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ABSTRACT

This second part of a two-part study examines the lightning and charge structure evolution of the 29 June
2000 tornadic supercell observed during the Severe Thunderstorm Electrification and Precipitation Study
(STEPS). Data from the National Lightning Detection Network and the New Mexico Tech Lightning
Mapping Array (LMA) are used to quantify the total and cloud-to-ground (CG) flash rates. Additionally,
the LMA data are used to infer gross charge structure and to determine the origin locations and charge
regions involved in the CG flashes. The total flash rate reached nearly 300 min�1 and was well correlated
with radar-inferred updraft and graupel echo volumes. Intracloud flashes accounted for 95%–100% of the
total lightning activity during any given minute. Nearly 90% of the CG flashes delivered a positive charge
to ground (�CGs). The charge structure during the first 20 min of this storm consisted of a midlevel
negative charge overlying lower positive charge with no evidence of an upper positive charge. The charge
structure in the later (severe) phase was more complex but maintained what could be roughly described as
an inverted tripole, dominated by a deep midlevel (5–9 km MSL) region of positive charge. The storm
produced only two CG flashes (both positive) in the first 2 h of lightning activity, both of which occurred
during a brief surge in updraft and hail production. Frequent �CG flashes began nearly coincident with
dramatic increases in storm updraft, hail production, total flash rate, and the formation of an F1 tornado.
The �CG flashes tended to cluster in or just downwind of the heaviest precipitation, which usually con-
tained hail. The �CG flashes all originated between 5 and 9 km MSL, centered at 6.8 km (�10°C), and
tapped LMA-inferred positive charge both in the precipitation core and (more often) in weaker reflectivity
extending downwind. All but one of the �CG flashes originated from �9 km MSL and tended to strike near
the precipitation core.

1. Introduction

The majority of cloud-to-ground (CG) lightning
flashes produced by warm-season thunderstorms lower
negative charge to ground (�CG). However, some se-
vere thunderstorms often produce copious positive
cloud-to-ground (�CG) flashes with little, if any �CG
lightning activity (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 north-

ward from the Colorado–Kansas border into Canada
(Orville and Huffines 2001; Zajac and Rutledge 2001;
Carey et al. 2003b). The Severe Thunderstorm Electri-
fication and Precipitation Study (STEPS; Lang et al.
2004a) was conducted in this �CG corridor during the
summer of 2000. One of the primary goals of STEPS is
to understand why the severe storms in this region are
often dominated by �CG lightning. In pursuit of this
goal, Tessendorf et al. (2005, hereafter Part I) used
Doppler–polarimetric radar along with a particle
growth model to investigate the kinematic and micro-
physical evolution of a �CG-dominated supercell
storm that occurred on 29 June 2000 in northwestern
Kansas. Herein, in Part II, we concentrate on the evo-
lution of this storm’s lightning activity and diagnosed
charge structure.

As reviewed in Williams (1989, 2001), thunderstorms
commonly have a tripole charge structure consisting of
a dominant negative charge region between �10° and
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�25°C, a positive charge region above the negative,
and an additional (usually small) positive charge near
the 0°C level. The negative charge is termed dominant
because it typically dominates the electric field mea-
sured at the ground and is the source region of the
predominantly negative polarity CG flashes produced
by warm-season thunderstorms (e.g., Krehbiel et al.
1979). Intracloud (IC) lightning flashes typically occur
between the dominant negative and upper positive
charge regions. The noninductive ice–ice collision
(NIC) mechanism is thought to be primarily respon-
sible for the formation of this charge structure (e.g.,
Takahashi 1978; Saunders and Peck 1998; Berdeklis
and List 2001). Although the results from these and
other cited studies differ to some degree, they consis-
tently show that the polarity and amount of the charge
transferred is dependent on temperature, supercooled
liquid water content, and impact velocity (or, equiva-
lently, on temperature and riming rate). For a repre-
sentative effective liquid water content of 1 g m�3, the
rimer gains negative charge at temperatures colder than
about �10°C and gains positive charge at warmer tem-
peratures and/or greater effective liquid water content.
The temperature or height where the rimer charge
switches from negative to positive has often been
termed a charge reversal level. Following gravitational
sedimentation and associated size sorting of the hy-
drometeors, the NIC mechanism may produce the
dominant tripole structure commonly observed in thun-
derstorms.

There are deviations, however, from this basic tripole
structure. For example, Stolzenburg et al. (1998a,b,c)
analyzed a large set of balloon-borne electric field
soundings through thunderstorms. The updraft region
of most of these storms consisted of the tripole struc-
ture with an additional negative charge region at the
top, likely a screening layer. The heights of all the tri-
pole charge regions were well-correlated with the
strength of the updraft, with stronger updrafts associ-
ated with more elevated charge structures. The charge
structures in the nonupdraft regions of these storms
were consistently more complex and variable, with ad-
ditional alternating charge regions below the lower
positive. The magnitude of the electric field was also
consistently greater in the nonupdraft regions. Stolzen-
burg et al. (1998c) suggest that the NIC mechanism
could explain the tripole structure in the updraft, but
that additional processes (e.g., inductive charging, de-
position of charge by lightning, screening layer produc-
tion) might be more important in the strong electric
field of the nonupdraft regions and could contribute to
the more complex charge structure observed there.

Several recent studies have documented intriguing

relationships between the polarity of CG lightning and
thunderstorm severity. For example, in their investiga-
tion of 15 severe storms, MacGorman and Burgess
(1994) found that storms with frequent �CG flashes
often produced large hail during times when �CG
flashes dominated the ground flash activity. Further-
more, 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 de-
creased. In a survey of severe �CG-dominated storms,
Stolzenburg (1994) also found that large hail was often
reported in the vicinity of dense �CG flash activity.
Carey and Rutledge (1998) found that when the 7 June
1995 supercell in northeast Colorado underwent a surge
in overall growth and production of hail, the �CG and
IC flash rates increased dramatically. However, most of
the �CG strike locations were not within the hail re-
gion; rather, most of the �CG flashes struck ground
downstream of the hail shaft beneath the downshear
anvil region of the storm, and the �CG flash rate maxi-
mized after most of the hail had fallen out. In the case
of the 30 May 1998 Spencer, South Dakota, tornadic
storm, Carey et al. (2003a) found that the �CG flash
rate and the percentage of �CG flashes increased dra-
matically during, or just after, pulses in storm growth.
The most dramatic �CG flash rate increase occurred
while the Spencer storm was producing its most intense
(F4) tornado damage. The �CG flash rate decreased
rapidly as the F4 damage ceased. The �CG flashes of
the Spencer storm tended to cluster (in terms of strike
location) near heavy precipitation cores while the �CG
flashes tended to strike on the periphery. However, un-
like the other studies summarized above, Carey et al.
(2003a) noted that there was very little evidence of
large hail (�3⁄4 in.) in the Spencer storm. Most of the
precipitation from the Spencer storm consisted of
heavy rain and small hail. Since the above studies in-
cluded only ground strike data, they could not deter-
mine from where the �CG flashes originated.

As recently reviewed by Williams (2001), several hy-
potheses have been put forth to explain the charge
structure leading to �CG flashes and �CG-dominated
thunderstorms.

1) Tilted dipole (e.g., Brook et al. 1982; Curran and
Rust 1992): A typical dipole or tripole charge struc-
ture is assumed. The shearing of the updraft by
strong mid- to upper-level horizontal winds laterally
displaces upper positive charge. This decreases the
shielding effect of the main midlevel negative
charge, thus exposing the upper positive charge to
ground. The �CG flashes could then originate from
this displaced upper positive charge.
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2) Precipitation unshielding: A typical dipole or tripole
charge structure is assumed. Much of the main nega-
tive charge is removed by descending precipitation
during storm collapse, leaving the upper positive
charge unshielded 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 min-
utes in the storm they studied.

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 en-
hanced formation of hail, enhanced positive charg-
ing 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 en-
hanced lower positive charge and also because a
broader, stronger updraft would further elevate the
main negative charge region.

4) Inverted dipole or tripole: The charge structure is
essentially reversed, with negative charge aloft and
positive charge in the place of the usual main nega-
tive charge region. Analyses of lightning mapping
(Krehbiel et al. 2000b; Zhang et al. 2001) and bal-
loon-borne electric field soundings (Rust and
MacGorman 2002; MacGorman et al. 2005; Rust et
al. 2005) suggest that the thunderstorms in the
STEPS region are sometimes inverted in polarity.

These hypotheses do not explicitly address an addi-
tional element of �CG lightning production, namely, a
lower negative charge region. In a normal tripole con-
figuration, 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., Jacobson and
Krider 1976). For the case of �CG flashes, a lower
negative charge would provide a similar impetus for 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 the more
detailed modeling studies of Mansell (2000) and
Mansell et al. (2002), CG flashes of either polarity did
not occur without such a lower charge region.

Given the unique combination of coincident light-
ning mapping and Doppler–polarimetric radar observa-

tions of the storm of this study, we expect new insight
into the electrification of severe storms dominated by
�CG flashes. Specifically, this study addresses the fol-
lowing questions. 1) What was the charge structure of
this storm and how did it evolve? 2) Where did the
�CG flashes originate and what charge regions were
involved in their production? 3) What were the kine-
matic and microphysical influences on the charge struc-
ture and lightning?

2. Data and methodology

The Colorado State University (CSU)–University of
Chicago and Illinois State Water Survey (CHILL), Na-
tional Center for Atmospheric Research S-band dual-
polarization Doppler radar (S-Pol), and KGLD Na-
tional Weather Service radar in Goodland, Kansas,
comprised the triple-Doppler radar network. The three
radars performed synchronized full volumetric scans of
the storm every 5–7 min from 2130 UTC 29 June to
0015 UTC 30 June. All radar data were interpolated to
a (0.5 km � 0.5 km � 0.5 km) Cartesian grid prior to
analysis. Three-dimensional winds were obtained via
synthesis of the multi-Doppler data for each volume
scan. Data from the polarimetric radars (CSU–CHILL
and S-Pol) were used to estimate the bulk hydrometeor
type (e.g., rain, hail, graupel) within each grid box.
Echo volumes of specific radar quantities were com-
puted for the purpose of constructing time series of
these quantities. These echo volumes were computed
by simply counting up the number of Cartesian grid
boxes that satisfied certain criteria (e.g., updraft �10
m s�1, classified as hail, etc.), then multiplying this
number by the volume (0.5 km)3 of the grid box. See
Part I for more detailed descriptions of the radar data
and methodology.

The National Lightning Detection Network (NLDN;
Cummins et al. 1998) provided measurements of the
time, strike location, polarity, and peak current of CG
flashes. According to Cummins et al., the NLDN de-
tection efficiency is 80%–90% in the STEPS region.
The NLDN data were used to calculate CG flash rates,
to identify LMA sources associated with CG flashes,
and to place the strike points of CG flashes within the
context of the radar and LMA observations.

The New Mexico Tech Lightning Mapping Array
(LMA; Rison et al. 1999; Krehbiel et al. 2000a) pro-
vided measurements of the time and three-dimensional
location of very high frequency (VHF) radiation
sources emitted by lightning discharges. For a given
lightning flash, the LMA may locate hundreds to thou-
sands of such VHF sources, resulting in detailed maps
of the total lightning activity. Hamlin (2004) and Thom-
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as et al. (2004) provide detailed descriptions of the
LMA in general and of the LMA’s use in the STEPS
campaign in particular.

All times are referenced to universal time (UTC; lo-
cal time � UTC � 6 h). All altitudes are referenced to
mean sea level (MSL; ground level � 1.1 km MSL).

a. 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 interferom-
eter measurements (Rhodes et al. 1994; Shao and Kreh-
biel 1996) and LMA measurements (Rison et al. 1999;
Krehbiel et al. 2000a; Hamlin 2004; Thomas et al. 2004)
support the bidirectional model that was originally pro-
posed by Kasemir (1960) and 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 di-
rections from the discharge origin with one direction
advancing negative charge (called negative breakdown
or negative leaders) and the other direction advancing
positive charge (positive breakdown or positive lead-
ers). The charge block experiments of Williams et al.
(1985) and modeling studies of Mansell et al. (2002)
provide circumstantial evidence that the discharges
preferentially propagate into regions of higher charge
density, with much denser branching in these regions.

Using this bidirectional model as a basis for physical
interpretation, the temporal and spatial development of
individual flashes were examined in a time-animated
sense to infer the signs and locations of the charge re-
gions involved in the flashes. As described in Rison et
al. (1999), negative polarity breakdown is inherently
noisier than positive polarity breakdown at the radio
frequencies used by the LMA, resulting in far more
LMA sources that map the negative breakdown than
map the positive breakdown. Assuming that negative
breakdown usually proceeds through positive charge
regions, a given flash has a relatively greater number of
LMA sources within (or indicative of) the positive
charge region(s) involved in the flash. In addition, par-
tial 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 re-
coil streamers described by Mazur and Ruhnke (1993).
For a typical IC flash between two charge regions, the
lightning mapping generally reveals a stratified bilevel
structure. The relative number of LMA sources in each
inferred charge region gives a rough idea of the charge
structure; however, the spatial and temporal develop-

ment of each flash is a more useful and reliable way to
identify the sign of the charge regions involved. Since
the LMA primarily detects negative breakdown, the
propagation direction of the first several sources of a
flash are assumed to correspond to negative breakdown
that propagates in a direction opposite that of the elec-
tric field vector; that is, the lightning mapping of each
flash is assumed to initially progress toward positive
charge and away from negative charge. 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.
These results from Coleman et al. (2003) support the
previously mentioned results from the charge block ex-
periments of Williams et al. (1985) and the modeling
studies of Mansell et al. (2002).

To illustrate the LMA-inferred charge structure
methodology, Fig. 1 shows lightning mapping of a five-
flash sequence during this storm, which reveals five ver-
tically stacked charge regions, alternating in polarity
with positive as the lowest. The sources are color-coded
by inferred ambient charge region to highlight the
stratified structure. Figure 2 shows the second flash of
the five-flash sequence, with the sources color-coded by
time. The initial negative breakdown of this flash pro-
ceeded downward from 9.5 km MSL then through an
inferred stratified positive charge region at 8–9 km
MSL. A distinct and more sparse grouping of sources
above the initiation point mapped out the inferred
negative charge at 10–11 km MSL. Additionally, some
of the red-colored points late in the flash appear to
have retraced the breakdown through both charge re-
gions. Such flashes are termed inverted IC flashes be-
cause they reveal an inverted dipole structure. Figure 3
shows the third flash of the five-flash sequence and
shares many of the features of the previous flash, but
flipped in the vertical. The initial negative breakdown
of this flash progressed upward from 8 km MSL into the
same stratified positive charge region at 8–9 km MSL
that was revealed by the previous inverted flash. The
sparse grouping of sources at 6–7 km MSL 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 of the five-flash
sequence in Fig. 1 were similarly clear, with each show-
ing distinct bilevel structure. When put together, they
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reveal a very clear and consistent picture of the charge
structure.

This sort of flash-by-flash analysis was performed on
literally thousands of flashes throughout the duration of
this storm. This methodology certainly has limitations,
including the following. 1) There is no quantitative in-

formation about charge magnitudes. However, distri-
butions of the density of LMA sources can reveal rela-
tively more or less electrically active regions. 2) Some-
times during the severe phase of this storm, distinct
charge regions were not always clear. 3) The LMA can-
not reveal charge regions that are not involved in light-

FIG. 1. Lightning mapping of five flashes showing five-layer charge structure at 2210 UTC 29 Jun 2000. (top)
Altitude vs time with a label for each flash. (lower) Three different spatial projections along with an altitude
histogram of the number of sources. LMA sources are color-coded by inferred ambient charge region, with black
for positive and gray for negative. Flashes 1, 2, and 4 are inverted flashes (negative over positive charge). Flashes
3 and 5 are normal flashes (positive over negative).
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