color contours of FHC hail echo volume, with total (height-integrated) 
hail echo volume overplotted as black line. The "hail" here is composed entirely of 
small ( <2cm) hail. The only large hail signal was at 0013. 
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Figure 4.7: Time series of total storm echo volume (ZH > 0 dBZ) for 3 June 2000. 
Each tick mark on the time axis corresponds to the beginning of a volume scan (some 
of the time axis labels have been omitted for clarity). The blue and red text indicates 
times when the scanning strategy transitioned from RHis to PPis. RHI scans were 
conducted from 2233 to 2320, and PPI scans were conducted at all other times. 
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Figure 4.9: Representative cross-sections at 2247, 2301 and 2316. Each column cor-
responds to the same time. From top to bottom: Horizontal cross-sections at 7 km 
altitude of radar reflectivity (ZH) and LMA density. Vertical cross-sections of ZH 
(with wind vectors), LMA density and composite charge structure along the line 
indicated in the horizontal cross-sections. Top panels also have additional black con-
tours of updraft in 5 ms- 1 intervals starting at 10 ms- 1 . Contours of ZH (5,25,45 
dBZ) are repeated on the LMA density and charge composites. LMA densities are 
cumulative over five-minute intervals starting at the volume scan time and are re-
stricted to within 5 km of the cross-sections. There was no multi-Doppler coverage 
during the 224 7 volume scan. 

156 



Time=2331 Time=2344 Time=2350 
90 dBZ 

45 

35 

25 25 25 

15 15 15 

-10 10 20 30 -10 10 20 30 -10 10 20 30 40 

LMA Density ( 7.0 km MSL) LMA Density ( 7.0 km MSL) 
90 90 90 

80 
100 

80 
100 

w w w 

50 

40 '----'--~---''--~-'--~--'--~----'--J • 
-10 10 

km East 
20 30 

25 25 25 

10 50 

40 '---'---'----'-~-'-~-.l._~__L-1 -
-10 10 

km East 
20 30 

10 
50 10 

40 ~~-'--~-~-'--~-~~~-, -
-10 10 20 30 40 

km East 

14 

? 12 
6 10 

" 'O 

z 'Slant - ·------201r :: z ' Sloot "It :: z 'Sloot - - - "It 
35 8 35 8 35 
25 25 · 25 
15 15 15 
5 t:.-.-~---==--~-~--.:J 5 c..__~ __ _.::::=.:__~----~ 5 

10 20 30 40 10 20 30 40 

Charge, Slant ::~ 
10 20 30 40 10 20 30 40 

km along slant km along s lant 

14 
100 12 

10 

10 

10 

20 30 

LMA Density , Slant 

20 30 

Charge, Slant 

20 30 
km along slant 

40 

40 

40 

# 
200 
100 
75 
50 
25 
10 

Figure 4.10: As in Fig. 4.9, but for volume scans beginning at 2331 , 2334, and 2350. 
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Figure 4.11: As in Fig. 4.9, but for volume scans beginning at 2356, 0016, and 0036. 
There was no multi-Doppler coverage during the 0016 volume scan. The magenta line 
in the top panel at 0016 shows the trajectory of the MGLASS sounding in Fig. 4.1, 
and the filled diamond symbol marks the launch site of the sounding. The updraft 
contour in the top panel at 0036 is 5 ms- 1 . 

158 



2247 Z , Slant [x0,y0;x1 ,y1 ]= [ -22.5, 90.0; 10.3, 52.2] 
dBZ 

14 
65 

12 
,...-.._ 55 
E 10 _:y 

45 
Q) 8 ""O 
:::) 35 

+-' :.;::; 6 <I: 25 
4 15 
2 5 

0 10 20 30 40 50 
km along slant 

2247 Z , Slant [x0,y0;x1 ,y 1 ]= [ - 22.5, 90.0; 10.3, 52.2] 
dBZ 

14 
65 

12 
,...-.._ 55 
E 10 _:y 

45 
Q) 8 ""O 
:::) 35 

+-' ·..::; 6 <I: 25 
4 15 
2 5 

0 10 20 30 40 50 
km along slant 

Figure 4.12: Vertical cross-section at 2247, with charge-coded LMA flashes at (top) 
2247:35 and (bottom) 2249:51. There are actually two flashes in the top panel, one 
more compact on the left side, the other deeper on the right. The black and white filled 
diamond symbols mark the first source of each flash. These vertical cross-sections are 
along essentially the same slant path as in the left column of Fig. 4.9. 
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Figure 4.13: Radar cross-sections at 2301. (a) and ( c) have horizontal and vertical 
cross-sections of ZH (color-shaded) with wind vectors and additional black contours 
of updraft (10, 15, 20 ms- 1 . (b) and (d) are the same cross-sections as (a) and (c) 
but have instead the lightning mapping of two flashes at 2302:30- 41 overlaid and 
color-coded by inferred charge. Only those LMA sources within 5 km of the vertical 
cross-section are plotted in ( d). The black and white filled diamond symbols mark 
the first source of each flash. 
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Figure 4.14: As in Fig. 4.13 , but for the volume scan at 2316. Updraft contours are 
5,10 ,15 ms- 1 . Overlaid LMA sources are from two lightning flashes at 2317:18- 26. 
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Figure 4.15: As in Fig. 4.13, but for the volume scan at 2325. Updraft contours are 
10,15 ,20 ms- 1 . Overlaid LMA sources are from two lightning flashes at 2326:38- 41. 
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Figure 4.16: Radar and LMA density cross-sections during 2320 volume scan. LMA 
sources are from 2320- 2325 and restricted to within 5 km of the cross-section. Plus 
and minus symbols in ( d) indicate the gross vertical charge structure. 
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Figure 4.17: Radar and LMA cross-sections from volume scan at 0024, with EFM 
balloon sounding trajectory overlaid onto (a), (c) and (d). LMA sources are from 
0023- 0028 and plotted in terms of density in (b) and ( c) and overlaid and color-
coded by inferred charge in ( d). The black and white filled diamond symbols in ( d) 
mark the first source of each flash. The balloon was launched at 0013:51 and traveled 
eastward. The thick black line shows the complete trajectory, with the thick orange 
line indicating the part of the trajectory from 0023- 0028. 
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Figure 4.18: Vertical electric field profile measured by the balloon sounding shown in 
Fig. 4.17. Plus and minus symbols indicate the charge regions inferred from a 1-D 
interpretation of Gauss' Law. (See also Rust and MacGorman, 2002). 
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CHAPTER 5 

23 JUNE OBSERVATIONS 

5. 1 Overview 

There was a variety of storm activity on this day, most of it of a multi-cellular 

character. Fig. 5.1 shows the maximum reflectivity in each vertical column every 30 

minutes over a 300x300 km domain cent red on KGLD. Locations of +CG and -CG 

flashes are indicated by the green diamonds and red X's, respectively, and the total 

CG flash counts are listed beneath each panel. Isolated cells were rare and hence it was 

very difficult to follow and isolate a given cell from beginning to end. However, a few 

cells and distinct collections of cells were isolated enough to at least investigate their 

initial evolution and electrification prior to their merger with neighboring convection. 

This day was chosen for study because of the interesting pattern in ground flash 

activity. For the first hour of the observation period (1930 to 2100), negative CG 

flashes dominated. Though the - CG flash rate varied from cell to cell, there were up 

to ten -CG flashes min- 1 during the first hour and a half, with only two +CG flashes 

in the entire domain. The ground flash activity then made a dramatic switch to 

positive polarity around 2100, with +CG flashes constituting 50- 100% of the ground 

flashes in any given cell for the next hour and a half (2100 to 2230). 

The blue numbers in Fig. 5.1 indicate the "storms" chosen for in-depth analysis. 

The first group of cells developed into a southwest-northeast oriented convective line 

about 125 km west of KGLD. Additional cells popped up to the north and south of 

the main convective line. This entire convective group tracked eastward at roughly 

5 ms- 1 . Hereafter this first group of cells will be referred to collectively as "storm 
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1". A weak, short-lived cell ("storm 2" in Fig. 5.1) formed just north of KGLD 

at 1930, produced a few - CG flashes and little lightning overall before dissipating 

by 2030. More vigorous, longer-lived, and +CG-dominated cells ( "storm 3" and 

"storm 4") developed around 2040 near the remnants of "storm 2". Storm 3 remained 

relatively stationary and merged into storm 1 around 2200. Storm 4 tracked slowly 

northeastward and was the most intense storm of the four. Of the four storms, only 

storm 3 was scanned by one of the polarimetric radars for most of its lifetime and 

was also the only storm for which high-quality multi-Doppler synthesis was possible. 

The following sections discuss Storms 1 and 3 in more detail. Unfortunately, there 

was not enough time to analyze storm 4. 

5.2 Storm 1 

Radar coverage of storm 1 was less than optimal. Polarimetric radar coverage 

(CHILL or S-Pol) extended only from 1945 to 2054, and multi-Doppler coverage only 

from 2022 to 2041. The KGLD radar scanned this storm continuously from 1930 

to 2200, but KGLD had problems with attenuation from heavy precipitation nearby 

and went down at 2200 due to a lightning strike. Despite these issues with the 

radars, storm 1 was chosen as a case study because of its interesting ground flash 

production. Of the 324 CG flashes from 1930 to 2115, only two of them were +CG 

flashes . Frequent (1- 2 min- 1) +CG flashes began at 2117, and - CG flashes ceased 

altogether by 2130. Of the 27 CG flashes from 2120 to 2200, 20 of them were +CG 

flashes. Hence, this case provides the opportunity to contrast the radar echo and 

charge structure during both - CG-dominance and +CG-dominance. This case also 

serves as a nice comparison to the +CG-d minated 29 June supercell and the no-CG 

storm on 3 June. 

An MG LASS sounding (Fig. 5.3) was launched 20 km west of the CHILL radar site 

at 1728, about an hour and a half before the development of storm 1. The location 

of this sounding is indicated by the magenta line in the top-left panel of Fig. 5.1. 

This sounding was to characterize the pre-storm environment for storm 1, and its 
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temperature profile was used in the FHC computations. According to this sounding, 

surface winds were generally southerly and weak, and upper-level winds were westerly 

and strong. The environment was dry and hot, with a surface temperature near 90°F 

and dew point of 45°F. Convective Available Potential Energy (CAPE) was around 

300 J kg- 1 , substantially less than the CAPE in the 29 June and 3 June storms. The 

sounding-inferred cloud base was near 600 mb. 

5. 2 .1 Storm 1 Overview 

The evolution of this storm is best summarized by the series of representative 

radar cross-sections in Figs. 5.4 and 5.5. The format of these summary cross-section 

figures is essentially the same as in Chapters 3 and 4. The convection on this day 

was disorganized, with few cases of isolated cells. The complex of cells that com-

prised storm 1 was no exception. The first cell of this storm initiated around 1900 

at the southern end of what would become a southwest-northeast oriented line of 

cells. The first lightning flash was at 1925, and by 1941 (left column in Fig. 5.4), 

this first cell had already developed a strong (>55 dBZ), deep precipitation shaft. 

As the storm 1 complex evolved, new cells developed further north along the main 

convective line, with additional evelopment to the north and south of the line. The 

whole storm 1 complex tracked eastward at roughly 5 m s- 1 . As is evident in the 

horizontal cross-sections of Figs. 5.4 and 5.5, the lightning ac~ivity (in terms of LMA 

source density) generally mapped out the convective cores of each cell in this storm 

complex. Where you see strong (>35 dBZ) reflectivity at 7 km MSL, you also see 

lightning, and the stronger, deeper convective cells generally have much more light-

ning. One could almost use the cross-sections of LMA source density as proxy for 

the radar cross-sections. This reinforces the idea that robust riming growth and the 

resultant precipitation-sized ice is crucially important to thunderstorm electrification 

( assuming, of course, that smaller ice crystals are also present and involved in the 

collisions with the rimers). 

The time series of radar echo volumes and flash rates in Fig. 5.6 serve as a com-
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panion to the cross-sections in Figs. 5.4 and 5.5. For comparison, these time series 

are shown for both the KGLD and polarimetric (CHILL and S-Pol) radars. Note 

the discontinuity in the KGLD echo volumes of Fig. 5.6, especially apparent at 2045. 

KGLD had apparent attenuation problems from 2045 onward. There was a separate, 

strong storm just west of the KGLD r ar at this time1 , and the heavy precipitation 

from this separate storm system may have been the cause of KGLD's attenuation. 

As a result, much of the mid-level echo of the storm 1 complex was lost and/or not 

corrected for attenuation. Because of the issues with the radar coverage and because 

of the multicellular nature of the convection, no effort wa.s made to compute time 

series of echo volumes and lightning flash rates for a specific isolated cell. Hence, 

the time-series plots of reflectivity echo volumes and flash rates in Fig. 5.6 include 

all the cells of the domain shown in Figs. 5.4 and 5.5. Despite the issues of radar 

data quality and disorganization of the convection, these time series plots still show 

some interesting features. There were three or four distinct periods of growth, each 

of which was generally associated with development of new convective cells: 

1. The initial formation and intensifi ation of the cells along the main southwest-

northeast line from 1930 to 1950. 

2. Onset and intensification of convection to the north and south of the main line 

from 2020- 2040. 

3. Development of a very strong cell on the southeast edge of the storm complex 

from 2100 to 2130 combined with continued intensification of cells to the east-

southeast. 

The lightning flash rate was not as well-correlated with the various radar echo vol-

umes as it was in the 3 and 29 June cases. This is likely due to the relatively poorer 

quality and coverage of the radar data as well as to the overall disorganization of 

1This separate storm was storm 3 which also produced the +CG strike that knocked out the 
KGLD radar from 2200--2300. See, for example, the bottom-right pane: Fig. 5.1. 
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the convect.ion on 23 June. However, the total flash rate clearly increased during 

each growth period. This is most evident when comparing the total flash rate and 

contours of total LMA source density to the echo top heights and volumes of reflec-

tivity exceeding 40 and 50 dBZ (i.e., Figs. 5.6 and 5.7). Total flash rates were 10s 

min-I until the rapid increase at 2040 which took the flash rate to near 100 min- I. 

Additional lightning "jumps" occurred thereafter, with the flash rate fluctuating by 

100% between 100 to 200 min- I. 

This storm complex was utterly -CG-dominant for its first two hours (Fig. 5.7), 

and there is some indication that -CG fl ash rates followed the trends in the total flash 

rates (and, by association, the trends in storm growth). However, during the storm's 

most intense later stages (e.g, after 2100), the total flash rate increased substantially 

while the - CG flash rate steadily declined. Around 2115, the polarity of the CGs 

switched to all positive, and ground flashes ceased altogether during the absolute 

peak in tote.I flash rates from 2150- 2200. Though the time series plots don't extend 

past 22002 , Fig. 5.1 shows that this storm produced another flurry of +CG flashes 

before merging with other convection and dissipating. 

5 .2.2 Initial Growth and Electrification 

During the first hour and a half (1930 to 2100) of lightning activity, all of the 

lightning within each cell of the storm 1 complex indicated a consistent normal tripole 

charge struc~ure (see e.g., Figs. 5.4 and 5.5). The main negative charge region resided 

at an altitude of 6- 8 km (-10 > T > -20° C), with positive charge above, and a lower 

positive charge region extending downward from 5 km MSL (T~ 0°C). Essentially 

all of the lightning flashes were either normal ICs (between the mid-level negative 

and upper positive charge) or inverted lower ICs (between the mid-level negative and 

2The time S;!ries and general observation period of storm 1 end at 2200 for several reasons. Again 
"storm 3" was mostly to blame. Storm 1 had been slowly merging into the stationary storm 3 to 
the east. Around 2200 the storms had merged to such an extent that it was nearly impossible to tell 
which lightning was caused by which storm. Meanwhile, the CHILL and S-Pol radars were scanning 
only storm 3 and ignoring storm 1. 

170 



the lower positive charge). Many, but not all, of these lower flashes continued on to 

ground as - CG flashes. As is evident in the vertical cross-sections of LMA density in 

Fig. 5.4 the normal IC flashes in the upper levels were the most frequent type of flash. 

Note that for each cell, the highest concentration of LMA sources in each cell was at 

8- 10 km altitude, corresponding to the i ferred location of the upper positive charge. 

The secondary maximum in the LMA concentration near 5 km altitude corresponds 

to the inferred location of the lower positive charge. 

To further illustrate this charge structure, Fig. 5.8- 5.10 provide some represen-

tative examples. Fig. 5.8 shows 20 seconds of lightning mapping data around 1954 

comprised of nine normal IC flashes and four low inverted flashes along the line of 

cells. Fig. 5.9 shows these flashes overlaid onto radar cross-sections. Note the con-

sistent location of the mid-level negative charge in both the upper normal and lower 

inverted flashes. Also note that only three of the four lower flashes were associated 

with - CGs. Fig. 5.10 shows the the charge structure revealed by lightning mapping 

for the surrounding ten minutes. Here the LMA sources are plotted in terms of 

"charge density" which highlights the strikingly consistent structure along the line of 

cells. In particular, note the altitude histogram in the top-right of Fig. 5.10. Here 

the red (blue) curve includes only those LMA sources in inferred positive (negative) 

charge regions. The two positive charge regions stand out q ite clearly, with the up-

per positive being the more active of the two. According to Cummins et al. (1998), 

the - CG detection efficiency of the NLDN is 80- 90% in the STEPS region. Note, 

however , that not all (indeed, less than half) of the low inverted flashes in Fig. 5.10 

were identified as -CGs by the NLDN. Hence, the lower positive charge of the tripole 

was reveale by low inverted flashes regardless of whether these flashes continued on 

to ground as -CGs. 

Figure 5.11 shows altitude histograms of the LMA sources and flash start heights 

for nine 15-minute blocks from 1945 to 2145. These histograms provide another very 

illuminating and more objective way to illust rate (or at least corroborate) the gross 

vertical charge structure inferred from the tedious flash-by-flash analysis. Note that 
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from 1945 to 2030, most of these LMA source histograms (black curves in Fig. 5.11) 

have a prominent maximum at 8- 10 km, with a secondary maximum at 4-6 km. Re-

call that the LMA is most sensitive to negative breakdown through positive charge. 

Hence, these two maxima correspond to the upper and lower positive charge regions of 

the tripole charge structure consistently observed in the detailed flash-by-flash analy-

sis. During this same time period, the flash initiation distributions (red curves) show 

about the same shape as the LMA source distributions, but the altitudes of the flash 

start maxima are systematically offset from the maxima of the LMA sources in a way 

that is consistent with a tripole charge structure. In each of these histograms, the 

main flash start height maxima that systematically lie below the main LMA source 

maxima correspond to normal IC flashes that initiate between the upper positive 

and mid-level negative charge regions and proceed upward into the upper positive 

charge region. The secondary flash start height maxima that systematically lie above 

the secondary LMA source maxima correspond to low inverted flashes that initiate 

between the mid-level negative and lower positive charge regions and proceed down-

ward through the lower positive charge region, sometimes continuing on to ground as 

- CGs. All in all, the upper and lower maxima in the flash st art distributions may be 

interpreted as the approximate upper and lower bounds of the main mid-level nega-

tive charge region. Or, in other terms, these two flash start maxima correspond to 

the altitudes of maximum vertical electric field between regions of net positive and 

net negative charge (Coleman et al. , 2003) . Fig. 5.12 offers further clarification of this 

interpretation. Here, the flash start heights are objectively partitioned, based on their 

initial velocity, into flashes that initiated upward and downward. As expected, the 

main upper flash start height maxima are composed mostly of flashes that initiated 

upward, and the secondary lower flash start height maxima are composed of flashes 

that initiated downward. 

This persistent and pervasive tripolar charge structure is consistent with the over-

whelming dominance of - CG flashes during the first hour and a half of ground flashes, 

with lower positive charge providing the necessary downward bias for these -CG 
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flashes . As shown in Fig. 5.13, the bulk of the - CG mean origin heights lie between 

the altitudes of the two LMA source maxima in Fig. 5.11. That is, the -CG flashes 

are obviously originating from the negative charge region. Hence, the origin heights 

of the -CG flashes are also consistent with this tripole structure. To place these -CG 

origin locations within the context of the storm, they are plotted as green diamond 

symbols in Fig. 5. 7b and on the vertical cross-sections of LMA density in Figs. 5.4 

and 5.5. Though there is some scatter, the majority of the - CG flashes originated on 

the upper side of the inferred 1 wer positive charge region. The majority of the - CGs 

tended to cluster near the strongest precipitation, and low inverted flashes without 

attendant - CGs did the same. This suggests that the lower positive charge involved in 

these flashes was carried by the largest precipitation particles, which is in accordance 

with the tripole model, the KIC mechanism, and the concept of a charge reversal 

level. 

More information about the charge structure and CG flashes can be gleaned from 

further examination of the altitude distributions in Fig. 5.: 3a which show the mean 

origin heights (i .e., the mean altitude o the first 10 sources of each CG flash) . The 

mean of the first 10 sources is used instead of the very first source in order to reduce 

the effect of location errors and noise sources. As shown in Fig. 5.13b, there's generally 

little difference between the mean origin height and height of the very first source. 

However, this height difference tends to be systematically o: one sign for -CG flashes 

and the other sign for +CG flashes. This difference is consistent with the assumed 

configuration of the charge regions involved, the physics of the breakdown process, 

and, in particular, the way the LMA operates. The first ten sources of a - CG flash 

typically have a downward trend because the LMA senses the initial negative leader 

as it initiates from negative charge toward positive charge and the ground below. The 

first ten sources of a +CG flash, on the other hand, typically have an upward trend 

as the LMA senses the initial negative leader as it initiates upward from negative 

into positive charge. Hence, in the mean, the mean origin heights of -CG flashes are 

generally slightly higher than the true origin heights, whil the mean origin heights 
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+CG flashes are actually slightly lower than the true origin heights. Incidentally, this 

may partially explain the extremely low mean origin heights of some of the - CGs, 

because sometimes the initial negative lead rs of -CGs propagate rapidly downward, 

resulting in a downward bias of their mean origin heights. 

5.2.3 Dipoles, Tripoles, and -CGs 

In the archetype tripolar airmass thunderstorm, IC lightning typically precedes 

- CG lightning by several minutes (e.g., Williams et al., 1989b). The initial IC flashes 

describe an upper dipole (positive over negative) charge structure, with the main 

negative charge consistently located within a specific temperature regime (roughly 

near 6 km MSL). The onset of - CG flashes is generally coin ident with the descent of 

the ice mass in the convective core. Once the lofted ice particles grow large enough to 

achieve a terminal velocity that exceeds he updraft velocity (or updrafts weaken), the 

ice mass descends. Laboratory measurements (e.g., Takahashi, 1978; Saunders and 

Peck, 1998), observations (e.g., Krehbiel 1986; Williams, 1989; Williams et al. , 1989b), 

and modeling studies (e.g., Mansell 20 0; Mansell et al. , 2002) consistently indicate 

that this descending ice starts to acquire positive charge in collisions after descending 

through the height (or temperature range) of the main negative charge region, thus 

forming the lower positive charge. This lower positive charge provides the impetus for 

- CG flashes from the main negative charge region (e.g., Jacobson and Krider, 1976; 

Williams et al., 1989b; Mansell et al., 2002; Marshall and Stolzenburg, 2002). Though 

further observations of such relationships between lightning type and convective state 

wouldn't bring anything new to the field of thunderstorm electrification, they are 

worth at least a brief discussion due to the additional insight provided by the LMA 

measurements. 

Nearly every cell in the storm 1 compl x exhibited the pattern of storm growth 

and lightning activity described in th previous paragraph. There were certainly 

variations, but in general, each cell typically followed this 1:equence of events: 
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1. During initial growth, all flashes were normal IC flashes indicating a simple 

dipole, with the negative charge in the stronger lofted echo (graupel), and up-

per positive charge in weaker echo above (presumably consisting of smaller ice 

crystals). 

2. During the mature stage, after the lofted precipitation grew and descended 

to the ground, inverted flashes began between the pre-existing main negative 

charge in strong echo aloft and lower positive charge in the strongest echo near-

est the surface. Negative CG flashes commenced only after this precipitation 

descent and attendant formation of the lower positive charge region. Inverted IC 

flashes through the lower positive charge typically revealed this lower positive 

charge prior to the onset of - CG flashes ; however , the - CG flashes consistently 

initiated at the same location as lower inverted IC flashes . During this mature 

stage, the majority of flashes continued to be normal ICs between the upper 

two charge regions of the tripole. 

3. During the dissipating stage, the entire tripole structure descended, and flash 

rates tapered off. Remnants of the upper positive charge sometimes remained 

and were tapped by flashes initiating within neighboring cells. 

For example, Fig. 5.14 shows five minutes of lightning mapping during the first ten 

minutes of lightning activity in the initial cell of the storm 1 complex. Fig. 5.15 

shows this lightning in the context of radar data. This cell was in a developing stage 

at this time, with its strongest echo residing aloft and no >35 dBZ echo yet reaching 

the surface. Accordingly, until the low inverted flash at 1932: 10, all the lightning 

flashes were normal IC flashes between the mid-level negative and upper positive 

charge regions. The inferred negative charge was apparently carried by the largest ice 

particles in the strong lofted echo while the upper positive charge was in the weaker 

echo aloft. The low flash at 1932:10 was the first such flash to indicate the lower 

positive charge. Over the next ten minutes (e.g., left column of Fig. 5.4), the lofted 

precipitation grew and descended , the lower positive charge became more actively 
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involved in the lightning production, and - CG flashes ensued. There were a total of 

three low flashes through the lower positive charge prior to any -CGs through the 

same lower positive. (As a counter-exa ple, there was also a very weak and short-

lived cell just northeast of the main cell in Figs. 5.14 and 5.15. This cell produced 

only two flashes, both of them -CGs.) 

These relationships between lightning type and convective state of the storm are 

also evident when viewing multiple cells side-by-side, with each cell in a different 

stage of its life cycle. Due to the multicelblar convection, this day provided many 

opportunities for such side-by-side comparison. For example, the first column of 

Fig. 5.4 shows a new convective cell growing to the northeast of the main cell. This 

developing cell has its strongest echo aloft with little or no significant precipitation 

reaching the surface. Consequently, all of its initial lightning was composed of normal 

IC flashes describing only a normal dipole charge structure. Meanwhile, the more 

mature cell to the southwest had its strongest echo reaching the surface, a fully 

formed tripole charge structure, and numerous - CG flashes. Figs. 5.16 and 5.17 show 

a representative example of one of these - CGs which traveled directly through the 

strongest precipitation on its way to ground. The heights f the upper positive and 

main negative charge regions were roughly the same in both cells, though somewhat 

more elevated in the newer cell. By 1953 (middle column of Fig. 5.4), the newer 

northeastern cell had reached the mature stage with strong precipitation reaching 

the surface, a fully formed tripole charge structure and nu~erous - CGs discharging 

through the lower positive charge region. 

5.2.4 Transition to Inverted Tripole and +CG Dominance 

After 2045 or so, the morphology of the cells in storm 1 took a turn toward greater 

complexity as the total flash rates surged and - CG flash rates plummeted. Frequent 

clustered +CG flashes began oon after. The goal of this section is to answer the 

following question: How did the storm complex transition from - CG dominance to 

+CG dominance, and more specifically, was the charge structure that produced the 
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clustered +CG flashes significantly different from a normal tripole? The answer is 

that the +CG flashes did, in fact, result from a different parent charge structure, and 

this charge structure is best described as an inverted tripole. The source region of the 

clustered +CGs was a very active mid-level (5- 8 km MSL) positive charge bracketed 

by negative charge regions on either side. As shown in the right column of Fig. 5.5, 

this inverted tripole structure formed in a collapsed cell in the middle of the storm 1 

complex. The following describes how this process occurred. 

Let's first examine this transition in the broad context provided by the LMA and 

flash start distributions of Figs. 5.7b, 5.11 , and 5.12. As discussed above, prior to 

2045 there were two distinct, vertically separated populations of LMA sources corre-

sponding to the upper and lower positive charge regions of a normal tripole. From 

2045 onward, these distributions flattened, with many more LMA sources in the lower 

population and a significant amount of LMA sources across a broad range of altitude 

(Fig. 5.11). By the time of the onset of +CG flashes at 2115, there were as many LMA 

sources in the lower population as in the upper one. Furthermore, the lower popu-

lation had shifted upward to peak at near 6 km, suggesting that the lower positive 

charge was deeper or just further elevated from ground. The flash start height distri-

butions also changed significantly. From 2045 to 2100, these flash heights continued 

to indicate a normal tripole charge structure, but with some perturbations. For ex-

ample, there were more frequent downward flashes initiating from 5- 8 km (Fig. 5.12), 

which is consistent with the increase in the growth of the ower population of LMA 

sources. There was also a new population o: downward flashes near 11 km MSL (i.e, 

above the inferred location of the upper positive charge) suggesting an extreme upper 

negative charge. From 2100 to 2115, the distribution of flash initiation heights broad-

ened out, forming a single broad maximum at 8 km that was bracketed by maxima of 

LMA sources above and below (Fig. 5.12). This single flash initiation maximum was 

composed of roughly the same number of upward and downward flashes . From 2115 

to 2130, the upward and downward flash start distributions were again distinct, with 

most of the upward flashes indicating discharges into an active upper positive charge 
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region and most of the downward flashes indicating discharges into an equally active 

lower positive charge region (Fig. 5.12). The broad interpretation of these altitude 

histograms is that the increase of lightning in the lower po:;mlation was the result of 

a stronger, or at least more active (in terms of LMA sources), lower positive charge. 

The decreased number of -CG flashes during this time may have been due to the 

increase in height of the lower positive along with the increase in strength or extent 

of the lower positive. That is, the lower positive may have effectively shielded the 

negative charge region from ground , making IC flashes involving the lower positive 

charge more energetically favorable than - CG flashes. Recall that a similar expla-

nation was proposed to explain the lack of - CG flashes in the early stages of the 29 

June supercell . Finally, note he small but distinct population of upward fl ashes in 

the lower panels of Fig. 5.12 that lie below the inferred location of the strong lower 

positive. This indicates a negative charge region below the lower positive. Hence, the 

onset and dominance of +CG flashes were likely due to the combined effects of (1) a 

large mid-to-low-level positive charge region and (2) a negative charge region below 

the positive that served to ini tiate positive flashes to ground. 

Though the altitude distributions described in the previous paragraph give a 

broad summary of the charge structure volution, these distributions contain lightning 

from more than just the collapsing cell that formed the inverted tripole and +CGs. 

In other words, they are somewhat ambiguous and overly coarse representations. To 

clarify and justify the interpretation of these altitude distributions, Figs. 5.18- 5.28 

show a series of radar and LMA cross-sections that the illustrate the transition to 

+CG flashing more explicitly. 

At 2035, all cells still showed simple tripolar structure (Fig. 5.18) . The central 

cell (hereafter called cell 'a') was well-developed but dissipa,ting, with a lower positive 

charge actively involved in the lightning activity and frequent - CG flashes clustered 

in the precipitation core. The newer cells further south (hereafter called cells 'b ' and 

'c') were in earlier stages of development, with the majority of the lightning activity 

(i.e. , LMA sources) in the upper positive charge, little lightning in the lower positive, 
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and comparatively few - CG flashes. Note also that the Doppler-inferred wind flow in 

Fig. 5.18c suggests that some of the hydrometeors from cells 'b' and 'c' were advected 

northwestward toward the collapsing cell 'a' Presumably these hydrometeors carried 

charge, wh:ch may have had rnme influence on the charge structure transition that 

followed. 

By 2048 (Fig. 5.19), cell 'a' had collapsed, with lower-level flashes becoming more 

frequent and upper-level flashes becoming less frequent. Comparison the structure 

of cell 'a' in Figs. 5.18d and 5.19d, suggests that this cell just collapsed, with the 

two lower charge regions of the tripole descending, leaving a remnant of the upper 

positive charge aloft . Lightning flashes within the negatiYe and the upper positive 

charge region extended further downwind ( orthwest) and sloped downward. Unfor-

tunately, Doppler-synthesis was not possible during this time, but presumably the 

flow struct re was not much changed from that shown in Fig. 5.18. The northwest-

ward extension and downward sloping of f , e mid-level negative and upper positive 

charge regions of cell 'a' generally follow the streamlines of this flow. Meanwhile, to 

the near south, cell 'b' contin ed to intensify with very active lightning in both the 

upper and lower positive of its tripole structure (but no -CG flashes) as well as an 

additional population of flashes between the upper positive and an extreme upper 

negative charge (Fig. 5. 19). Recall that the altitude histogr ms in Fig. 5.12 also show 

this population of downward flashes in the upper levels. 

The situation became much more complicated over the next 20 minutes (2055-

2115) as L'le transition to an inverted tripole structure neared completion. In an 

attempt to illustrate this as clearly as possible, Figs. 5.20 and 5.21 show a series 

of vertical cross-sections of ZH and LMA source density from 2054 to 2111. The 

locations of these slant cross-s ctions are essentially the same as in Fig. 5.19. Over this 

time period, cell 'a' collapsed further. It's lower positive charge appeared to simply 

"fall out", leaving remnants of its negatiYe and upper positive charge, and these 

charge rerr_nants apparently descended with time. Cell 'b' then also collapsed, and 

during its ollapse, the LMA sources were concentrated in one mid-level peak. The 
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charge structure within this merged blob of lightning was difficult to determine (as 

indicated by the lack of charg notation in the middle panels of Fig. 5.21). Scanning 

the LMA density cross-sections in Fig. 5.21 from top-to-bottom gives the impression 

that the entire charge structure of cell 'b' experienced a downward shift, with the 

lower positive raining out or dissipating nd the remaining upper three charge regions 

shifting downward, resulting in an inverted tripole structure. During the collapse of 

cells 'a' and 'b', cell 'c' to the south invigorated, with growth of precipitation aloft 

that subsequently grew and descended to form a deep 45- 55 dBZ shaft by 2111. 

Though the lightning during the invigoration of cell 'c' indicated a roughly normal 

tripolar structure, the tripole was relatively elevated (e.g., compare cell 'c' to the 

tripole structure in the cells in the far north of Fig. 5.21 at 2111. This elevated 

structure may explain why cell 'c' produced only two - CG flashes during this time 

and stopped producing -CG ashes altoget er by 2111. 

By 2116, the lightning mapping w·thin the collapsed remnants of cells 'a' and 

'b' became clearer and consistently described an inverted tripole charge structure 

(Fig. 5.22). Inferred positive charge sloped downward from 8 km altitude on the 

north end to near the surface on the south end. The majority of the flashes in this 

inverted tripole were inverted ICs from th similarly slopi:1.g negative charge above. 

Only a few flashes initiated upward from inferred negative charge below and on the 

north side of the dominant middle positive charge. As shown in Fig. 5.23, the first 

"real" +CG of the storm was one of these upward initiating flashes3 . 

The cross-sections in Figs. 5.24-5.28 ind·cate that over the next 30- 40 minutes the 

convection associated with this inverted tripole structure experienced a brief resur-

gence that apparently served to maintain this charge struct c1re and intensify the light-

ning production within it. Flashes between the lower nega ive and mid-level positive 

charge of the inverted tripole became more frequent during this time. The flash 

3The qualifier "real" is used here because, as dEscribed in the next section, the two +CG flashes 
earlier in the storm were probably misidentified by the NLDN. 
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start histograms at 2115 and 2130 in Fig. 5.12 show both the upward and downward 

flashes in the inverted tripole quite clearly. For example, there were almost as many 

downward flashes (blue curves) above the lower maximum in LMA sources (lower 

positive charge) as there were upward flashes (red curves) below the upper maximum 

in LMA sources (upper positive charge). Some of these downward flashes occurred 

between the lower two charge regions of the normal tripolar cell 'c', though most of 

them occurred between the upper negative and low-to-mid-level positive charge of 

the inverted tripole downwind. Essentially all of the upward flashes from 8-10 km 

MSL were between the mid-level negative and upper positive charge of the normal 

tripolar cell 'c'. Finally, there was also a small but distinct population of upward 

flashes below the lower peak of LMA sources that correspond to flashes between the 

mid-level positive and lower negative of the inverted tripole, and the clustered +CG 

flashes are a subset of these. Nearly all of the +CG flashes originated near the in-

verted tripole and tended to cluster beneath it (see, for example, the dense clusters 

of +CG flashes in Fig. 5.27 and in the ri0 ht column of Fig. 5.5). The origin heights of 

the +CGs clustered near 4- 6 km (Figs. 5.7b and 5.13). With little exception, these 

+CG flashes initiated upward between the lower negative and mid-level positive of 

the inverted tripole. Some of these +CGs remained compact and tapped only the 

positive charge within the inverted tripole (e.g., Fig. 5.26a) while others tapped addi-

tional positive charge within the more collapsed, stratiform echo further north (e.g., 

Fig. 5.26b). The +CG flashes ended by 2150 as the supporting convection finally 

dissipated (Fig. 5.28). 

5.2.5 Other Non-clustered +CGs 

In their description of the performance of the upgraded NLDN, Cummins et al. 

(1998) noted a previously undetected population of +CGs with peak currents from 

5- 15 kA. They stated that "it is likely that not all of these events are CG discharges" 

and recommend that "the subset of small positive discharges with peak currents less 

than 10 kA be regarded as cloud discharges unless they are verified to be cloud-to-
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ground." As shown in Fig. 5.13c, there were only two +CGs near the suggested 10 

kA threshold, one with a peak current of 10. 7 kA, the other with a peak current of 

10.9 kA. These are the two +CG flashes that occurred early in the storm during a 

period of utter - CG-dominance (see, e.g., Fig. 5.7). 

Though it is not within the scope of this study to use the LMA in an attempt to 

verify the NLDN's detection of every ground flash, the lightning mapping of these first 

two anomalous +CGs suggests that they were actually cloud discharges. In general, 

these first two +CGs were quite different structurally than those later in the storm 

(e.g. , those in Figs. 5.23 and 5.26). Fig. 5.29 shows the lighting mapping of the first 

of these suspicious +CGs (blue sources) along with a normal IC flash (red sources) 

that occurred at about the same time and location. These two flashes are overlaid 

onto radar cross-sections in Fig. 5.30. The spatial and temporal development of both 

of these flashes was very similar, suggesting that they were both normal IC flashes 

between mid-level negative and upper positive charge. There was no clear positive 

leader to ground associated with the suspicious +CG. However, it's important to 

recall that the LMA is relatively insensitive to the breakdown associated with positive 

leaders, so, to paraphrase Carl Sagan, absence of evidence does not imply evidence 

of absence. Figs. 5.31 and 5.32 show the second suspicious +CG flash . In this case, 

the discharge was more complex. There are probably two separate "flashes", one 

right after the other, in Fig. 5.31. Thou0 h complex, this flash ( or pair of flashes) also 

indicated upper-positive over mid-level negative structure, much like the two flashes 

in Fig. 5.29. 

Apart from the first two suspicious +CGs, there was only one other +CG in 

storm 1 exterior to the main +CG cluster. This other +CG occurred at 2123:44 

in the collapsing cell far north of the main cluster (see, e.g., Fig. 5.24). Of the 10 

flashes produced by this northern cell in its last 10 minutes of lightning, almost all 

of them were very clear normal IC flashes describing broad stratified positive charge 

over negative charge. Figs. 5.33- 5.35 show examples of two of these flashes , one of 

which, according to the NLDN, produced a +CG. The +CG looks almost identical 
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to the IC flashes that surrounded it, which raises some suspicion about whether it 

was really a +CG. However, the peak current was 21.2 kA which is well above the 

recommended threshold. As described above, many of the +CGs in the main cluster 

extended north to tap the same positive charge region that the northern normal ICs 

and +CG did (e.g., Figs. 5.23 and 5.26b). 

5.2.6 Discussion and Tentative Conclusions from Storm 1 

Despite the disorganization of the convection and lesE-than-optimal radar cov-

erage, this case provided significant insight into the electrification of both +CG-

dominated and - CG-dominated storms. In general, the initial convection and elec-

trification closely followed the "normal" airmass thunderstorm paradigm. Essentially 

all of the cells in storm 1 initially developed a normal dipole (positive over negative) 

charge structure within lofted echo, followed by formation of a lower positive charge 

as the lofted echo grew and descended. Al of the cells also initially produced only 

-CG flashes, and the source regions of these -CG flashes were remarkably consistent 

with the overall tripolar charge structure (see, for example, any of the bottom two 

panels of Fig. 5.4). 

The parent charge structure responsible for the clustered +CG flashes later in 

the storm was quite different from a normal tripole. The most fitting description 

is an inverted tripole (see, for example, Figs. 5.22, 5.24, and 5.25). This inverted 

structure and attendant clustered +CGs apparently resulted from convective collapse. 

Hence, the precipitation unshielding echanism proposed by Carey and Rutledge 

(1998) seems like an apt fit to the observations. Unlike the sustained inverted charge 

structures in the 29 June and 3 June cases, the inverted tripole in this case was much 

more compact and closer to the groun . That is, the upper negative charge region 

of the inverted tripole in this case was still in the general altitude range (6-8 km) of 

the normal tripole cells earlier in the storm. However, the positive charge region was 

deeper and more lightning-active than in the normal tripole cells. Again, this seems 

more in line with the precipitation unshielding hypothesis. 
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The large scale descent of the charge layers and transition from a normal to in-

verted tripole structure is also very reminiscent of the so-called end-of-storm-oscillation 

(EOSO: Moore and Vonnegut, 1977; Marshall and Lin, 1992; Williams et al., 1994; 

see also Section 7.2.1 of MacGorman and Rust, 1998). In an EOSO, the electric field 

measured at the ground (Egnd) undergoes a slowly decaying oscillation between a 

foul weather field (Egnd pointing up) to fair weather field (Egnd pointing down) as 

the storm dissipates. This effect is thought to be due to the lower charge regions 

sequentially dissipating and/or raining out. As the precipitation from each charge 

region nears ground, it exerts a greater influence on Egnd, thus switching the polarity. 

Alternatively, the complete rain-out of the lowest charge region would expose the 

next higher charge region to ground, which would also switch the polarity of Egnd · 

Positive CG flashes are often observed during EOSOs and a:-e typically the final light-

ning flashes of the storm. The precipitation unshielding hypothesis and EOSO seem 

to be similar descriptions of the same thing, i.e., a transition and/or descent of the 

vertically charge structure during convective collapse. It's important to point out 

though that the terminology "precipitation unshielding" implies that the negative 

charge rains out, leaving the positive charge exposed to ground. This is not quite 

what happened in storm 1. The precipitation did appear to carry the negative charge 

toward ground , but instead of "unshielding" the positive charge above and allowing 

+CG flashes to occur from the unshielded positive charge, the descending negative 

charge served to provoke the +CG flashes. Indeed, a very similar process occurs for 

normal tripole storms that produce - CG flashes: the lower positive charge carried 

by precipitation doesn't unshield the main negative charge: it serves to provoke -CG 

flashes from the negative charge. Perhaps Carey and Rutledge's +CG hypothesis 

should be renamed to "precipitation provoking" to avoid misconceptions. 

There are still some lingering inconsistencies between the observations of +CG 

flashes in this case and the mechanism of precipitation unshielding and EOSO. There 

were numerous episodes of cell growth and collapse. Why then didn't any of the 

other collapsing cells form similar inverted tripoles or produce clustered +CG flashes? 
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There was the one other +CG flash from the collapsing cell further north, but the par-

ent charge structure was quite different from the inverted tripole near the main +CG 

cluster. In fact , in some ways the demise of northern cell seems more in line with 

the precipitation unshielding hypothesis and EOSO explanation. As this northern 

cell collapsed, the upper two charge regions of its normal tripole structure gradually 

descended, presumably as the lower positive and then mid-level negative sequentially 

"rained out". The one +CG flash occurred near the end of this rain out. Whereas, 

in the clustered +CG region, the inverted tripole structure was sustained for an hour 

or so, with very frequent flashes between the mid-level positive charge and negative 

charge above it. As described above, there is evidence (e.g., reappearance of strong 

lofted echo) that the convection associated with this inverted tripole experienced a 

brief resurgence after the inverted tripole had formed. This resurgence appeared 

to reinforce the pre-existing charge structure and intensify the lightning production 

within it. Perhaps this re-invigoration allowed for increased charge-separating col-

lisions at warm enough temperatures to sustain the mid-level positive charge and 

upper-level negative charge in a manner analogous to the formation of the lower two 

charge regions of a normal tripole. This would not, however, explain the persistent 

lower negative charge. Another explanation is that inductive processes served to re-

inforce the inverted tripole. Yet another explanation is that the inverted tripole was 

influenced and/or sustained by charge advected northward from the more vigorous 

cell adjacent to and south of the +CG source region. Unfortunately, none of these 

explanations is entirely satisfying or testable with the available observations. 
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Figure 5.1: Radar summary of storms on 23 June 2000. Each panel shows vertical 
column max reflectivity from the KGLD radar, along with NLDN CG strike locations 
(-CGs in green, +CGs in red) within 5 minutes of the beginning of each volume scan. 
The radar scan time and number of CGs are listed beneath each panel. The blue 
numbers indicate the separate "storms" discussed in the text. The magenta lines 
are the trajectories of MGLASS soundings, with the filled diamond symbols marking 
their launch sites. 
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Figure 5.2: Fig. 5.1 continued. 
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Figure 5.3: MGLASS sounding used for 23 June, storm 1. This sounding was launched 
20 km west of the CHILL radar site at 1728 UTC. Its trajectory is indicated in the 
first panel of Fig. 5.1. 
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Figure 5.4: Representative cross-sections of storm 1 on 23 June at 1941, 1953 and 
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Figure 5.5: As in Fig. 5.4, but for volume scans beginning at 2035, 2054, and 2130. 
Additional contours of updraft at 5 and 10 m s-1 and storm-relative wind vectors are 
also included during the brief multi-Doppler coverage at 2035. 
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Figure 5.8: Lightning mapping of 13 flashes from 1953:45 to 1954:05. LMA sources 
are color-coded by inferred charge: red for positive, blue for negative, green for un-
determined. There are nine normal flashes between mid-level negative and upper 
positive and four low inverted flashes between mid-level negative and lower positive. 
The NLD N identified three of the lower flashes as - CGs ( as indicated by the triangle 
symbols). 
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Figure 5.10: Lightning mapping data from 1950 to 2000. Here the sources are plotted 
in terms of "charge density", with redder (bluer) colors indicating greater concentra-
tion of sources within inferred positive (negative) charge regions. 

195 



14 

12 

10 

4 

2 

19:45-20:00 

- Sources 
- Flashes 

Totals 
77455 

448 

20:00-20: 15 

Totals 
52147 

185 

20: 15-20:30 

Totals 
106942 

319 

0 .____._____._______._____~~~-~~ .___~~--L..~-~~-----'-----~ 

14 

12 

10 

4 

2 

0 5 10 15 20 0 
20:30-20:45 

Totals 
180682 

552 

5 10 15 200 
20:45-21 :00 

Totals 
370610 

1255 

5 10 15 
21:00-21:15 

0 .___~_.__~___.__~-'---~--L---' ~ ~_.___._~___.__~~___.__~~ ~ ~~_____.________.__~~~--L..--' 

14 

12 

10 

4 

2 

0 5 1 0 15 20 0 2 4 6 8 1 0 1 2 0 2 4 6 8 1 0 
21:15-21:30 21:30-21:45 21:45-21:59 

Totals 
698009 

2389 

Totals 
510272 

1798 

Totals 
725853 

2452 

0 ~ ___.__~_____._____~~~~___.__~ ~ ___.__~~~~~~___.__~ 
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12 

Percent 

Figure 5.11: Altitude histograms of LMA sources (black) and flash origins (red) for 
storm 1 on 23 June. Each panel shows 15 minutes of data, plotted as percentage of 
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Figure 5.12: As in Fig. 5.11, but with additional partitioning of flash origins into 
those that initiated upward (red) and downward (blue). The up/down flashes are 
both plotted as a percentage of the total flashes, so the red curve of Fig. 5.11 is 
roughly the sum of the red and blue curves shown here. There are some flashes whose 
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Figure 5.26: Same vertical cross-section as in the right column of Fig. 5.5 with light-
ning mapping sources from the +CG fl.ashes at 2131:24 and 2131:47 overlaid onto (a) 
and (b), respectively. Sources are color-coded by inferred charge with red for positive 
and green for negative. The filled diamond symbols mark the first LMA source in 
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Figure 5.29: Lightning mapping of two flashes around 1956. Sources are color-coded 
by time. Though both flashes look like normal IC flashes between mid-level negative 
and upper positive, NLDN associated a +CG with only the first one. 
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coded by time. 

216 



( 7.0 km MSL) (b) Z ( 7.0 km MSL) 
dBZ dBZ 

65 65 
20 20 

55 55 

:5 45 
_c 

0 0 0 z z 0 
45 

E 35 E 
-" -" 

35 

-20 25 -20 25 

15 15 

-40 5 5 
-140 -120 -100 -80 -140 -120 -100 -80 

km East km East 

(c) Z , Slant [ x0,y0;x 1 ,y 1] = [ -143.0, -27.0; -87 .4 , 18.7] 
14 dBZ 

65 
12 

E 55 
6 10 45 

<I> 8 u 
.2 6 ·.;:; 
<( 

35 
25 

4 15 
2 5 

0 20 40 60 
km along slant 

CHIL . Dote: 06/23 /00, Time: 20:00:05 Po_itive LMA : · ,.,,, ,, : f,h' 
LMA time: 20 :02: 15-20:02: 16 NLDN: 1 total, 0 neg., 1 pos. Flash ·sta'rt: 20:02: 15-20:02: 15 ( 1 Up, 0 Down) 

Figure 5.32: As in Fig. 5.30, but for cross-sections at 2000. Lightning mapping sources 
of the flash from Fig. 5.31 are overlaid and color-coded by charge. 

217 



,-.._ 14 
E 12 

..::,:_ 10 '----' 
(l) 8 
-0 6 
-~ 4 
<( 6 

14 
12 

E 10 ..::,:_ 
'----' 

(l) 8 
-0 

-~ 6 
<( 4 

2 
0 

25 

20 

E 
6 15 

(l) 
u 
C 
0 

VJ 10 -0 

..c 
:J 
0 

U1 
I 5 
t 
0 z 

0 

-5 

20000623 

21 :23:44 21 :23:44.2 

-75 -70 -65 -60 -55 -50 

-75 -70 -65 -60 -55 -50 
East-West distance (km) 

21 :23:44.4 21 :23:44.6 

14 

12 

10 

8 

6 

4 

2 

al t- hi stogram 

17 37 pts 
0 '-----'----------'--------' 

25 

20 

15 

10 

5 

0 

-5 

0 60 120 180 

0 2 4 6 8 10 12 14 
Altitude (km) 

Figure 5.33: Lightning mapping of the +CG in the northern part of storm 1 at 
2123:44. Sources are color-coded by time. Peak current is 21.2 kA. 
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Figure 5.34: Lightning mapping of a normal IC flash in the northern part of storm 1 
at 2127:40. Sources are color-coded by time. 
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5.3 Storm 3 

This case was chosen because of its +CG-dominance, relative isolation from sur-

rounding convection, and excellent radar coverage. It formed in the center of the 

STEPS region and was relatively stationary. Polarimetric radar scans began at 2058, 

and multi-Doppler scans began at 2108. Though this storm was within the polarimet-

ric and multi-Doppler coverage area until midnight UTC, it merged with the eastward-

moving "storm l" around 2230 (see, e.g., Figs. 5.1 and 5.2). The observation period 

ends at the time of this merger; however, this was a sufficient time period to under-

stand how this storm developed the structure responsible for its +CG-dominance. 

This was not a supercell storm. However, it did produce a modest amount of large 

hail for a brief period of time. This marginally severe +CG-dominated storm provides 

an excellent comparison with the - CG-dominated cells that formed further west in 

"storm l" and with the severe +CG-dominated supercell storm of 29 June. 

5.3.1 Storm 3 Overview 

An MGLASS sounding (Fig. 5.36) was launched from the CHILL site at 2032, 

in very close proximity to this storm. The temperature profile from this sounding 

was used in the FHC calculations. In comparison with the 1728 sounding (Fig. 5.3) 

used to characterize the environment of "storm l", CAPE at this later time was a 

little lower (200 vs. 300 J kg- 1 ) and the cloud base a little higher. Overall though, 

the thermodynamic environment had not changed much i the three hours between 

the two soundings. Surface winds were still weak southeasterlies. Winds aloft were 

stronger and from the west-southwest. 

As shown in the summary cross-sections of Figs. 5.37 and 5.38, there were two 

distinct cells in "storm 3". The eastern cell developed within the remnants of the 

older collapsed convection of "storm 2" (see e.g., Fig. 5.1 ). The resurgence of this 

eastern cell, in terms of echo top height and lightning flashes , began around 2100. The 

eastern cell produced all of the - CG flashes of "storm 3" but only one of the +CG 

flashes. The western cell formed at 2030 within an echo-free region in the middle 
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of the STEPS network. This western cell was the stronger and longer-lived of the 

two and produced no -CG flashes and all but one of the 22 +CG flashes during the 

observation period. 

From 2030 to 2220, the east and west cells remained largely distinct from other 

surrounding convection and from each other. This permitted isolation of their asso-

ciated >30 dBZ radar echo and LMA sources for the purposes of computing separate 

time series of echo volumes and flash rates for each cell. Fig. 5.39 illustrates how this 

isolation was done. It was not possible to separate the total echo volume of each cell 

(i.e., all echo volume >0 dBZ) because the anvil regions of each cell were indistinct. 

This problem became even worse as the anvil from "storm 1" moved in from the west. 

Hence the isolation of each cell in this case really means isolation of the >30 dBZ 

core of each cell. An unfortunate downside to this is that the echo volume computa-

tions do not encompass the entire echo at any time. Hence, unlike the 3 June and 29 

June cases, the time series of cho volumes and total flash rate were not "de-trended" 

from the total storm volume to examine residual correlations. They could have been 

de-trended, but the time series of total storm volume used in the detrending process 

would not have been representative of the actual echo volume of the cell, making the 

whole process meaningless. In any case, Figs. 5.40 and 5.41 show the resultant time 

series for the western and eastern cells, respectively. Figs. 5.42 and 5.43 show the 

respective ltitude histograms of LMA sources and flash start heights. The following 

two sections give an overview of the evolution of each cell. More detailed observations 

follow in Section 5.3.2. 

Western Cell 

The time series in Fig. 5.40 show physically consistent relationships between the 

kinematic and microphysical evolution of the western cell. The first hour of the 

observation period (i.e., from 2100 to 2200) was a period of continuous growth. Peak 

updrafts Were sustained above 10 ms- 1 , and volume of updraft exceeding 10 ms- 1 

(hereafter, U½0 ) remained above 50 km3 (Fig. 5.40d). Correspondingly, the 30, 40, 

222 



and 50 dBZ reflectivity echo volumes increased monotonically (Fig. 5.40a-c), and 

each increase (decrease) in UVio was generally accompanied by an increase (decrease) 

in echo top heights. There was significant volume of reflectivity exceeding 50 dBZ for 

the entire observation period, though robust hail growth aloft began only after the 

sharp increase in UVio at 2125. The FHC identified significant echo volume of large 

hail only from 2125 to 2145, with hail forming aloft then descending (Fig. 5.40f). In 

the last ten minutes of the observation period (2210 to 2220), the UVio dropped to 

near zero, and the > 50 dBZ echo volume decreased in both magnitude and vertical 

extent. 

In comparison with the more isolated cases of 3 and 29 June, the total flash rate of 

this cell was not as well-correlated with its graupel echo volume and UVi0 . However, 

panels (d), (g), and (h) of Fig. 5.40 show good correspondence between the echo 

top heights and the magnitude (i.e, flash rate) and vertical extent of the lightning 

activity. During the initial growth of this cell, as echo top heights maximized at 2100, 

the total flash rates rapidly increased to near 60 min- 1 and the LMA sources extended 

to over 12 km altitude. Throughout the remainder of the observation period, there 

were corresponding maxima (minima) in total flash rate a d LMA source height for 

nearly every maxima (minima) in echo top height. Hence, as in the other cases of 

this dissertation, the lightning was a reasonably good indicator of convective strength, 

though the correlations between the time series of flash rates and radar echo volumes 

were not as clear and robust as they were in the more isolated storms of 3 and 29 

June. 

During the first hour of lightning, the LMA sources were highly concentrated at 

8-10 km altitude, with very little activity at lower levels (Fig. 5.40h). As shown 

in the the altitude histograms of Fig. 5.42, this dominant upper-level maximum of 

LMA sources was bracketed by frequent downward flashes above it and relatively 

less frequent upward flashes below it. This is indicative of an inverted tripole charge 

structure consisting of positive charge at 8- 10 km altitude with negative charge above 

and below. Though the term "inverted tripole" is a reasonably accurate description, 
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this terminology may be misleading. Compare the altitude distributions of this storm 

to those of the normal tripole during the early stages of storm 1 (i.e., compare Fig. 5.42 

to Fig. 5.12). The LMA source distributions are actually very similar, as are the 

locations of maximum upward flashes below the upper positive. Hence, both storm 

1 and storm 3 have the upper two charge regions of a normal tripole. The storm 

3 histograms also show some indication of a lower positive charge region, with a 

semblance of a secondary maximum of LMA sources at 6 km altitude and a few 

downward-initiating flashes near this secondary maximum. The differences between 

storms 1 and 3 are that 

1. The upper positive and negative charge regions are more elevated in storm 3. 

2. There is very clear indication of an active extreme upper negative charge in 

storm 3 and less so in storm 1. 

3. There is very clear indication of an active lower positive charge in storm 1 and 

less so in storm 3. 

Perhaps "elevated dipole with extreme upper negative and small lower positive" is a 

less misleading description of the charge structure of storm 3. That's quite a mouthful 

though. For lack of a better term, we'll stick with "inverted tripole" and hope there's 

no misunderstanding. From 2130 onward, the LMA source and flash start histograms 

indicate that a roughly inverted tripole structure persisted, though the upper-level 

maximum of LMA sources broadened and descended. The downward-initiating flashes 

between the extreme upper-negative and upper positive remained the most frequent 

type of flash throughout the duration of the observation period. 

There were no CG flashes in the west cell's first hour of lightning activity. Ground 

flashes began once the upper-level maximum of LMA sources (i.e, positive charge) 

broadened and descended (see Fig. 5.40g,h). All of the ground flashes produced by the 

west cell were +CGs4 . Fig. 5.44 shows histograms of origin height and peak current 

4The one -CG in Fig. 5.40g was from the eastern cell and should be disregarded. 
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of the CGs in both the east and west cell. The peak currents of all of the +CGs was 

above the 10 kA threshold. The +CGs originated from 5- 8 km altitude-below or on 

the lower end of the descending region of concentrated LMA sources. Interestingly, 

these +CG flashes began during the onset of robust hail growth, much like in the 29 

June supercell case. 

Eastern Cell 

As discussed above, the eastern cell of storm 3 developed within the remnants 

of an earlier storm. Though there was lofted >30 dBZ echo prior to the start of 

the time series in Fig. 5.41, there had been no lightning ·n this echo for almost 20 

minutes. The mere presence of precipitation-sized ice was apparently not a sufficient 

condition for lightning. As the laboratory studies of the NIC mechanism have shown, 

electrification requires collisions between ice crystals and actively riming graupel or 

hail, which in turn requires dynamic forcing, i.e., updraft. Lightning flashes resumed 

in the eastern cell once the >30 dBZ echo volumes started to increase aloft, i.e., once 

active riming growth resumed. Though there is no Doppler-derived updraft right at 

the start of this resurgence in lightning, the growth in echo volume aloft is a clear 

manifestation of renewed convective updraft. 

In comparison with the western cell, this eastern cell was much smaller and 

weaker. Echo volumes of >30, 40, and 50 dBZ and UVio were roughly four times 

less, and peak total flash rates were an order of magnitude less. There is some in-

dication of hail growth aloft, but little indication of large hail. As in all the other 

cases of this dissertation, the total flash rate of this eastern cell was indicative of 

the convective state of the storm and even generally followed the trends in graupel 

echo volume. Total flash rates and graupel echo volume both peaked around 2140, 

just after the prominent spike in UVio around 2135. UVio then fell rapidly to zero, 

followed by corresponding decreases in graupel echo volume and total flash rate. 

The LMA source and flash start altitude histograms indicate a normal tripole 

charge structure from 2100 to 2110 (first panel of Fig. 5.43), with upper positive 
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charge at 8- 10 km altitude, lower positive charge from 4-6 km, and negative charge 

between. There were two -CG flashes during this first ten minutes of lightning, both 

of which originated in the upper portion of the inferred lower positive charge region 

(Fig. 5.41g,h). Over the next 30 minutes, this cell retained its normal tripole, but flash 

rates doubled as the upper positive charge became more prominent and elevated. As 

indicated by the large number of downward flashes in the upper levels, an additional 

negative charge formed atop the upper positive. There were no CGs of either polarity 

during this 30 minute period of increased lightning and elevated charge structure. 

After the absolute peak in flash rates at 2140, the LMA distributions broadened out 

and descended as the cell dissipated and flash rates plummeted. This cell produced 

one +CG from 6 km altitude during the rapid collapse of the cell. Interestingly, the 

time of this lone +CG was also the time of maximum (albeit very small) radar-inferred 

large hail echo volume. By 2200, the charge structure had collapsed with just one 

low-level maximum at 5 km altitude, and this cell produced one - CG (originating 

near 5 km) among its last few flashes. 

As an aside, Williams et al. (1999), Hamlin (2004), and others have noted "jumps" 

in lightning flash rate and dramatic increase in the vertical extent of LMA sources 

prior to severe weather at the ground. They posit that such lightning "jumps" are 

manifestations of convective s rges. The total flash rates in both the western and east-

ern cells briefly decreased from 2100 to 2105 then increased rapidly again (Figs. 5.40 

and 5.41) This lightning "jump" was especially pronounced in the eastern cell, and 

as shown in Fig. 5.43 much of this lightning jump was due to onset of downward 

flashes well aloft, indicating formation of an extreme upper-negative charge. The 

more vigorous western cell already had an extreme upper-negative charge prior to 

the lightning jump, but its upper-negative charge also became more active during 

the jump. The next lightning jump in the eastern cell at 2140 occurred just after a 

pronounced spike in UVio and also corresponded to increased downward flashes from 

extreme upper-negative charge. So, the lightning jumps in these cases do appear to 

be manifestations of convective surges. Perhaps the extreme upper negative charge 
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is carried by ice crystals that are a by-product of the liquid water rich core of the 

updraft where NIC studies indicate the larger riming ice charges positively. Collisions 

in weaker updraft or on the periphery of the stronger updraft grant positive charge 

to the ice crystals and negative charge to the rimer, forming the usual normal dipole. 

Collisions in the core of stronger, broader updrafts grant negative charge to the ice 

crystals which are then quickly transported upward to form the extreme upper neg-

ative. Perhaps this explains why only the dynamically stronger storms on this day 

(and also the 29 June storm) have the extreme upper negative, while weaker storms 

do not. If NIC mechanisms are the only charging mechanisms operating, then the 

resultant charge structure pretty much depends only on how strong and broad the 

updraft is and where the collisions occur relative to the core of the updraft. 

5.3.2 Initial Growth and Electrification 

The first echo of the western "cell" of storm 3 was at 2036, consisting actually of 

two or three patches of weak ( <35 dBZ) echo aloft that star ed to grow and descend 

by 2041 (Fig. 5.45a). Lightning flashes began at 2047, with only six flashes from 2047-

2053 (Fig. 5.46). These first few flashes were all normal ICs between negative charge 

at 6- 8 km and positive charge at 8- 10 km. As shown in Fig. 5.45b, the inferred 

negative charge was in the strongest echo of each of the three western cells, with 

inferred positive charge in weaker echo aloft. The central cell was the most vigorous, 

with the strongest and most elevated echo. The charge regions were also relatively 

elevated in the central cell in comparison with the other two cells. 

Frequent vertically compact flashes in the upper regions began at 2053 (Fig. 5.46), 

bringing the flash rate up to tens min- 1 (Fig. 5.40g). The charge structure of these 

initial compact flashes was difficult to determine on a flash-by-flash basis; however, 

the altitude histograms in Fig. 5.42 suggest that the compact upper level flashes 

were due to the formation of a negative charge region above the pre-existing upper 

positive charge. It's difficult to interpret the microphysical context of the lightning-

active upper region because KGLD was not topping the echo. Presumably, this upper 
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negative charge was either a screening layer charge or was carried by ice crystals in 

yet weaker echo further aloft. This upper negative charge participated in the majority 

of the flashes over the remainder of the observation period, so it's unlikely that it was 

merely a screening layer. 

By the time the polarimetric radar scans began at 20585, the middle of the three 

western cells had become quite vigorous, with lofted 55 dBZ echo and higher echo tops 

than the surrounding convection (see left colu n of Fig. 5.37). The lightning was also 

most active in this central cell, with most of the LMA sources concentrated at 8-11 

km altitude, at the apex of the 45 dBZ echo. As indicated by the charge composite 

in the left column of Fig. 5.37, all three of the western cells had positive charge from 

8- 11 km with negative charge below. The extreme upper negative charge lay atop 

this positive, but only above the vigorous central cell . The altitude distributions in 

Fig. 5.42 show that the vast majority of flashes discharged into the positive charge 

region at 8- 11 km, from both negative charge region above and below the main 

positive charge region. There were only a few flashes indicating lower positive charge 

at 4-6 km, and these low flashes were restricted to the strongest (>55 dBZ) low-level 

echo on the west side of the cells (see, for example, Fig. 5.48). 

At 2100, lightning activity resumed in the re-invigorated convection further east. 

The lighting in the eastern cell described a normal tripole charge structure with two 

- CGs originating from the mid-level negative charge region. These observations are 

illustrated more clearly in Figs. 5.47 and 5.48 which show the lightning mapping of 

these first two - CGs along with a couple dozen other flashes in both the eastern and 

western "cells" from 2106- 2106:45. These first two - CGs originated from the same 

place in the eastern cell, but they took different paths to ground. The first - CG 

traveled westward on its way to ground, with a very nicely mapped downward leader 

through the lower positive charge (Fig. 5.49). The second - CG initiated from the 

same spot as the first one, but took a more direct vertical path to ground (Fig. 5.50). 

5CHILL scans started at 2058, and S-Pol scans started at 2108 
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The NLDN strike point of this second - CG appears to be 8- 10 km west of where the 

lightning mapping indicates that it struck. 

Multi-Doppler coverage began with the radar scans at 2108. The addition of this 

wind flow information greatly aids interpretation of the storm structure. The mid-

dle column of Fig. 5.37 shows two updraft cores, one in the main western cell with 

peak updraft in excess of 15 ms-1 and o e in the eastern cell with updrafts near 10 

ms- 1. The storm-relative wind vectors on the vertical cross-section in the middle 

panel show low-level inflow from the east-southeast and upper-level outflow back to 

the east-northeast, which is consistent with the MGLASS sot.:.nding in Fig. 5.36. The 

juxtaposition of the echo structure with this wind flow suggests that the larger pre-

cipitation forming in the updraft core were falling out directly, while smaller particles 

were swept up and out to the northeast. A~ discussed in the next paragraph, the 

structure of the lightning-mapped charge regions corroborates this interpretation. 

The lightning mapping of the flashes from 2114-2119 showed very clear and con-

sistent charge structure in both the east and west cells. The charge density plot in 

Fig. 5.51 accentuates this consistency. Comprre this charge density plot to the echo 

structure and charge composite in the middle column of Fig. 5.37. In the east cell, 

the lightning revealed a normal tripole charge structure with upper positive charge 

near 10 km atop the updraft core and 45 dBZ precipitation shaft, negative charge 

at 6- 8 km within the precipitation shaft, and lower positive charge in the strongest 

precipitation below 6 km. The two upper charge regions also s_anted downward to the 

northeast, following the Doppler-inferred wind flow. The lower positive charge, how-

ever, was restricted to the precipitation core on the southwest side, again suggesting 

that the largest precipitation was carrying positive charge and that this precipitation 

was falling out directly on the western edge of the cell. The LMA altitude histogram 

(Fig. 5.43) for the eastern cell from 2110- 2220 is consistent with this charge structure. 

The LMA source maxima at 5 and 10 km altit de correspond to the lower and upper 

positive charge, respectively. The upward and downward flash start maxima at 6 and 

8 km altitude nicely bracket the mid-level negative charge. Note also in Fig. 5.43 
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the maximum of downward flashes near 11 km indicating an extreme upper nega-

tive charge in the eastern cell that is absent in the charge density plot of Fig. 5.51. 

The flash-by-flash analysis did, in fact, show such frequent downward flashes from 

an extreme upper negative charge, but these flashes ceased almost entirely by 2114 

and hence are not included in the charge density plot. The western cell had an over-

all charge structure similar to the eastern cell, but with more horizontally extensive 

mid-level-negative and upper-positive charge regions and an additional extreme upper 

negative charge (again refer to Fig. 5.51 and the middle column of Fig. 5.37). Flashes 

within the lower positive charge of the western "cell" occurred only to the extreme 

southwest. As described above, there was really more than one convective cell in the 

western "cell", so the term "cell" is imprecise and clumsy. In any case, it's clear 

in Fig. 5.37 that the more collapsed cell (hereafter, the small cell) on the extreme 

southwest was the only source of flashes indicating lower positive charge at this time. 

The main central cell had no flashes indicating a lower positive charge region, despite 

a very well-developed precipitation shaft. As with the eastern cell, the altitude his-

togram for the western cell (Fig. 5.42) agrees with the manual flash-by-flash analysis 

summarized in Fig. 5.51. Downward flashes between the extreme upper negative and 

upper positive were the most frequent type of flash. 

Over the next 15 minutes (2120 to 2130), the echo and charge structure remained 

roughly the same in both the east and west cell , though the upper charge regions 

became more horizontally extensive and there was more indication of extreme upper 

negative charge in the eastern cell (Fig. 5.52). There were also a few flashes that 

initiated in the western cell and branched across to both the upper and lower positive 

charge regions of the eastern cell. 

5.3.3 Intensification, Hail Growth, and Clustered +CGs 

The UVio in both the east and west cells increased dramatically around 2130, 

leading to increased formation of >50 dBZ echo aloft and a robust signal of large 

hail growth in the western "cell" (Figs. 5.40 and 5.41). By 2134, the small cell 
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on the extreme southwest edge of the domain had completely dissipated while the 

main western and eastern cells had very deep 55 and 45 dBZ precipitation shafts, 

respectively (see the right column of Fig. 5.37). The lightning in both of these cells 

continued as before, though the mid-level negative and upper positive charge regions 

in the western cell sloped downward even more drastically t the northeast, and the 

lower positive charge was squarely within th western cell 's precipitation core. The 

upper-positive charge remained the most ightning-active charge region in both cells, 

participating in frequent flashes initiating from the negative charge regions both above 

and below. 

Additionally, a separate stronger updraft developed due east of the western cell, 

with peak updraft exceeding 15 ms- 1 . This new updraft region is not along the 

path of the slanted vertical cross-section Fig. 5.37, but is quite clear in the east-west 

vertical cross-section in Fig. 5.53. This new convection to the near east was still 

in development with its strongest echo residing aloft. The initial lightning in the 

new convection revealed an inverted tripole charge structure, with the lower negative 

charge extending as low as 4 km MSL. The flashes between the mid-level positive and 

lower negative in this new convection were very clear (e.g., Figs. 5.54 and 5.55). One 

can't help but think that the outflow from the heavy precipitation of the main western 

cell played some part in the initiation oft is new convection and that the formation of 

the inverted tripole structure in this new convection was influenced by the pre-existing 

cell to the west of it. Perhaps the northeastward-sloping charge regions induced by 

the wind-flow supplied the lower negative charge of the new cell simply by advection. 

As the new cell grew, it maintained an inverted tripole structure. Perhaps inductive 

processes played some role to reinforce the charge structure that the older cell ini tially 

granted it. 

From 2140 to 2150, things became more complex as the new updraft on the east 

edge of the main western cell started to confuse things. As the cross-sections in 

Fig. 5.56 show, there was some semblance of a mid-level B\.VER and lightning hole 

associated with this updraft. The charge structure on the western side of the western 

231 



cells was still tripolar with upper negative charge. The lofted echo in the newer con-

vection to near northeast had instead a lower negative and an overall inverted tripole 

charge structure. Along the north-south cross-sections in Fig. 5.57, the juxtaposition 

of the updraft, inflow, and charge structure suggests that an elevated inverted tripole 

formed (or was maintained) in the stronger updraft on the upwind (south) side, while 

lower positive formed within the strongest precipitation growing in this updraft. This 

precipitation fell out, carrying the positive charge with it, leaving only the mid-level 

positive and lower negative charge further downwind. 

The first +CG flash initiated amidst the inverted tripole north of the main updraft 

(as indicated by the magenta X's in Fig. 5.57). Figs. 5.58- 5.60 show the details of 

this first +CG flash. It was immediately preceded by an inverted IC down through 

the lower positive in the strongest echo further south. The leader to ground then 

proceeded northeastward through the lower negative of the inverted tripole. The 

post-strike breakdown tapped the mid-level positive charge of the inverted tripole 

and also discharged through inferred sloping positive charge further northeast. The 

second +CG occurred in the far eastern cell and was also immediately preceded by 

an inverted IC flash (Figs. 5.61- 5.62). T is was the only +CG flash in the eastern 

cell, and unlike almost every other +CG flash documented in this dissertation, this 

one occurred in the apparent absence of a lower negative charge. The +CG was the 

first flash to suggest any such lower negative charge. If there were, in fact, a lower 

negative charge involved in this +CG flash, perhaps it was a.dvected there from the 

cell to its southwest. The wind flow and slope of the charge regions suggest this may 

have been the case. Positive ground flashes continued for the next 30 minutes at an 

average rate of ~l min-1 . Fig. 5.63 shows the strike locations of all of the CGs from 

2140 to 2220 in the context of the radar data. Fig. 5.64 shows the lightning mapping 

of a few representative CG flashes overlaid onto vertical radar cross-sections. Of the 

22 +CGs that occurred from 2140 to 2200, 14 of them struck in a cluster within or 

very near the precipitation core of the western cell. 

The flash rates almost tripled from 2150 to 2200, peaking near 150 min-1 at 
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2200. The +CGs also began in earnest. The western cell(s) were very vigorous 

during this time, with a very deep and broad precipitation core (see the left column 

of Fig. 5.38). The LMA density cross-section at 2153 in Fig. 5.38 shows a very deep 

region of concentrated LMA sources extending from 5 to 10 km altitude within the 

precipitation core. As suggested by the corresponding charge composite, the lightning 

and charge structure in these cells was very complex in the mid- and upper-levels, 

possibly because of intermingling of the charge regions resulting from collisions in 

the two updraft cores. Note also the descent and broadening of the the distribution 

of LMA sources from 2130 to 2150 in Figs. 5.40h and 5.42. As discussed earlier, 

this descent of the bulk of the LMA sources was coincident with the formation and 

descent of large hail. This coincidence strongly indicates that the hail was either 

carrying positive charge and hence bringing the positive down with it and/or that 

the descent of this hail caused large-scale descent via precipitation-loading of the 

updraft. The +CGs during this hail descent all originated from about the same place 

and showed structure similar to the first +CG in Fig. 5.60. They generally initiated 

near 7 km MSL between the deep mid-level positive charge and lower negative charge 

on the downwind (north) edge of the updraft and hail shaft . After contacting ground 

in ( or on the northern edge of) the hail shaft, they tapped po~itive charge both in the 

precipitation core and and in weaker echo to the northeast. Fig. 5.64a,b show two 

representative examples. 

5.3.4 Dissipation and Dispersal of +CGs 

By 2200, most of the large hail had fallen out, and the altitude distribution 

of LMA sources in the western cell (s) recovered a more sharply peaked maximum 

near 9 km MSL (Fig. 5.42). Meanwhile, the far eastern cell dissipated rapidly and 

produced one very extensive - CG among its last few flashes. Fig. 5.64c shows the 

lightning mapping of this -CG flash (green sources) in comparison with another of 

the clustered +CGs (red sources) in the western cell. The remaining +CG flashes 

were also not as clustered near the precipitation core of the we.stern cell, though those 
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that did continue to cluster there were still quite similar in structure to the examples 

discussed above. 

Over the next 20 minutes (2200 to 2220) , the western cell also dissipated while 

other cells popped up to the west and south of it (see the last two columns of Fig. 5.38 

and 5.63). The cell to the west was very weak, and its location relative to the 

surrounding convection suggests that it may have been kicked off by convergence of 

outflow from both the main western cell and the oncoming cells of "storm l" further 

west. This small , weak cell produced two +CGs that were nearly identical to each 

other but quite different from the preceding examples. Fig. 5.64d shows one of these 

+CGs. The new cell to the south was much stronger, and by 2220 this southern cell 

was the most lightning-active cell of the domain (right columnn of Fig. 5.38). The 

sharp increase in total flash rates at the end of the observation period (see Fig. 5.40) 

was due mostly to the development of this new southern cell . Like the cell that 

developed just east of the western cell at 2130, this new southern cell also had very 

lofted echo, initially formed an inverted ripole structure, and produced a handful 

of +CGs (see the right column of Fig. 5.38). Fig. 5.65 shows the lightning mapping 

of one of these +CGs. The extensive and orizontally stratified structure of this 

+CG made it the charge classification very easy. As you can see in the radar overlay 

of Fig. 5.66, this +CG initiated nearer the new southern cell but struck ground in 

between the old western cell and new southern cell . It tapped a horizontally stratified 

region of positive charge extending both north and south at 8- 9 km MSL. The lower 

negative charge was also extensive and horizontally stratified at 4- 6 km. 

5.3.5 Discussion of Storm 3 

How did the inverted structure that produced the clustered +CG flashes form? 

The electrification process on the south and west side of the west cell (i.e., upwind 

side) formed a four-layer charge structure: positive charge at 8- 10 km, negative charge 

above and below, and an additional lower positive charge at the very bottom. How-

ever, the lower positive charge was restricted to the upwind side of the precipitation 
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core, suggesting that the precipitation carrying this lower positive charge was falling 

out directly, while the three upper charge regions in the weaker echo aloft extended 

further downwind, sloping downward further from the updraft (e.g, Fig. 5.51). Hence, 

the charge structure transitioned from a four-layer structure on the upwind side to an 

inverted tripole structure (the four- layer structure minus the lower positive) on the 

downwind side. This charge structure was persistent throughout the storm. However, 

this did not produce any CG flashes of either polarity for the first hour of lightning 

activity. The lack of - CG flashes may have been due to the restriction of the lower 

positive charge within the precipitation core on the western edge. In other words, 

the charge regions were not vertically stacked enough to provide the negative charge 

with a suitable positive charge conduit to ground (e.g., Lopez and Aubagnac, 1997). 

Another explanation is that the IC flashes involving the mid-level negative and upper-

positive charge were frequent enough to relieve the electrical stress (i.e., reduce the 

electric field), thus precluding the need for ground flashes from the negative charge 

region. There were no +CG flashes during the first hour perhaps because the lower 

negative charge of the inverted tripole charge structure was a substantial amount of 

charge (as opposed to a small pocket of harge analogous to the lower positive of a 

normal tripole) or that the whole structure was too elevated above ground, making 

IC flashes between the positive and lower negative of the tripole more favorable than 

+CG flashes. Indeed, the +CG flashes began only after the growth and descent of 

large hail around 2140, which a parently led to large scale subsidence of the entire 

charge structure not only withi the hail core but also downwind (see, for example, 

Fig. 5.57). This resulted in a less elevated tripole structure downwind from which 

the majority of the +CG flashes originated. These +CG flashes tapped the positive 

charge both within the descending hail core and within the downward sloping positive 

charge of the inverted tripole downwind (e.g,. Figs. 5.60 and 5.64) . 

This interpretation of the previous paragraph is an oversimplification, as there 

were certainly other complicating factors. For example, the formation of new con-

vective cells around the periphery of the main +CG-producing cell may have exerted 
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some influence on the charge structure evolution. On the whole though, formation 

and descent of an inverted tripole structure is a concise and reasonably accurate 

description of the events leading to the clustered +CG flashes. 
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Figure 5.36: MGLASS sounding used for 23 June, storm 3. This sounding was 
launched from the CHILL radar site at 2032 UTC. Its trajectory is indicated in the 
third panel of Fig. 5.1. 
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Figure 5.40: Time series summary of the west cell of storm 3 on 23 June. (a- c) 
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Figure 5.41: As in Fig. 5.40, but for the east cell of storm 3 on 23 June. 
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Figure 5.43: Altitude histograms of LMA sources (black) and total flash origins (red) 
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Figure 5.44: CG flash histograms for 23 June, storm 3. Includes CGs in both the east 
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Figure 5.48: CHILL radar cross-sections from the 2103 volume scan, with the LMA 
sources from Fig. 5.47 overlaid and color-coded by charge (red for positive, green 
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Figure 5.58: Lightning mapping of the first +CG at 2140:41. Sources are colored-
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panel, and clarified further in Fig. 5.59. 259 
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Figure 5.59: As in Fig. 5.58, but here the sources are color-coded by charge. 
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Figure 5.61: Lightning mapping of the second +CG at 2144:42. Sources are colored-
coded by time. The flash was also a "hybrid", initiating downward and northward 
from 6 km altitude at (x=35, y=5 km). This flash was extremely complex, though 
the leader to ground is clear in the lower right panel. The leader to ground descended 
from essentially the same spot as the very first source of the whole flash, but the 
leader went straight down, without a northward component. 
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Figure 5.64: Representative +CGs overlaid onto radar vertical cross-sections at (a) 
2147, (b) 2153, (c) 2200, (d) 2206. LMA sources are color-coded by charge (red for 
positive, green for negative), except in ( c) where the red sources correspond to all 
the sources of the +CG flash and the green sources correspond to all the sources of 
the - CG flash. Filled diamond symbols mark the first source in each flash, and X's 
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See the corresponding times in Fig. 5.63 for the orientation of the cross-sections. 
Multi-Doppler synthesis was not possible for the cross-section in (c). 
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Figure 5.65: Lightning mapping of the +CG at 2224:43. Sources are color-coded by 
charge. 
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Figure 5.66: Radar cross-sections at 220 with overlaid lightning mapping sources from 
the +CG flash shown in Fig. 5.65. LMA sources are color-coded by charge and the 
filled diamond symbol marks the first source of the flash . The vertical cross-section 
in ( c) is along the same slant path as the vertical cross-sections in the right column 
of Fig. 5.38. 
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CHAPTER 6 

SUMMARY OF RESULTS 

The objective of this dissertation was to investigate the kinematic, microphysical 

and electrical characteristics of several storms observed during STEPS, with a focus 

on determining what is different and/or unique about those storms which are domi-

nated by +CG flashes. The set of case studies included the +CG-dominant supercell 

on 29 June, multicellular storms of varying severity on 23 June that experienced 

a shift from - CG-dominance to +CG-dominance, and an isolated storm on 3 June 

that produced no CG flashes of either polarity despite frequent intra-cloud lightning. 

Specific questions to be addressed included: 

1. What are che charge structures of these storms and how do these structures 

develop, evolve, and differ? 

2. Do +CG-dominated storms have charge structure that is consistently different 

from - CG-dominated Etorms? 

3. What are the source charge regions of +CG and -CG flashes and how do these 

source regi ns compare with the overall charge structure? 

4. Are there any kinernatic/microphysical differences between +CG-dominated 

and -CG-dominated storms, and if so, can these differences explain the dif-

fering CG production? 

5. To what extent do the observations of charge structure agree with laboratory 

charging studies? 
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6. To what extent do the observations agree with hypothesized explanations for 

+CG-dominated storms? 

7. Do :otal lightning flash rate and CG-polarity have any utility as indicators or 

predictors of severe weather? 

These questions were addressed in the previous chapters which are summarized here. 

6.1 Charge Structure and CG Polarity 

In the simplest vertical sense, - CG flashes resulted f om a normal tripole struc-

ture, and +CG flashes resulted from an inverted tripole structure (e.g., Fig. 6.1). 

With little exception, +CG flashes originated between the mid-level positive and 

lower negative charge regions of an inverted tripole charge structure and tapped the 

mid-level positive charge. The -CG flashes originated between the mid-level negative 

and lower positive charge regions of a normal tripole charge structure and tapped 

the mid-level negative charge. Neither polarity of ground flash occurred without the 

presence of a lower charge region (lower positive charge in the case of -CG flashes, 

and lower negaiive charge in the case of +CG flashes). These vertical descriptions 

of the charge structure are gross simplifications, however, as the charge structure of 

each storm varied greatly in the horizontal and with time. The following paragraphs 

summarize the evolution of the charge structure and lightning activity of each storm 

in this :::tudy. 

The evolution of the +CG-dominated 29 June supercell storm is illustrated schemat-

ically in Fig. 3.24. The first 20 minutes (2130-2150) of lightning in this storm showed 

only mid-level negative and lower positive charge (e.g., Fig. 3.14) which could be 

described as an inverted dipole structure. However, these two charge regions also 

correspond to the two lower charge regions of a normal tripole configuration. Fol-

lowing a burst of updraft, additional charge regions developed above the pre-existing 

low inverted dipole, resulting in an overall 5-layer charge structure, alternating in 

polarity with positive charge nearest the ground (e.g., Fig. 3.15). During the severe 
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stage of the 29 June storm (2330- 0115), lightning near the strong updraft revealed 

an elevated inverted dipole structure, while further downwind the charge was roughly 

an inverted tripole with negative charge nearest the ground (e.g., Fig. 6.2 top). This 

charge structure supported frequent +CG flashes and persisted for nearly three hours. 

The +CG flashe~ originated between the mid-level positive and lower negative charge 

on the downwind side of the precipitation core and tapped positive charge within 

the precipitation core and (more often) mid-level positive charge extending further 

downwind of the precipitation core (see, for example, the schematic in Fig. 6.5 top). 

The - CG-dominated cells in the early stages of storm 1 on 23 June followed the 

typical normal : ripole archetype. They began with with only IC flashes between 

mid-level negative and upper positive charge (i.e., a normal dipole structure) and no 

-CG flashes. A precipitation grew and descended, the lower positive charge formed 

within the strongest precipitation, thus completing the tripole. - CG flashes began 

only after the formation of the lower positive charge, and the -CG flashes originated 

between the mid-level negative and lower positive charge (e.g, Fig. 6.3, top). In the 

later stages of storm 1, convective collapse apparently led to descent of the charge 

regions and formation of an inverted tripole structure (e.g., Fig. 6.3, bottom) . During 

this collapse, -CG flashes ceased and +CG flashes began. All of the +CG flashes 

originated between the mid-level positive and lower negative charge regions of the 

inverted tripole in the collapsed cell. This transition from -CG to +CG flashes seems 

to fit with the ;xecipitat ion unshielding hypothesis and/or an EOSO, but with some 

qualifications (see discussion in Section 5.2.6). 

In many ways the structure and evolution of the west cell of storm 3 on 23 June 

was similar to the later stages (i.e, after 2200) of the 29 June supercell. Storm 3 on 23 

June initially electrified with very active lightning between a positive charge region 

near 10 km MSL and negative charge above and below, with relatively infrequent 

flashes between mid-level negative and lower positive charge (e.g., Fig. 6.4, top). In 

both the 23 June and 29 June cases, inverted IC flashes between the upper positive 

and extreme upper negative dominated the lightning activity. In both cases, no CG 
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flashes occurred in the first hour of lightning activity. Frequent clustered +CG flashes 

began during large scale descent and/or deepening of the dominant upper positive 

charge region, apparently caused by growth and descent of hail. The +CG flashes 

originated from a roughly inverted tripole charge structure, tapped positive charge 

both within the precipitation core and further downwind, and went to ground on the 

downwind side of the main precipitation core (e.g., Fig. 6.4, bottom). 

Finally, there was the storm on 3 June, which was the oddball of the bunch in that 

it produced no CG flashes of either polarity. The charge structure of this storm was 

relatively simple (as inferred from both the LMA and n EFM balloon sounding), 

consisting of a vertically thin negative charge region at 10- 12 km altitude, and a 

deep (or multi-layered) positive charge below (Fig. 6.2, bottom). The 3 June storm 

was thus structurally similar to "storm 3" on 23 June and to the 29 June storm, 

but with one important difference: There was never any LMA indication of a lower 

negativ charge region in the 3 June storm. This lack of a lower negative charge is 

apparently the reason why the 3 June storm produced no +CG flashes despite its 

inverted structure. 

6.2 Thermodynamic and kinematic influences on charge structure 

Assuming :hat non-inductive collisional charging (NIC) is primarily responsible 

for thunderstorm electrification, how then did these storms develop such different 

charge structures? Ac ording to laboratory experiments, the sign and magnitude of 

the charge transferred depends on temperature (T), liquid water content (LWC), and 

impact velocity (or equivalently, on T and riming rate; see Figs. 1.3 and 1.4). These 

parameters depend largely on the size and strength of the updraft, and on where the 

collisions occur relative to the core of this updraft. The following paragraphs speculate 

on how the NIC mechanism (in combination with thermodynamic and kinematic 

influences) could explain the different charge structures in the storms of this study. 

It's reasonable to expect that charge-separating collisions occur across the up-

draft, not just in the core. Thus, these collisions occur over a wide range of the 
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T /LWC parameter space (Fig. 6.6) . The core of the updraft would likely have the 

largest LWC, as it is more protected from ntrainment, so collisions within the core 

of the updraft (and/or at warmer temperatures) would grant positive charge to the 

rimer. This positive charging region would extend deep r (i.e., to colder temper-

atures) for cases with stronger, broader updrafts (e.g., 3 June and 29 June. See 

Figs. 6.5 and 6.6) . Collisions on the periphery of the updraft core ( or equivalently in 

a weaker, narrower updraft) would restrict positive charging of the rimer to warmer 

temperatures an grant negative charge to the rimer over a broader range of temper-

atures (e.g., the early stages of storm 1 on 23 June. See Figs. 6.5 and 6.6). Hence, 

to first-order, the differences in the size and strength of the updraft may explain the 

differing charge structure in the storms of this study. 

In the 3 Jur..e and 29 June cases, the stronger, deeper updraft led to enhanced 

positive charging of the rimer and enhanced negative charging of ice crystals, resulting 

in an inverted dipole structure near the core of the updrafts (Fig. 6.5). Indeed, 

evidence of a stronger updraft leading to inverted charge structure can also be found 

in the comparatively weaker storms on 23 June. In these cases the term "inverted" 

is perhaps not appropriate. Rather, a stronger updraft led to formation of extreme 

upper negative ::harge carried by ice crystals, apparently due to collisions in the LWC-

rich core of these strong updrafts. For example, in the case of storm 1 on 23 June, 

note the increase in total flash rates and echo top heights at 2040, 2100, and 2150 

(Fig. 5.6). Each of these was accompanied by dramatic increase in the number of 

downward flas:1.es aloft (Fig. 5.12), indicating formation of extreme upper negative 

charge. In the case of the western cell of storm 3, the extreme upper negative charge 

was a persistent feature of the flash histograms (Figs. 5.42 and 5.43), but was much 

more active and pronounced in the stronger western cell. In all of these cases, the 

appearance (or enhancement) of the extreme upper negative charge was accompanied 

by decreases in - CG flashes. In the more extreme cases of 3 June, 29 June, and 

storm 3 on 23 June, there were essentially no -CG flashes at all. One interpretation 

of these observations is that the increased updraft led to a deeper region of "lower" 
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positive charge on the riming ice and a corresponding increase of negative charging of 

ice crystals above the deep "lower" positive charge. Negative CG flashes would then 

be suppressed because the "lower" positive is a dominant charge region (as opposed 

to the more frequently observed small pocket of charge), so that IC flashes between 

the upper negative and deep lower positive are energetically favored relative to -

CG flashes and are more effective than - CG flashes at relieving the electrical strain 

between the two charge regions. 

In addition to the differences in the strength and size of the updraft, what also 

seemed to set the no-CG and +CG-dominated storms apart from the - CG-dominated 

storms is the difference in horizontal flow structure, i.e., shear. Note the pronounced 

vaulted echo structure of the 3 June and 29 June storms in Figs. 6.2 and 6.5). The 

lightning mapping indicated an inverted dipole structure atop these updrafts, with 

larger ice particle getting positive charge in collisions, even at the colder temperatures 

within the vaul:ed echo structures. Following the schematic of Fig. 6.6 and the 

arguments of W"lliams et al. (2004), the rimer gets positive charge because of the large 

LWC in the undiluted cores of these updrafts. In addition, Williams et al. proposed 

that storms witn higher cloud base and stronger updraft should tend to have greater 

LWC not only because of the strength of the updraft but also because collision and 

coalescence processes have little chance to remove any of the liquid water below the 

freezing level. Following this line of reasoning, a stronger updraft and higher CBH 

allows for more liquid water in the mixed phase region of the storm which enhances 

(and/or deepens the region of) positive rimer charging. Now factor in the affect of 

shear which forces the precipitation forming within the pdraft to fall out downwind, 

thus offsetting the precipitation cores from updraft cores. This serves to maintain 

the high CBH associated with the strong updraft which sustains the high LWC and 

enhanced posit ive rimer charging within the updraft. In the case of the 29 June and 

storm 3 on 23 June, charging in the LWC-rich updraft granted positive charge to the 

rimer (hail) and negative charge to ice crystals (as indicated by the thick red arrow in 

Fig. 6.6). The positively charged hail growing in the strong updraft fell out directly 
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(as indicated in F~g. 6.5top) leaving an inverted charge structure downwind. The 

upper negative charge region downwind in Fig. 6.5(top) may have been due simply to 

advection of the ice crystals that charged negatively in the core of the updraft. The 

mid-level positive and lower negative charge regions downwind may have formed due 

to collisions in the LWC-deficient periphery of the updraft which imparted negative 

charge to graupel and positive charge to ice crystals (as indicated by the thin red 

arrow in Fig. 6.6). The +CG flashes traveled through the lower negative charge to 

ground and tapped the positive charge in both the heavy precipitation adjacent to 

the updraft and the mid-level positive charge further downwind. In contrast, the 3 

June storm showed no evider..ce of a lower negative charge (Fig. 6.5 middle). Hence, 

as indicated by the blue arrow in Fig. 6.6, perhaps all of the collisions were restricted 

to the core of the updraft such that all collisions granted positive charge to the rimer. 

In contrast to these no-CG and +CG-dominated storms, the - CG dominated 

cells of storm 1 an 23 June were more upright, meaning their updrafts were nearly co-

located with their precipitation cores (Fig. 6.5bottom). This co-location of updraft 

and precipitation maintained a lower cloud base associated with the updraft core. 

Collision and coalescence processes could thus remove more of the liquid water below 

the freezing level, and this effect combined with weaker and narrower updrafts would 

restrict positive charging of the rimer to warmer temperatures and allow for a deeper 

region of negafr.e rimer charging (as indicated by the green arrow in Fig. 6.6) . In ad-

dition, because the shear was less, the upper charge regions (specifically the negative 

charge region) were not displaced relative to the lower positive charge. This allowed 

for the negative charge region to discharge downward through the lower positive in the 

form of - CG flashes (e.g., Jacobson and Krider, 1976; Lopez and Aubagnac, 1997). 

In summary, the hypothesized explanation for the differing charge structures in 

these storms it as follows: 

• The stronger, broader updraft of no-CG and +CG-dominated storms allowed 

for near adiabatic LWC in the core of the updraft. This deepened the region 
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of positive rimer charging, effectively resulting in an inverted charge structure: 

low-to-mid-level positive charge carried by the riming ice, upper negative charge 

carried by ice crystals. 

• The no-CG and +CG-dominated storms also had higher CBH associated with 

their main updrafts, and, because of shear, their updrafts were offset from their 

precipitation cores. The higher CBH prevented loss of liquid water to collision-

coalescence processes and allowed for higher LWC (more positive rimer charg-

ing) in the mixed-phase region. The offset of the precipitation cores relative 

to the upd::-afts allowed these updrafts to maintain high CBH and maintain 

positive charging of th rimer. 

• Weaker an /or narrower updraft combined with lower CBH of the - CG-dominated 

storms led to loss of liquid water to collision-coalescence and reduced LWC in 

the mixed-phase region. This restricted positive rimer charging to warmer tem-

peratures and led to a deeper region of negative rimer charging, formation of a 

normal tripole charge structure, and -CG flashes. 

• Weaker sl:ear in the -CG-dominated storms prevented offset of the updraft 

from the precipitatio core. This maintained the lower CBH and allowed for 

continued collision-co lescence processes below the mixed-phase region, thus 

maintaining the normal tripole structure. 

Of course, the NIC mechanism may not have been the only electrification mech-

anism operating. Other mechanisms such as inductive c arging, advection of charge, 

and charge deposition by lightning may have had some influence. 

6.3 F lash rates and storm severity 

All of the cases in this study showed a clear relationship between total flash rate 

(TFR) and convective development. In the case of the 29 June storm, the TFR showed 

a robust correlation with volumes of updraft exceeding 10 ms- 1 (UVio), and especially 
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with inferred graupel echo volume (GEV). This latter correlation highlights the im-

portance of charge-separating collisions involving actively riming ice. The robustness 

of these correlations in the 29 June case is quite surprising considering the many 

sources of uncertainty involved. The other cases did not show such clear mathemati-

cal correlations between TFR and GEV, which may have been due to the relatively 

poorer quality of the radar coverage. However, even when the correlations were less 

robust, the TFR :!early increased with each increase in convective development ( as 

indicated by surges in updraft and/or increases in echo top heights) . 

Williams et al. (1999), Hamlin (2004), and others have noted "jumps" in TFR and 

dramatic increases in the vertical extent of LMA sources prior to severe weather at 

the ground. They posit that such lightning "jumps" are manifestations of convective 

surges. Numerous instances of lightning "jumps" occurred in the storms of this study. 

In most cases, these jumps were accompanied by vertically elevated LMA sources. For 

example, the total flash rates in both the western and eastern cells of storm 3 on 23 

June briefly decreased from 2100 to 2105 then increased rapidly again (Figs. 5.40 and 

5.41). This ligh ning "jump" was especially pronounced in the eastern cell, and as 

shown in Fig. 5.43 much of the jump was due to onset of downward flashes well aloft, 

indicating formation of an extreme upper-negative charge. The more vigorous western 

cell already had an extreme upper-negative charge prior to the lightning jump, but 

its upper-negat:.ve charge also became more active during the jump (e.g, compare 

first three panels of Fig. 5.42). The next lightning jump in the eastern cell at 2140 

(Fig. 5.41g) occurred just after a pronounced spike in UVio and also corresponded 

to increased do·.vnward flashes from extreme upper-negative charge (see '21:40-21:50' 

panel in Fig. 5.43). In the 29 June case there were instances of lightning jumps 

(Fig. 3.3c) accompanied by lightning "holes" (e.g., see the left and right columns of 

Fig. 3.10). These lightning holes were coincident with bounded weak echo regions 

(BWERs), with vaulted radar echo structures and vertically elevated LMA sources 

above the BWERs and lightning holes. These lightning jumps and holes occurred 

during vigorous growth of hail aloft. In their LMA observations of tornadic storms 
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in Oklahoma, Krehbiel et al. (2000a) noted similar lightning "holes" in otherwise 

volume-filling lightning activity. Hence, there is little doubt that, like BWERs, such 

lightning holes are indicators of strong, broad updrafts and have some value as an 

indicator of severe weather. 

6.4 Why are - CG storms concentrated in the STEPS region? 

As shown in Fig. 1.lc, the +CG-dominant corridor lies near a climatological ridge 

of surface equivaLnt potential temperatur (0e)- This 0e ridge is due to warm, moist 

flow from the Gulf of Mexico. Surface 0e is often used a proxy for the Convective 

Available Potential Energy ( CAPE) and thus as a proxy for the threat of very strong 

thunderstorm activity. Note, however, that 0e is much stronger in the Southeast part 

of the United States, yet there is very little +CG activity there. Furthermore, the 

highest concentr tion ( climatologically speaking) of severe storm reports lies on the 

southern end of the +CG maximum in regions of yet hig:ier 0e. 

Apparently, the relationship between 0e (or CAPE) and polarity of ground flash 

activity is not a simple one. This is exemplified by the study of Smith et al. (2000), 

in which they investigated the relations ips between 0e and ground flash polarity 

for 57 thunderstorms during three tornadic outbreaks in the Great Plains. They 

found that storms that were initially +CG-dominated tended to initiate in regions of 

strong surface Be gradient, while storms that were initially - CG-dominated usually 

initiated in reg:ons of weak surface 0e gradients. Furthermore, when storms crossed 

a maximum of surface 0e, the dominant ground flash polarity switched from positive 

to negative. Figure 6. 7 shows a schematic of this behavior. This led Smith et al. 

to suggest that "the polarity reversals were influenced by changes in intensity of the 

storms' updrafts as brought about by changes in the buoyancy of ingested surface 

and/or boundary layer air. " They also noted that, in their sample, initial +CG-

dominant behavior "would have been a good indicator of severe weather whether or 

not a polarity reversal did eventually take place." 

Carey et al. (2003b) extended the Be-lightning polarity analysis of Smith et al. 
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to larger temporal and spatia scales. For the entire contiguous U.S., over the 10 

warm seasons (Apr-Sept) of 1989-1998, they gridded the number of severe storm 

reports and count d how many of these reports were associated with +CG-dominant 

and - CG-dominant storms. Then for each month of each warm season, they averaged 

gridded surface Be from only those days which had a high flash density +CG-dominant 

event1 and exami:led the resulting monthly mean patterns of surface Be and severe 

storm lightning polarity. Their results were in broad agreement with the Smith et 

al. (2000) conceptual model. For each mor..th, the maxima of +CG-dominant severe 

storm reports were generally located to the north and west ( dry side) of the Be ridge 

in a strong Be gradient. The - CG-dominant severe storm reports were systematically 

further south an:i east of the +CG-dominant feature, closer to the Be ridge, and 

in higher mean values of Be . Furthermore, this pattern tracked the Be ridge as it 

progressed to the northeast from April to September. 

Severe hailstorms are not always dominated by +CG flashes , so there is still 

something uniqt:e about the STEPS region that the observations have yet to re-

veal. Williams et al. (2004) suggest that large Convective Available Potential Energy 

(CAPE) combined with the elevated cloud base height (CBH) of storms in the STEPS 

region may be the answer. Such condition would tend to inhibit warm rain processes, 

allowing for"superlative" (i.e, near-adiabatic) supercoolec. liquid water contents in the 

resulting broad, strong updrafts. This could lead to enhanced riming growth of grau-

pel and hail and would also have implications for electrification and lightning. The 

higher CBH (and attendant strong, bro updraft) would elevate the charge-bearing 

hydrometeors, invigorate the electrification, and increase the total flash rate and ratio 

of intra-cloud to cloud-to-ground flashes . With little liquid water lost to coalescence 

below elevated CBH, the supercooled liquid water may reach near-adiabatic ( or "su-

perlative" in the parlance of Williams e al.) values in the broad updrafts, resulting 

1 Despite this restriction on the data, there were still almost 8 times as many - CG-dominant 
events as +CG-dominant events, so the resulting statistics held a sizable population of both types 
of storms. 
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in an extended zone of positive charging of graupel and hail via the NIC mecha-

nism. The results of Lang and Rutledge (2002) offer some support to this hypothesis. 

Their study included 11 storms which spanned a wide range of severity. In general, 

they found that -CG production decreased with increased updraft and hail produc-

tion. The two storms of their study which had the strongest, broadest updrafts and 

greatest hail production, also produced predominantly +CG flashes. 

The present study found t at the stronger storms (in terms of CAPE and updraft 

width) and higher CBH storms were, indeed, +CG-dominated. However, the CBH 

was significantly higher only when the updraft was displaced from the precipitation 

core. Hence, the shear of the +CG-dominated storms also played an important role 

in their electrification and ground flash production. 

6.5 Suggestions for Future Research 

The observat10ns of this study (particularly the LMA observations) provided sig-

nificant insight into the electrification of thunderstorms. However, due to the labor-

intensive nature of these detailed case studies, the sample included only a handful 

of storms, all of which were within a specific geographical region. There are numer-

ous other well-observed storms in the STEPS data set, and analysis would provide 

valuable compar sons with the storms of this study. Three cases in particular deserve 

attention: 

1. Two other cells developed in the same region as the 29 June supercell. One of 

which (cell 'B' in Fig. 3.1) even developed at the same time as the supercell, 

but did not become s vere and was not +CG-dominated. 

2. The most intense storm on 23 June was "storm 4" (see, for example, Fig. 5.1). 

This stor1c1 was +CG-dominated and produced significant amounts of hail. Un-

fortunately, time constraints precluded a detailed analysis of this storm. 

3. The - CG-dominated storms on 19 June were well-positioned within the STEPS 

network c..nd would serve as a nice comparison to the storms of this study. 
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The LMA was an invaluable resource for this study. Lightning mapping arrays are 

now positioned in other areas around the United States. Similarly detailed studies 

( using at least Dual-Doppler radar and lightning mapping) in these other geographical 

regions are neede to really understand and contrast with the storms in the STEPS 

region. 

Flash-by-flash charge structure analysis of the LMA data was tedious. Though it 

would be difficult to accomplish, it would be a great boon if automated routines could 

be developed to do this. As an alternative, the altitude histograms of LMA sources 

and flash start heights provided a very revealing and useful way to summarize and 

comprehend the barge structure. In general, these histograms were quite consistent 

with the results of the flash-by-flash analysis. Hence, in lieu of the flash-by-flash anal-

ysis, it may be m::ire feasible to rely on such histograms (and other simple LMA plots, 

like source densi y cross-sections) to give a rough interpretation of charge structure 

for a larger sample of storms. However, for detailed studies, charge determination via 

flash-by-flash an3,lysis should be employed. 

Finally, it would be worthwhile to do more direct comparisons of lightning map-

ping with in situ measurements (e.g., EFM balloons) along the lines of Coleman et al. 

(2003) to further validate and refine the charge structure inferences made from the 

lightning mapping. This would give greater confidence in the qualitative fully three-

dimensional and time resolved LMA-inferred charge structure of thunderstorms. 
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Figure 6.1: Simplified conceptual diagrams of the evolution of charge structure and 
lightning for tl-_e storms of this study. 
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Figure 6.2: Representative cross-sections and LMA histograms for the storms on 3 
and 29 June. Each set of four panels shows ( clockwise from top-left) cross-section of 
horizontal reflectivity (ZH) wind Doppler-inferred wind flow, ZH again but in gray 
scale with LMA sources color-coded by charge, altitude histograms of LMA sources 
and flash start heights, cross-section of LMA source density with black Z H contours 
at 5, 25 , and 45 dBZ. The X ( diamond) symbols mark origin and strike locations of 
+CG (-CG) flashes. 

282 



23 June, Storm 1 (early) 
z , Slant z Slant 

dBZ dBZ 
14 14 

65 65 
12 12 

55 55 

! 10 10 
45 45 

Q) 8 8 "O 
.2 35 35 
·.;::; 6 6 <( 25 25 

4 15 4 15 
2 5 2 5 

0 20 40 60 0 20 40 60 
km along slant km along slant 

LMA Density, Slant 20:00-20:05 
Sources 

- Sources 14 14 
400 - Up Floshes 

12 12 - Down Floshes 

E 300 
10 _J 10 6 200 tn 

Q) 2 
"O 8 _§ 8 
-~ 

100 
<( 6 50 6 

4 25 4 

2 2 
0 20 40 60 0 5 10 15 20 

km along slant Percent 

23 June, Storm 1 (late) 
z (x= -82.0 km) -82.0 km) 

dBZ dBZ 
14 14 

65 65 
12 12 

I 55 55 
10 10 

45 45 
Q) 8 8 -0 

.-2 35 35 
<( 6 

25 
6 

25 
4 15 4 15 
2 5 2 5 
-40 -20 0 20 -40 -20 0 20 

km North km along slant 

LMA Density (x= -82.0 km) 21:30-21:35 
Sources 

- Sources 14 14 
400 - Up Flashes 

12 
300 

12 - Down Flashes 

E 10 _J 10 6 200 tn 
Q) 2 

"O 8 E 8 
.~ 100 .:,:_ 

<( 6 6 Totals 
50 184914 

4 25 4 3- ~ 
194 

2 2 
-40 -20 0 20 0 5 10 15 

km North Percent 

Figure 6.3: Representative cross-sections and LMA histograms for the early - CG-
dominated and later +CG-dominated stages of storm 1 on 23 June. Format is the 
same as in Fig. 6.2, except that there was no multi-Doppler coverage for this storm 
and hence no wind vectors. 
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Figure 6.4: Representative cross-sections and LMA histograms for the early no-CG 
and later +CG-dominated stages of storm 3 on 23 June. Format is the same as in 
Fig. 6.2, except that the top-right panel for the later phase shows a charge composite 
instead of actual LMA sources. The histograms include only the LMA sources and 
flashes of the western (left) cell. 
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29 June: CAPE = 1200 J/kg 

Hail Rain 
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Storm 1 (Early) 
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Figure 6.5: Conceptual diagram illustrating representative storm and charge struc-
tures of the 29 June, 3 June, and 23 June ("storm 1") storms. Thick blue arrows 
show main updraft. Thin blue arrows indicate air flow. Red disjointed lines indicate 
a +CG discharge. Green disjointed lines indicate a - CG discharge. 
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Figure 6.6: Conceptual diagram of collisional charging in thunderstorms. The 
parabolic envelope represents the width of the updraft and amount of liquid water 
content (LWC), with stronger updrafts and greater LWC in the center. Collisions in 
the core of stron6 updraft have larger LWC which extends the positive rimer charging 
to colder temperatures. The colored arrows at the top represent the assumed range of 
LWC within which charge-separating collisions are occurred for the indicated storms. 
For the 29 June case, the thicker part of the arrow represents collisions in the core 
of the updraft and thinner part of the arrow represents collisions in the periphery of 
the updraft. 

286 



'f.. 
'f.. 

'f.. 
'f.. B 

'f.. 
'f.. : ----: -----• ' ..,.,. , , . 

I 'j,.. I, .,. - - - : - -

l'j. I I • 

,' ,' .. :_ .. 
'"IJ I I ,; , • 

I I I e ' ' 
_ , _______ _ 

' I I I • 
I I I 
I I / '. C 
I I I I 
I I I 
I I I 
I I I I \ 

,' :+:+ ;+ + +-+:+- - - - ..... - - -',-
I I 
I I I I 
I I I I 
I I I I 
I I I I 

ei e~3 04 

• A • • . 
• 

Figure 6. 7: Schematic diagram of the conceptual model of dominant lightning polarity 
as a function of storm location relative to a surface 0e ridge. Thin dashed lines are 
contours of surface 0e, and thick dashed line indicates the 0e ridge. Arrows indicate 
storm tracks. Storm track A is a reversal storm, B a +CG-dominated storm, and C 
a - CG-dominated storm. Adapted from Figure 9 of Smith et al. (2000). 
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