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ABSTRACT
Balloon soundings were made through two supercell storms during the Severe Thunderstorm Electrification and Precipitation Study (STEPS) in summer 2000. Instruments measured the vector electric field,
temperature, pressure, relative humidity, and balloon location. For the first time, soundings penetrated both
the strong updraft and the rainy downdraft region of the same supercell storm. In both storms, the strong
updraft had fewer vertically separated charge regions than found near the rainy downdraft, and the updraft’s lowest charge was elevated higher, its bottom being near the 40-dBZ boundary of the weak-echo
vault. The simpler, elevated charge structure is consistent with the noninductive graupel–ice mechanism
dominating charge generation in updrafts. In the weak-echo vault, the amount of frozen precipitation and
the time for particle interactions are too small for significant charging. Inductive charging mechanisms and
lightning may contribute to the additional charge regions found at lower altitudes outside the updraft.
Lightning mapping showed that the in-cloud channels of a positive ground flash could be in any one of the
three vertically separated positive charge regions found outside the updraft, but were in the middle region,
at 6–8 km MSL, for most positive ground flashes. The observations are consistent with the electrical
structure of these storms having been inverted in polarity from that of most storms elsewhere. It is hypothesized that the observed inverted-polarity cloud flashes and positive ground flashes were caused by
inverted-polarity storm structure, possibly due to a larger than usual rime accretion rate for graupel in a
strong updraft.

1. Introduction
The distribution of charge is one of the fundamental
electrical properties of thunderstorms and was the subject of some of the earliest investigations of electricity.
The earliest measurements were made in the eighteenth century by Benjamin Franklin and others, who
demonstrated that negative charge usually was present
in thunderstorms, though sometimes positive charge
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was observed instead. These measurements, made at
the ground, tended to be dominated by charge in the
lower part of storms.
By 1950, the dominant paradigm of the thunderstorm
charge distribution was that it typically consists of three
vertically stacked charge regions: a large upper region
of positive charge, a large middle region of negative
charge, and a sporadic lower region containing a lesser
amount of positive charge (e.g., Wilson 1920; Simpson
and Robinson 1941; Williams 1989). It was usually understood that this described only the overall, gross
character of the distribution. Several years later, theory
and airborne measurements indicated that a negative
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screening layer charge typically forms on the upper
cloud boundary, due to the discontinuity in electrical
conductivity between cloud and clear air (e.g., Vonnegut et al. 1962; Marshall and Rust 1991).
A more detailed analysis of electric-field soundings
through thunderstorms suggested that this paradigm
was too simple (Rust and Marshall 1996). A synthesis
of many electric-field soundings (Stolzenburg et al.
1998b) suggested that the previous paradigm might be
sufficient for regions of strong updraft speeds (which
Stolzenburg et al. defined as ⱖ10 m s⫺1). However, in
regions of weak updraft, the charge distribution was
more complex, with additional charge regions typically
occurring below the lowest height of charge in the
strong updraft core. Similar complexity of electrical
structure was observed in the stratiform precipitation
region of mesoscale convective systems (Stolzenburg et
al. 1994, 1998b).
The electrical properties of supercell storms have
been of interest since at least the 1950s [e.g., see review
by MacGorman (1993)]. Lightning flash rates tend to
be much larger in supercell storms than in ordinary
isolated thunderstorms, and other unusual electrical
phenomena have been reported for supercell storms
(e.g., Vonnegut and Weyer 1966). One issue, raised by
Rust et al. (1981) and others, is whether the electrical
properties of supercell storms represent a simple scaling with size of the properties of normal thunderstorms,
or whether there are any basic differences in the electrical structure and evolution of supercell storms.
MacGorman et al. (1989) observed that the mesocyclone region of a supercell storm had few, if any, cloudto-ground flashes, though total flash rates were larger
than in most other types of isolated storms. Ground
flash rates increased as the mesocyclone weakened and
the precipitation at middle levels of the mesocyclone
descended. MacGorman et al. hypothesized that the
lowest charge region in the updraft was elevated higher
than usual by the very large updraft speeds and rotation
of the supercell storm and that this caused fewer
ground flashes than usual. The subsequent increase of
ground flash rates, they suggested, was caused by the
descent of the main negative charge on precipitation
and the formation of a small positive charge in precipitation below the negative charge.
Simulations of supercell storms (Ziegler and
MacGorman 1994; Mansell 2000) showed elevated
charge structure in the updraft and showed charge regions occurring lower in the precipitation core than in
the updraft, consistent with the hypothesis. Similarly,
from electric-field soundings, Marshall et al. (1995) and
Stolzenburg et al. (1998a) found that charge in the
strong updrafts of supercell storms did tend to be el-
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evated higher than usual. Marshall et al. (1995) also
found a tendency for the height of the lowest charge in
the strong updraft to increase with increasing updraft
speed. Outside the strong updrafts of supercell storms
(as for other types of storms), the electric-field observations showed more vertically stacked charge regions
than in the strong updraft and showed charge extending
down to lower altitudes.
All published supercell soundings of the electric field
thus far have consisted of only a single ascending
sounding into either the strong updraft or weak updraft
of each storm. None has included multiple soundings of
the same supercell storm to look at the change in electrical structure with time, and none has sampled the
rainy downdraft region and low-level precipitation
core. (The free ascent rate of the balloons is 3–5 m s⫺1
just after launch. Regions with downdraft speeds larger
than this, such as the rainy downdraft, cannot be
sampled by ascending balloons, but only by instruments
descending from above.) For none has a global positioning system (GPS) been available to provide more
accurate tracking of balloons. Also, in no published supercell case have polarimetric radar data been acquired
or lightning flashes been mapped in three dimensions
for the storms into which soundings were flown.
Data to begin addressing these issues were obtained
during summer 2000 from the Severe Thunderstorm
Electrification and Precipitation Study (STEPS) field
program (Lang et al. 2004) in Kansas, Colorado, and
Nebraska. The present study analyzes a total of four
balloon-borne electric-field soundings of two supercell
storms that occurred during STEPS. One storm occurred during the evening of 29–30 June, and the other,
during the evening of 5–6 July.

2. Instrumentation and analysis techniques
One of the primary sources of data for this study was
a balloon-borne electric-field meter of the type that has
been used for more than two decades (Winn et al. 1978;
MacGorman and Rust 1998, 127–131). Balloons were
launched into storms from a mobile laboratory, as described by Rust (1989) and Rust and Marshall (1989).
The location of the balloon and simultaneous measurements of temperature, pressure, humidity, and wind
were provided by radiosondes. These radiosondes were
modified by the National Center for Atmospheric Research (NCAR) to have full GPS capability, and so
provided more reliable tracking inside storms than provided by previously available radiosondes. Electricfield data were processed to give the three-dimensional
electric-field vector as a function of time and location
along the balloon track, a new capability. The balloons
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used in STEPS were made of 15-m (0.6-mil) thick
plastic film, instead of the latex that had been used
previously, so that the balloons would be more resistant
to hail damage and would lose helium more slowly if
punctured by hail. The burst altitude of the new balloons was expected to be 18–19 km MSL, and several of
the balloons flown in STEPS exceeded this altitude.
To examine the balloon data in their storm context,
they were superimposed on radar reflectivity data from
the Goodland, Kansas, National Weather Service
(NWS) Forecast Office’s Weather Surveillance Radar1988 Doppler (WSR-88D), the Colorado State University CHILL radar, and the NCAR S-band dualpolarization Doppler radar (S-Pol). All are S band (10cm wavelength), Doppler radars, and the latter two also
are polarimetric radars. The CHILL radar was at the
Kit Carson County Airport just south of Burlington,
Colorado. The S-Pol was near the Kansas–Colorado
state line, at an azimuth and range of 15° and 61 km
from the CHILL radar. The WSR-88D was at the NWS
forecast office in Goodland, 73° and 52 km from the
CHILL radar. [For more information about the radars
and other STEPS instrumentation, see Lang et al. (2004).]
The vertical coordinate used by the radars was height
above the plane tangent to the earth at the radar, and so
was truly referenced to mean sea level only at the location of the radar. Balloon tracking determined altitude relative to mean sea level. (Though the reference
for GPS altitude differs from MSL, the uncertainty in
the GPS altitude measurement is comparable to the
discrepancy from MSL, which typically is of the order
of 10 m.) Thus, when superimposing the balloon data
on radar data, it was necessary to adjust the altitude of
radar data to compensate for the difference between
mean sea level and the radar coordinate systems.
The profile of the electric field during a balloon ascent provides a type of electrical structure in its own
right. However, it is also possible to estimate the location and density of charge along the balloon track from
the electric-field measurements. Gauss’s law states that
charge density is proportional to the local divergence of
the electric field, but the divergence of the vector field
cannot be measured by a single balloon. The technique
that has been used for more than two decades (e.g.,
Marshall and Rust 1991) employs a one-dimensional
approximation of Gauss’s law to calculate the net local
charge density  from the term involving the vertical
component of the electric field Ez:

 ⫽ a

⭸Ez
,
⭸z

where a is the permittivity of air. This technique is
strictly valid only if the sum of the two terms involving
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the horizontal components is zero. The technique tends
to indicate spurious charge regions as the balloon
moves toward or away from relatively small charge regions or as it passes beside charge regions. However,
the technique usually provides reasonable estimates
when the balloon actually is traveling vertically through
charge.
One can check the reasonableness of estimates based
on the vertical divergence of Ez to some extent and can
possibly infer additional charge regions by considering
also the pattern of divergence in the electric-field vector along the balloon track. The STEPS field program
was the first for which the full electric-field vector was
determined, so that patterns of divergence could be
analyzed. An upwardly directed divergent (convergent)
pattern along a horizontal balloon track, for example,
indicates that a localized positive (negative) charge is
below (above) the balloon. A pattern in which the vector swings upward or downward through a height at
which it is horizontal indicates that the center of mass
of the charge is to one side of the balloon track. [For
more information concerning the inference of charge
from the vector electric field, see Rust et al. (2005).]
The estimates presented in this paper were obtained by
a combination of using the one-dimensional approximation of Gauss’s law and qualitatively examining patterns in the vector electric field, with some limited
checking against mapped lightning structure. We plan
to try to develop more objective methods of using the
vector electric field, such as adapting the least squares
approach used by Koshak and Krider (1994).
The in-cloud structure of lightning flashes and estimates of the location of the thunderstorm charge involved in lightning activity were obtained from the
Lightning Mapping Array (LMA) (Rison et al. 1999;
Krehbiel et al. 2000; Thomas et al. 2004). The LMA
uses the time-of-arrival technique (MacGorman and
Rust 1998, 151–153) to locate the sources of very high
frequency (VHF) electromagnetic radiation produced
by lightning channel segments as a flash develops.
Though some positively charged channels are detected
by the LMA, most channels detected by the system are
negatively charged. Positive channels are less well detected, because positive breakdown is more continuous
with time and so produces weaker VHF signals than
negative breakdown does (e.g., Shao and Krehbiel
1996).
Lightning development is thought to be bidirectional,
with positive leaders and negative leaders propagating
outward in opposite directions from the point of initiation (e.g., Kasemir 1960; Loeb 1966; Mazur 1989). As
shown by Shao and Krehbiel (1996), however, the ini-
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tial stage of lightning development depicted by VHF
mapping systems typically consists of a negative channel propagating from the point of initiation toward and
into positive charge. Fewer points are typically detected
by the LMA on positive channel segments, and these
tend to occur later in the development of a flash, such
as during recoil streamer processes propagating back
through previously established positive channels. Many
mapped lightning flashes have a layer of one polarity of
channels above a layer of the opposite polarity (e.g.,
MacGorman et al. 1981; Shao and Krehbiel 1996), with
initiation occurring between the two layers. Such a
structure supports the concept of bidirectional lightning
development.

3. STEPS supercell observations
a. Storm of 29 June 2000
In several respects, a balloon flight the evening of
29–30 June 2000 provides the best vertical profile of the
electrical structure of a supercell storm obtained thus
far. It is the first supercell storm sounding to provide
the full three-dimensional electric-field vector, instead
of measuring only the vertical component and the magnitude of the horizontal component. Furthermore, it is
the first to sample both the strong updraft core and the
rainy downdraft region of the same storm, and the first
to have been tracked by a GPS system and to have been
flown in a supercell storm while data were collected by
polarimetric radars and a lightning mapping array.
The storm began near the intersection of the Kansas,
Colorado, and Nebraska state lines on 29 June 2000 and
initially traveled east-southeast in Kansas before turning toward the south-southeast as it became a classic
supercell storm [see Doswell and Burgess (1993) for a
discussion of supercell types]. It remained within the
dual-Doppler radar lobes of STEPS for more than 2 h
and was within three-dimensional coverage by the
LMA throughout this period. Cloud flashes were frequent (⬎40 flashes per minute) as the storm turned
southward. (Here and elsewhere, flash rates include
only those flashes for which ⱖ10 VHF sources were
mapped.) No cloud-to-ground lightning of either polarity was produced until almost an hour after cloud
flashes had started. Only two ground flashes then were
produced over the next 40 min. Ground flash activity
started becoming more continual only a few minutes
before the storm produced an F1 tornado at 2330 UTC
[1730 mountain daylight time (MDT)]. At approximately the same time, total flash rates increased to
more than 80 per minute and remained at this higher
level throughout the tornado’s lifetime. A second tor-
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nado, short-lived and rated only F0, was produced at
2344 UTC, at the end of the first tornado.
During the balloon flight, which began approximately 20 min after the last tornado ended, the maximum radar reflectivity measured during several volume
scans by the WSR-88D at the NWS Forecast Office in
Goodland, Kansas, exceeded 70 dBZ. Hail-sampling
vehicles reported several observations of golfball-size
hail in the reflectivity core east of the balloon-launch
location. Most cloud-to-ground lightning flashes
mapped by the National Lightning Detection Network
(NLDN) (Cummins et al. 1998) during the period of
our sounding and throughout the supercell stage of the
storm lowered positive charge to ground (positive
ground flashes), instead of the usual negative charge
(negative ground flashes). Flash rates for all lightning
(cloud flashes plus ground flashes) increased from
roughly 80 per minute during the tornado to roughly
120 per minute during the ascent of the balloon and
remained at this larger level throughout the flight. Note
that, as the flash rate increases above roughly 60 per
minute, it becomes increasingly difficult to distinguish
individual lightning flashes, so the exact value of the
flash rate becomes uncertain, though it is clear that the
rate is very large.
The balloon was launched in strong inflow to the
storm, due south of a large rotating wall cloud. As
shown in Fig. 1 and in the radar panels of Fig. 2, the
balloon was ingested quickly northward and rose rapidly in the strong updraft core of a bounded weak-echo
region (BWER). Updraft speed along the track
reached a maximum of approximately 45 m s⫺1 at an
altitude of 10 km MSL, 502 s (8.3 min) after launch.
In the five minutes leading up to the balloon launch,
the larger densities of lightning in the plan projection
included a shape similar to a torus (roughly centered at
east ⫽ 75 km and north ⫽ 27 km in Fig. 1), indicative of
the formation of a strong, new updraft pulse. Correcting for storm motion would put the interior of the torus
(sometimes called a “lightning hole”) over the BWER
shown in the radar data of Figs. 1 and 2 and would put
the balloon within the lightning hole at the altitude at
which it was in an updraft ⬎40 m s⫺1, 5–10 min after the
lightning shown in Fig. 1. The lack of lightning within
and just above the BWER is consistent with little net
charge being on the smaller precipitation particles implied by the BWER relatively early in the lifetime of
the strong updraft core. The lightning hole was a shortlived phenomenon, lasting roughly 15–20 min. During
the 733 s (12.2 min) of the balloon ascent, lightning on
the west side of the torus decreased, and the center was
penetrated increasingly by lightning. [A similar tran-
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FIG. 1. Three-dimensional electric-field vectors along the balloon sounding at 0004:58–0034:09 UTC on 30 Jun 2000, superimposed
on a three-dimensional isosurface of (left) lightning density or (right) radar reflectivity. The plotted balloon track is not corrected for
storm motion. Lines point from the balloon track in the direction of the electric-field vector, with the length of each line indicating the
electric-field magnitude. Those vectors measured during the radar volume scan are green; those measured at other times are blue. For
clarity in depicting patterns, several vectors are omitted between each pair of vectors shown, though all were used in our charge analysis.
The origin of the east and north axes is the location of the CHILL radar, which provided the reflectivity data. (left) Lightning mapped
at 0000–0005 UTC, just before the balloon flight. The isosurface of lightning channel density is for 30 km⫺3. Red pluses indicate the
ground strike points of positive cloud-to-ground flashes. (top right) The upward part of the balloon sounding superimposed on the
45-dBZ isosurface from the volume scan at 0010–0015 UTC. (lower right) The downward part of the sounding superimposed on the
47-dBZ isosurface from the volume scan at 0023–0028 UTC.
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sient lightning hole in a supercell storm was reported by
Krehbiel et al. (2000).]
Above 10 km MSL, the balloon began detraining
rapidly eastward from the updraft and reached a maximum altitude of 12.7 km MSL over the reflectivity core,
while passing through a region in which hail was inferred from CHILL polarimetric radar data. The balloon apparently was punctured in this region and began
to descend slowly, eventually descending to ground
along the east side of the low-altitude 45-dBZ reflectivity core, in the forward-flank, rainy downdraft region. Data continued to be acquired from instruments
in the balloon train down to an altitude of 1.5 km MSL.
The vector electric field measured by the sounding is
shown in Figs. 1 and 2a. The vertical component of the
electric field is shown separately for the upward and
downward parts of the sounding in Figs. 2e and 2f.
Lightning occurred frequently during the sounding, and
many flashes caused sudden changes in the electric field
(some of which were large) at the location of the balloon. Field changes rapid enough to have been caused
by lightning were ignored when estimating thunderstorm charge. Our estimate of charge location along the
balloon track, based on both the vector electric field
and the one-dimensional approximation of Gauss’s law,
is shown in Figs. 2a, 2e, and 2f.
The electrical structure of the sounding was simpler
in the strong updraft than it was outside the updraft. In
the updraft sounding (Fig. 2e), variations of the electric
field were small below 8 km MSL, and even at higher
altitudes there were only two sustained reversals in the
slope of the electric field not due to lightning. These
reversals imply that the balloon traversed three charge
regions during its ascent: positive charge at 8.0–10.4 km
MSL, negative charge at 10.7–11.6 km MSL, and posi-
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tive charge at roughly 11.6–12.0 km MSL. The downward sounding (Fig. 2f), on the other hand, had two
additional sustained reversals in the slope of the electric
field not due to lightning, and the inferred charge extended much lower in this part of the storm (down to
2.8 km MSL) than it did in the updraft. Stolzenburg et
al. (1998a,b) have observed a similar tendency for
greater charge complexity, with additional charge regions at lower altitudes, outside of strong updrafts.
The altitude of the lowest charge observed in the
strong updraft of the 29 June supercell storm was a few
kilometers (i.e., roughly 30%–50%) higher than is observed in the updrafts of most storms. MacGorman et
al. (1989) suggested that the strong rotating updraft
typical of supercell storms elevates the lower charge
regions in the updraft, for much the same reasons that
supercell storms often have a bounded weak-echo region: The strong updraft core of the weak-echo region
lifts precipitation particles rapidly, thereby allowing
them less time at lower altitudes to form, freeze, grow,
and gain charge. Evidence supporting this hypothesis
was reported by Marshall et al. (1995), who observed in
a wide spectrum of storms that the altitude of the lowest charge in updraft cores tended to increase with increasing updraft speed. For the STEPS storm of 29
June, the three-dimensional reflectivity surface in the
upper-right panel of Fig. 1 and the vertical cross section
in Fig. 2c show that the balloon went through the
bounded weak-echo region. Charge was not observed
until the balloon began to enter regions of stronger
reflectivity (greater than roughly 45 dBZ ) at 8 km MSL
as it ascended. Even then, the average estimated space
charge density in the lower part of the positive charge
region (8.0–9.4 km MSL) was relatively small (0.13 nC
m⫺3) compared with the average density inferred to be

←
FIG. 2. Balloon sounding at 0004:58–0034:09 UTC on 30 Jun 2000 with radar reflectivity data. Balloon tracks are storm-relative,
corrected for average storm-cell motion. Altitude of the balloon data is relative to mean sea level (also approximately true of the radar
data at middle ranges of the vertical cross sections). The origin of the east, north, and range axes is the location of the CHILL radar.
(a) Balloon track and electric-field vectors superimposed on a vertical scan by the CHILL radar at an azimuth of 75.7° (0009:48 UTC).
Each vector indicates the projection of a measured electric-field vector onto this plane, the vector’s tail being on the balloon track. For
clarity, several vectors are omitted between each pair shown. Each red (blue) bar indicates the estimated altitude of positive (negative)
charge along the balloon track. (b) Balloon track superimposed on CHILL reflectivity data measured at an elevation of 3.0° (0011:11
UTC). The locations at which the balloon was at 2, 4, 6, 8, 10, and 12 km MSL are indicated by lines across the track, with every other
line being labeled. A pink dot indicates the location of the balloon during the 3.0° radar scan. Note the BWER containing the
6–8-km-MSL part of the balloon track. Lines indicate the placement of the vertical cross sections shown in (a) and (c). (c) Balloon track
superimposed on a vertical cross section of Goodland, KS, WSR-88D data from the volume scan that started at 0011 UTC. Radar data
were interpolated between the scanned elevation angles; ND in the color key means “no data.” (d) Altitude of the 3.0° radar scan and
of the balloon track as a function of range from the CHILL radar. The pink bar indicates the altitude of the balloon during this 3.0°
scan. (e) and (f) Temperature, relative humidity (relative to ice at temperatures colder than 0°C), vertical component of the electric
field, and ascent rate measured by the balloon while (e) ascending and (f) descending. The relative length of red (blue) bars along the
 axis depicts the relative magnitude of estimated charge density in each positive (negative) region [could not be estimated for the
uppermost negative region shown in (a)].
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in most of the other charge regions (Figs. 2e,f); for
example, it was only 22% of the estimated density at
9.6–10.4 km MSL during the ascent.
Rust and MacGorman (2002) and Rust et al. (2005)
presented evidence (not including data from June 29)
that the polarity of electrical structure observed in
some storms during STEPS appeared to be inverted
from normal. (An inverted vertical tripole, e.g., consists
of a lower negative charge, an intermediate positive
charge, and an upper negative charge, instead of the
usual lower positive charge, intermediate negative
charge, and upper positive charge.) Though the 29 June
sounding appears to indicate that the vertical polarity
of the storm’s charge distribution was normal, it is possible that the distribution was inverted, with the large
lower positive charge playing the role usually played by
the classic main negative charge when negligible positive charge is detected directly below it. The lower positive charge is in a temperature range (⫺12° to ⫺26°C)
in which MacGorman et al. (1981) inferred that the
main negative charge is usually found, and the upper
negative charge is in a temperature range (⫺27° to
⫺37°C) in which MacGorman et al. inferred the main
positive charge usually occurs.
On the basis of the sounding alone, there is little basis
for deciding whether the storm’s charge distribution
was inverted. However, additional evidence is provided
by the cloud flashes mapped by the LMA. During the
sounding (and much of the time the storm was within
range of the LMA), the vertical polarity of most cloud
flashes was inverted from normal, with positive channels above negative channels, instead of the usual negative channels above positive channels. This lightning
structure implies the thunderstorm charge through
which the channels propagated consisted of negative
charge over positive charge. The predominance of inverted-polarity lightning suggests that the storm’s
charge distribution probably was also inverted from the
usual distribution. Thus, it appears likely that the lowest positive charge detected in the updraft sounding was
analogous to the main negative charge in typical updraft soundings.
Because the highest densities of channel segments
detected by a VHF mapping system are in regions of
large positive thunderstorm charge density (Shao and
Krehbiel 1996; Coleman et al. 2003), plots of the density of channels can be used to infer how some positive
charge regions in the upward sounding connect with
charge regions around the downward sounding. Figure
3 shows vertical and horizontal projections of mapped
channel segments for three 5-min periods spaced
equally throughout the flight. (The east-vertical projection has an orientation similar to that of the vertical
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cross section shown in Fig. 2a.) During the first time
period shown, the largest lightning density near the upward part of the sounding was at roughly 8.7–10.0 km
MSL, in good agreement with the height of positive
charge inferred from the sounding data measured a few
minutes later. Note that, in all three time periods, the
largest density near the descending part of the sounding
was at an altitude range that was the same as, or slightly
higher than, it was near the ascending trajectory in the
first panel. Though both temporal and spatial continuity must be considered because of the elapsed time between the upward and downward soundings, these
lightning plots suggest that the positive charge detected
at 9.6–10.4 km MSL in strong updrafts in the upward
part of the sounding probably was related most closely
with the positive charge detected at roughly the same
altitude in the downward part of the sounding, not with
the positive charge at 5.8–8.0 km MSL.
To counter the tendency to view the charge distribution inferred from the balloon sounding as a snapshot
of the charge distribution, it is important to point out
that the vertical and plan projections of lightning density in Fig. 3 show considerable evolution during the
balloon flight. For example, the region of largest lightning densities during the first period was oriented
roughly NNW–SSE in the plan projection. This region
persisted in the second period, as a new WNW–ESE
region of large densities formed on its southern tip. By
the third period, the original NNW–SSE arm had essentially dissipated.
These and other patterns in the lightning densities
suggest that parts of at least three updraft pulses influenced lightning densities during the balloon flight. The
vertical extent of the smaller lightning densities (green
and light blue shadings) in the north–south panels of
Fig. 3 suggests that an updraft in the original NNW–
SSE arm had overshot the equilibrium level and
reached its maximum height (centered near north ⫽ 30
km) by the first period shown. In subsequent periods,
the lightning density in this part of the storm subsided
approximately to an equilibrium level, consistent with
this updraft pulse weakening.
A second, newer updraft pulse formed on the southwestern flank of the storm and was apparent throughout the balloon flight. The previously discussed lightning hole (Fig. 1), which formed just before the balloon
flight, was one indication of the formation of this very
strong updraft pulse. In subsequent periods, the lightning hole eroded on the west and eventually became
part of the WNW–ESE-oriented lightning maximum.
The upper altitudes in the north–south panels of Fig. 3
show an upward pulse of lightning density that reached
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FIG. 3. Vertical and plan projections of the density of lightning channel segments detected by the VHF Lightning Mapping Array in
three 5-min periods during the balloon flight at 0004:58–0034:09 UTC on 30 Jun 2000. The origin for the plan coordinates is the location
of the CHILL radar. The color of shading indicates the relative number of channel segments detected per unit area on a log scale, with
dark blue indicating the smallest density and red indicating the largest. The superimposed balloon track is uncorrected for storm
motion; red indicates approximately where the balloon traveled during the period shown in each panel. Across the bottom of each
vertical projection, x’s indicate the location of positive ground strikes during that period.
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its maximum height in the second period (centered near
north ⫽ 19 km) and began subsiding by the last period.
The third pulse is suggested by the formation of another lightning hole on the southern flank of the storm
in Fig. 3. It began with a faint circular maximum around
a minimum (centered near north ⫽ 16 km, east ⫽ 86
km) in the plan projection for the second period. By the
third period, a well-defined lightning hole had formed,
centered near north ⫽ 13 km, east ⫽ 90 km.
One part of the focus on positive cloud-to-ground
lightning in STEPS was to determine which regions
provide charge for them. Most cloud-to-ground flashes
during the balloon flight were positive ground flashes.
None of these positive ground flashes had channels
mapped by the LMA near the balloon in both time and
space, but several had channels within roughly 5 km of
the balloon trajectory. The altitudes at which horizontal
negative channels (presumably propagating in positive
thunderstorm charge) were mapped in this region are
shown in Table 1, along with the approximate ground
strike location relative to the balloon trajectory. Almost all of these positive cloud-to-ground flashes struck
ground in the heavy precipitation north or east of the
balloon launch location or in the somewhat weaker reflectivity east of the precipitation core; none struck
ground in the vicinity of the strong inflow to the updraft.
One must be somewhat cautious interpreting this
table, because the channels were offset in time and
space from the balloon. Some of the channels in heavier
precipitation were at somewhat lower altitudes than the
altitude of positive charge found by the sounding, possibly because of faster terminal velocity and downdraft
speed in heavier precipitation. Furthermore, the negative charge found by the balloon at 8.8–9.5 km MSL
during the descent may have been deposited by a cloud
flash occurring in this region shortly before the balloon
flew there. The pattern of converging vectors in that
altitude range is consistent with negative charge having
been fairly localized near the balloon, as would be expected if the charge were deposited there by a lightning
channel. Furthermore, the persistent concentration of
negative lightning channels at 9.0–9.5 km MSL (as well
as higher) suggests that the overall thunderstorm
charge distribution tended to have positive charge in
that altitude range.
From this analysis, it appears that a given positive
ground flash could involve any one of the three broad
altitude ranges of positive charge found on the descending part of the trajectory (below 4, 5.8–8.0, and 9.5–12.0
km MSL). However, most of the positive ground
flashes listed in the table propagated through positive
charge near or in the middle-altitude range and struck
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TABLE 1. Altitude of negatively charged channels (inferred
positive thunderstorm charge) of positive ground flashes near the
balloon trajectory on 30 Jun 2000. The ⫹Q region indicates which
of the three positive charge regions inferred from the sounding
overlapped the negative channels of the flash. The ground strike
location is given relative to features of the balloon track.
Time
(UTC)

⫹Q height
(km MSL)

⫹Q region

0005:25
0006:27
0008:10
0008:28
0010:01
0013:16
0014:27
0016:33

4.7–5.6
3.3–4.5
6.5–8.0
8.7–9.4
3.7–4.9
3.3–4.5
8.5–9.5
7.5–9.5

During ascent
No overlap
Lower
Middle
Upper
Lower
Lower
Upper
Middle–upper

7
4
3
7
5
5
10
6

km
km
km
km
km
km
km
km

N of apex
N of descent
NE of ascent
NNE of apex
N of ascent
N of apex
N of end
NE of ascent

0017:24
0018:01
0020:43
0022:29
0022:34
0022:40
0023:29
0023:47
0024:41
0025:09
0026:16
0026:19
0030:05
0030:15
0031:02
0031:43
0032:27
0032:46
0033:05
0033:17
0034:03

7.7–9.2
5.9–7.1
6.8–7.9
4.7–6.0
7.2–8.4
4.5–7.0
4.8–6.8
5.8–8.0
6.3–8.5
9.0–10.4
7.3–8.5
9.2–10.6
7.0–8.4
8.3–9.8
6.5–8.0
7.7–8.5
6.5–8.0
6.5–8.1
6.3–7.8
7.0–8.2
5.6–7.4

During descent
Middle–upper
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Middle
Upper
Middle
Upper
Middle
Upper
Middle
Middle
Middle
Middle
Middle
Middle
Middle

7
5
9
4
5
5
7
8
8
5
10
5
3
13
6
6
5
2
7
12
5

km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km
km

N of apex
NNW of apex
NNW of ascent
NNE of end
N of apex
S of apex
NNE of apex
NNE of apex
NE of apex
N of apex
NNE of apex
E of end
NE of end
ESE of end
NNE of apex
NE of end
NE of end
E of end
NE of end
N of end
ENE of end

Ground strike
location

ground in or near the reflectivity core. Three of the five
positive ground flashes having channels in the upperaltitude range near the balloon trajectory struck ground
in the weaker reflectivity east (downshear) of the reflectivity core.

b. Storm of 5 July 2000
Three balloons were launched into a nontornadic supercell storm that began in southwestern Nebraska,
near the border town of Benkelman, on 5 July. By 2300
UTC (1700 MDT), it had grown quickly into a classic
supercell storm as it moved east-northeast, with a large
rotating wall cloud on the rain-free southern (right)
flank of the storm and heavy rain north through northeast of the rain-free cloud base. (According to the
STEPS operational summary, rainfall was up to 60 mm
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h⫺1; visibility was poor when we drove through the rain
prior to launching balloons.) However, as the storm
aged and other storms began forming nearby to its
south, east, and north, the original storm cloud evolved
into a large bell-shaped cloud having spiraling striations
indicative of large-scale rotation, but having no visible
adjoining rainfall. From visual observations, it was classified at that time as a low-precipitation supercell storm
(Lang et al. 2004). [Moller et al. (1994) and others have
noted that classic supercell storms can become heavyprecipitation supercell storms; among published classic
supercell cases, becoming a low-precipitation supercell
appears to be unusual.] Shortly after the end of the
third balloon sounding, the storm began dissipating,
while the newer storms continued nearby. Most cloudto-ground flashes detected by the NLDN throughout
the lifetime of the storm effectively lowered positive
charge to ground.
Though the storm began near the edge of high quality three-dimensional coverage of the Lightning Mapping Array, it quickly moved out of three-dimensional
coverage. However, it remained well within twodimensional (plan) coverage throughout the period of
the balloon flights. Similarly, it remained within range
of the radars, but moved out of range for high quality
polarimetric data analysis or dual-Doppler synthesis.
The plan projection of mapped lightning density is
plotted in Fig. 4 to show how the storm evolved during
the soundings. Though this figure gives a good idea of
the plan geometry of the overall electrical activity, the
smaller maximum densities shown during the first half
of the period are misleading. Lightning occurred frequently during most of the period we analyzed, but
noise contamination from distant channel-3 television
transmissions caused the Lightning Mapping Array to
have less sensitivity early in the period.
Note that the three soundings traveled through completely different parts of the storm. The first traveled
along the backside of the strongest cell and then
through the upper part of a left-moving cell and into the
anvil. The second entered the strong updraft near a
lightning hole corresponding to the bounded weakecho region of the storm. The third entered a new cell
that formed east of the previous cell.

1) FIRST

FLIGHT

The first balloon flown into this storm was launched
at 0003:07 UTC on 6 July (1803 MDT on 5 July) near
the southeast edge of a very broad wall cloud that was
moving east-northeast. Rainfall was fairly heavy and
clearly visible north of the wall cloud before and during
the launch, when the storm appeared to be a classic
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supercell storm. Shortly before launch, the surface
wind, which had been from the southeast, shifted so
that it was from the northwest, probably a result of
storm outflow.
As shown in Fig. 5, this sounding detected charge at
a lower altitude than the 29 June sounding did, but it
did not enter the strong updraft of the main cell, as the
29 June sounding did. Instead, the first balloon on 5
July was initially conveyed away from the storm by
low-level outflow and then circled back toward the
storm at somewhat higher altitudes (see the balloon
track in Figs. 5b,d). The balloon passed through a relatively shallow cloud layer at an altitude of 2 km MSL.
Otherwise, it was either outside the cloud or in very
weak reflectivity, beneath an overhanging reflectivity
vault (indicated by 40 dBZ extending farther south in
the 3.7° scan than in the 0.5° scan in Fig. 5), until at 4
km MSL, it began moving northward into the storm,
west of the mesocyclone. The first charge detected by
the sounding was a negative charge, beginning at approximately 5 km MSL as the balloon entered reflectivities ⬎40 dBZ along the western edge of the main
reflectivity core. As indicated by the ascent rates in Fig.
5e, the balloon was not entrained into the updraft core,
but traveled through successive weak updrafts and
downdrafts. (The balloon’s ascent rate in still air typically varied from 3 m s⫺1 near the ground to 5 m s⫺1 at
middle and upper levels of the storm.)
Next the balloon encountered positive charge between roughly 6 and 8 km MSL as it turned northwest
and flew through the somewhat stronger updrafts (5–9
m s⫺1) of a weakening, left-moving cell, northwest of
the main reflectivity core. Roughly 60% of the large
decrease in electric field between 7.9 and 8.3 km MSL,
as the balloon exited this cell, was caused by three lightning flashes. The remainder may have been caused by
traversing a small region of negative charge at approximately 8.2 km MSL, but this charge is not shown in Fig.
5 because the evidence for it is unclear.
After passing through the left-moving cell, the balloon moved northeastward in flow detraining from the
updraft and traveled along the northern leg of Vshaped reflectivity structure (a characteristic of many
severe storms) into the downshear anvil. As the balloon
detrained from the updraft, it passed through approximately 1 km (8.3–9.5 km MSL) in which no charge was
detected. It then passed through another positive
charge (9.5–10.3 km), followed by a negative charge
(10.3–11.5 km) and then another positive charge (⬎11.7
km), as it traveled into the downshear anvil. This
charge structure is consistent with there having been a
layer of charged downshear anvil from the weaker leftmoving cell below a higher layer of charged anvil from
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FIG. 4. Plan projection of lightning density in each 10-min interval during the three balloon soundings on 6 Jul 2000. The lightning
density scale is the same log scale used in Fig. 3. Channel-3 television interference reduced lightning density during several of the earlier
periods. The superimposed balloon tracks are uncorrected for storm motion; red indicates approximately where the balloon traveled
during the period shown in that panel. The origin of the plan coordinates is the location of S-Pol used in Figs. 5–7.
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the strong right-moving cell, as in model simulations by
Mansell (2000).
Though cells on the left flank of supercell storms
tend to have weaker and shallower updrafts than the
storms’ rightward-moving cells, both lightning observations (e.g., Brown et al. 2002) and modeling studies
(e.g., Mansell 2000) indicate that convection on the
north flank can be strong enough to produce lightning.
(However, one would expect the total number of
flashes associated with leftward-moving cells to be less
than the number associated with rightward-moving
cells, because of the weaker updrafts.) This sounding is
the first to establish that the charge densities associated
with leftward-moving cells can, in fact, be comparable
to the charge densities observed in the rest of the storm
and certainly comparable to values for cells that produce lightning (inferred by comparing the slope of the
electric field with height for the soundings). Furthermore, the charge structure of the upper part of these
cells is similar to the structure outside the updraft core
of rightward-moving cells (compare, e.g., with the structure from the second flight on 6 July, discussed in the
next section). Note that this flight did not sample the
structure of the left-flank cell at lower altitudes, so we
cannot comment on the electrical structure at lower
altitudes in that region.

2) SECOND

FLIGHT

The second balloon was launched at 0048:22 UTC on
6 July (1848 MDT on 5 July) from a location somewhat
farther east of the wall cloud (in storm-relative coordinates) than the location of the first launch. At this time,
the maximum height of lightning activity (not shown)
was increasing in the updraft region. As shown in Figs.
4 and 6, the balloon moved initially south-southeast,
but circled clockwise with height south of the storm
until it began moving northward into the storm through
the weak-echo vault. Unlike the first flight on 6 July,
this balloon was ingested into the strong updraft (the
maximum updraft speed along the balloon track was
approximately 20 m s⫺1) and the main reflectivity core
of the storm.
The plan lightning density plots at 0050–0110 UTC in
Fig. 4 indicate that the balloon ascended in the vicinity
of a lightning hole, which appears to be indicative of a
strong rotating updraft and looks much like a bounded
weak-echo region. Unlike the 29 June flight, however,
it did not pass through the lightning hole itself. Instead,
a plot in three dimensions (not shown) near the time at
which the balloon was at the altitude of the lightning
hole shows that the balloon went through the wall of
larger lightning density surrounding the hole, on its
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southeast and east side. At this time, the surrounding
wall of larger lightning density was more circular and
the lightning hole was narrower in diameter than the
one through which the balloon flew on 29 June.
Like the flight on 29 June, the second flight on 5 July
transmitted data during its descent, but it descended
faster than the 29 June flight, in a fairly tight downward
spiral. Also, the flight on 5 July descended near and
through the largest reflectivities of the core (⬎55 dBZ
in the two elevations shown in Fig. 6 and ⱖ60 dBZ still
higher, at roughly 9 km MSL), instead of descending
along the edge of 45–50-dBZ reflectivity as on 29 June.
The charge structure along the upward sounding
(Fig. 6) was similar to the structure on 29 June in that
the balloon did not appear to travel through measurable charge densities until it reached an altitude of 8 km
MSL, where the reflectivity along its track increased to
roughly 40–45 dBZ. (Interpretation of this 5 July
sounding is complicated by the presence of many large
electric-field changes from lightning flashes. For example, all of the apparent increase in the vertical electric field just below 8 km MSL in Fig. 6 was due to three
lightning flashes, and so was ignored when estimating
thunderstorm charge.) Unlike the charge distribution
on 29 June, however, the lowest charge region, at approximately 8.0–8.8 km MSL, contained negative
charge. Updraft speed at the balloon reached its maximum value of approximately 20 m s⫺1 near 8 km MSL,
stayed fairly constant through 8.5 km MSL, and then
began decreasing.
During its ascent, the balloon passed through much
more positive charge than negative charge. (The total
field change as a balloon traverses the vertical extent of
a particular charge region can be used to roughly compare the amount of charge near the balloon in that
region relative to the amount of charge near the balloon in other regions.) At 8.8–10 km MSL, just above
the lowest negative charge, a much larger positive
change in the electric field indicated that the amount of
charge per unit horizontal area was much larger in this
positive region, where updraft speeds were typically
5–10 m s⫺1. After subsequently passing through a depth
of approximately 1 km in which there was no indication
of charge, the balloon encountered two thin regions of
roughly equal charge density and amount, the lower
one being positive and the upper one, negative. Updraft
speeds were highly variable at these altitudes, ranging
from weak updrafts to weak downdrafts, but mostly
were 0–5 m s⫺1. As the updraft speed steadied to 3–5
m s⫺1 at 11.2–11.8 km MSL, the balloon traveled
through a region of positive charge having roughly
twice the amount of charge per unit horizontal area as
either of the two thin regions of charge just below it.
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The pattern of electric-field vectors suggests that the
balloon then passed through a relatively small amount
of negative charge in a region roughly 300 m thick just
above 12 km MSL. Similarly, the downward diverging
vectors near the top of the trajectory at 13 km MSL
suggest that a localized region of positive charge was
just above the apex of the balloon track. Note that,
because the inferred charge distribution during the ascent consisted of a small lower negative charge below a
large positive charge, with additional charge regions of
alternating polarity at higher altitudes, this charge distribution meets the criteria of Rust and MacGorman
(2002) for classifying its polarity as inverted.
The charge structure indicated by the electric-field
meter during the rapid descent of the balloon was
somewhat more complicated than found during the ascent in the updraft, and the region of substantial charge
density extended much lower in the storm, similar in
this respect to the STEPS storm of 29 June and to the
observations of Stolzenburg et al. (1998a). Above 9 km
MSL, the inferred distribution of charge was similar to
the distribution inferred for the ascent, as one might
expect from the proximity of the samples in space and
time. The main exception was the complete absence of
the thin charge regions inferred to be near 11 km MSL
during the ascent. It appears that either the horizontal
dimensions of these regions were small, or the charges
in the two regions became mixed or neutralized during
the approximately 4-min period between times when
the balloon was at roughly 11 km MSL. Below 9 km
MSL, the balloon data suggest there were three additional regions of charge of alternating polarity during
the descent, the lowest extending down to 5 km MSL.
Below 4 km MSL, operation of the electric-field meter
became erratic or stopped (not surprising for a rapidly
descending instrument), so electric-field data below 4
km are inadequate for analysis.

3) THIRD

FLIGHT

The third balloon was launched at 0127:00 UTC on 6
July (1927 MDT on 5 July) from a storm-relative location still farther east of the rotating wall cloud. Near
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this time, other storms began forming nearby to the
south, east, and north, as shown in Fig. 4. The storm of
interest was reduced to a large, bell-shaped cloud with
spiraling striations, a shape characteristic of lowprecipitation supercell storms (e.g., Bluestein and Parks
1983; Doswell and Burgess 1993). No precipitation
shaft was visible beneath or beside the cloud. An extensive tail cloud extended from the wall cloud. Though
large values of reflectivity were found aloft, the radar
echo overhang observed on the southern flank during
the two previous soundings was essentially absent by
the time of the radar scan shown in Fig. 7.
The lightning density plots in Fig. 4 show that the
balloon was ingested into a new, intensifying cell. The
maximum density and height (not shown) of lightning
increased in this cell as the balloon approached the
storm, and they continued to increase until roughly 10
min after useful data from the electric-field meter
ended. After that, the storm rapidly dissipated, as other
storms apparently cut off inflow to the updraft. The end
of useful electric-field data occurred as the balloon entered a region in which lightning was occurring. The
electric-field signal increased rapidly and then remained saturated for the rest of the flight, likely caused
by the electric-field meter having been struck by lightning. Normal data transmission continued from the radiosonde.
The balloon initially traveled toward the westsouthwest in clear air beneath a high cloud deck, as it
rose at approximately its free-ascent speed (i.e., local
updrafts were very weak). Its track turned gradually
more toward the north, until eventually it was observed
to enter the south side of the bell-shaped cloud. Shortly
thereafter, the balloon’s ascent rate increased somewhat as it encountered updrafts of several meters per
second (with a maximum value approaching 10 m s⫺1)
from 2.7 to 4.4 km MSL. Higher along the track, updraft speeds decreased steadily until the balloon actually was in downdraft (with maximum downdraft
speeds of 5–6 m s⫺1) from 5.1 to 5.3 km MSL, at which
altitudes the balloon path was almost horizontal.
As indicated in Fig. 7, the balloon encountered no

←
FIG. 5. Balloon sounding at 0003:07–0043:41 UTC on 6 Jul 2000 with radar reflectivity data. The balloon tracks superimposed on radar
data are storm relative (as in Figs. 6–7). Many of the conventions used in this figure are described in the caption for Fig. 2. (a) Balloon
track and electric-field vectors superimposed on a vertical scan by the CHILL radar at an azimuth of 42.0° at 0023:42 UTC. The ranges
in parentheses are the corresponding ranges from S-Pol. (b) and (d) Balloon track superimposed on S-Pol reflectivity data measured
at an elevation of 0.5° (0030:09 UTC) and 3.7° (0030:58 UTC). The origin of the east and north axes is the location of S-Pol. (c) Altitude
of each constant-elevation radar scan and of the balloon track as a function of range from S-Pol. The pink bar indicates the altitude
traversed by the balloon from the start of the 0.5° scan until the end of the 3.7° scan. (e) Temperature, relative humidity, vertical
component of the electric field, and ascent rate measured by the balloon.
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evidence of local charge as it entered the cloud and
traveled through reflectivity of up to 35 dBZ. The electric-field data might be interpreted to indicate a small
amount of negative charge just above 5 km MSL, as the
balloon traveled through reflectivity of 35–45 dBZ
while approaching the reflectivity core. However, the
balloon traveled almost horizontally through this region, and evidence for the negative charge in the electric-field data is ambiguous, so Fig. 7 shows no charge in
this region.
As the balloon neared the 45-dBZ reflectivity core of
the storm, it again entered updrafts. The lowest charge
for which the electric-field data provide strong evidence
was a positive charge that began in updrafts at 5.3 km
MSL when the balloon was in radar reflectivity of
roughly 40–45 dBZ. As the updraft speed subsequently
increased (reaching a maximum of almost 20 m s⫺1 at
6.3 km MSL), the balloon encountered a region of
negative charge almost 1 km deep beginning at approximately 5.7 km MSL. At progressively higher levels of
the updraft, the balloon is inferred to have traveled
through three more charge regions, each opposite in
polarity to the charge regions immediately above and
below it. Above 7 km MSL, updrafts were smaller, but
still were typically 5–10 m s⫺1, until useful electric-field
data ended at 8.1 km MSL. Continuing tracking data
indicate that the balloon subsequently entered an extensive region of strong updraft, this time with maximum updraft speeds greater than 20 m s⫺1, before it
began to descend.
Note that charge was encountered at lower altitudes
in this sounding than in the storm’s previous updraft
sounding, though the updraft speeds encountered by
both balloons considerably exceeded the 10 m s⫺1
threshold used by Stolzenburg et al. (1998b) to delineate strong updrafts. Furthermore, because the last
sounding entered the region of reflectivity ⱖ40–45 dBZ
from the side, not from below as in the previous flight,
it is possible that charge occurred at even lower altitudes. It appears to us that the reason charge extended
down to lower altitudes than in our other updraft
soundings was probably related to the lack of a weakecho vault in this cell.
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Besides having charge much lower in the updraft region, this last sounding differed from the previous
sounding of the 5 July storm in having much more negative charge locally in the updraft. The total amount of
negative charge per unit area through the depth of the
sounding was roughly equal to the total amount of positive charge per unit area. The previous sounding of the
updraft encountered a large excess of positive charge
through the depth traveled by the balloon.

4. Discussion
a. Charge distribution relative to the structure of
supercell storms
As hypothesized by MacGorman et al. (1989) and
observed by Marshall et al. (1995) and Stolzenburg et
al. (1998b), the lowest charge in the strong updraft of
the two STEPS supercell storms was located higher
than is typical in the updraft of most storms. Until now,
observational studies have done little to compare elevated electrical structure with the reflectivity structure
of storms. In the two soundings into a weak-echo vault
in our study, the lowest charge coincided roughly with
the balloon entering reflectivity of 40–45 dBZ, above
the weak-echo vault. In the last sounding of 6 July,
however, there was no weak-echo vault, though the updraft was strong at middle levels of the storm. In that
case, charge was observed lower in the updraft, at least
as low as 5.3 km MSL, if not lower. Thus, it appears to
be the height of the weak-echo vault itself, not the
maximum speed of the updraft, that governs the elevation of charge. (Of course, updraft structure and speed
are important in producing weak-echo vaults.)
It appears likely, as suggested by MacGorman et al.
(1989), that the processes that cause a weak-echo region are also responsible for the typical lack of charge
at lower levels of supercell updrafts. As discussed later,
considerable evidence suggests that the main mechanism for the initial electrification of storms requires
rebounding collisions between graupel and small ice
particles to separate charge microphysically, followed
by differential sedimentation of the graupel and ice particles to create regions of net charge. Shifting the for-

←
FIG. 6. Balloon sounding at 0048:22–0127:36 UTC on 6 Jul 2000 with radar reflectivity data. Many of the conventions used in this
figure are described in the captions for Figs. 2 and 5. (a) Balloon track and electric-field vectors superimposed on a vertical scan by the
CHILL radar at an azimuth of 45.0° at 0107:56 UTC. (b) and (d) Balloon track superimposed on S-Pol reflectivity data measured at
an elevation of 0.5° (0109:14 UTC) and 2.4° (0109:51 UTC). The arm of reflectivity ⱕ20 dBZ extending south of the reflectivity core
in the 2.4° scan is not present at 0.5° or 4.3°. (c) Altitude of each constant-elevation radar scan and of the balloon track as a function
of range from S-Pol. Pink dots indicate the altitude of the balloon during the 0.5° scan and the 2.4° scan. (e) and (f) Temperature,
relative humidity, vertical component of the electric field, and ascent rate measured by the balloon while (e) ascending and (f)
descending.
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mation and growth of frozen precipitation to higher
altitudes (as caused by the greater latent heating and
shorter residence time at a given level in a strong updraft) causes microphysical charging and differential
sedimentation also to be shifted higher.
Marshall et al. (1995) and Stolzenburg et al.
(1998a,b) also compared charge structure in strong and
weak updrafts of supercell storms, but the present study
provides the first measurements inside and outside the
strong updraft of the same supercell storm. Furthermore, this is the first study of soundings of electrical
structure in the rainy downdraft region of supercell
storms. As reported previously by Stolzenburg et al.
(1998a,b), the present study found that, outside of the
strong updraft, charge tended to extend lower in the
storm and to have a more complex distribution. This
was particularly true of the electrical structure of the
rainy downdraft region of the storm, which had several
more charge regions than the strong updraft had. The
lowest of these additional charge regions in each storm
was several kilometers below the lowest charge found
above the weak-echo vault in the strong updraft.
Trying to determine which, if any, charge regions in
the strong updraft connect continuously with charge
regions in the rainy downdraft cannot be done by using
the balloon soundings alone. By using lightning data to
identify persistent regions of positive charge involved in
lightning flashes, however, it is possible to infer some
aspects of the gross geometry of the positively charged
region. In the 29 June storm, it appears that the lowest
positive charge in the strong updraft was most closely
related to positive charge at roughly the same altitude
downstream of the updraft. Furthermore, it appears
that the lower charge regions in the rainy downdraft
region were too low to correspond to any of the charge
regions in the strong updraft.
If it is true that these lower charge regions are distinct from the charge regions in the strong updraft, then
the charging mechanisms responsible for the lower
charges may be different from those responsible for the
charge regions in the updraft. The noninductive exchange of charge between colliding graupel and smaller
ice particles, thought to be the primary mechanism in
the updraft, is unlikely to produce as much charge in
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downdrafts as in the updraft. Graupel needs to be actively riming to gain much charge by this mechanism,
and the supply of supercooled liquid water at 0° to
⫺30°C is probably much smaller outside the updraft.
However, other mechanisms may also affect the charge
in the region downstream of updraft cores. For example, several investigators (Simpson 1909; Drake
1968; Shepherd et al. 1996; Schuur and Rutledge 2000)
have suggested that melting processes, either with or
without a preexisting electric field, may produce charge
as precipitation falls to warmer temperatures.
Once a storm develops electric fields large enough to
polarize precipitation (this can occur soon after the
noninductive mechanism becomes active), then laboratory experiments and theory suggest that interactions of
the polarized particles also can become a potent charging mechanism in regions of favorable microphysics.
There is debate about which conditions are most conducive to these inductive mechanisms. Some (e.g., Wilson 1929; Whipple and Chalmers 1944) have reported
that polarized particles can preferentially capture one
polarity of ion, and so can create a new charge region
opposite in polarity to that of the previously existing
region of charge just above it. Because gaseous ions
tend to be more plentiful outside the cloud, this mechanism probably affects precipitation mainly at low altitudes. Under suitable conditions, this can cause more
than one reversal in the polarity of charge with height
in the lower regions of storms. It is also possible, if even
an extremely small fraction of collisions between polarized water droplets and frozen precipitation rebound,
that they can produce considerable charge (e.g.,
Latham and Mason 1962; Aufdermaur and Johnson
1972; Helsdon and Farley 1987; Brooks and Saunders
1994), and so may be responsible for one or more of the
charge regions in downdrafts below the height of the
charge in updrafts.
Some of the greater complexity of electrical structure
downshear of the strong updraft is likely caused by
lightning. For example, Ziegler and MacGorman (1994)
found in a numerical simulation that, if lightning deposits charge mostly on uncharged cloud particles in a
region in which the net charge is carried mainly by
precipitation particles, subsequent differential sedi-

←
FIG. 7. Balloon sounding at 0127:00–0144:49 UTC on 6 Jul 2000 with radar reflectivity data from S-Pol. Many of the conventions used
in this figure are described in the captions for Figs. 2 and 5. (a) Balloon track and measured electric-field vectors as a function of range
from S-Pol and altitude above mean sea level. Each vector is the projection of the electric-field vector in the vertical plane from the
radar to that point in the balloon track. (b), (d), and (f) Balloon track superimposed on S-Pol reflectivity data measured at an elevation
of 0.5° (0142:12 UTC), 1.8° (0142:36 UTC), and 3.0° (0143:01 UTC). (c) Altitude of each constant-elevation radar scan and of the
balloon track as a function of range from S-Pol. Pink dots indicate the altitude of the balloon during these three radar scans. (e)
Temperature, relative humidity, vertical component of the electric field, and ascent rate measured by the balloon.
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mentation can produce new regions of charge as the
particles are advected downshear. Also, Helsdon et al.
(1992), Mansell et al. (2002), and Coleman et al. (2003)
have reported that lightning can reverse the polarity of
charge in its immediate vicinity, and Marshall and Winn
(1982) inferred that lightning produced an observed
lower positive region. As found by Coleman et al., our
balloon soundings sometimes had a pattern of electricfield vectors consistent with charge having been deposited close to the balloon by recent lightning channels.
One of the soundings passed through a weak or dissipating left-moving cell beside a stronger right-moving
cell. Though the balloon did not sample the lower regions of this cell, it did measure significant charge density and electric-field magnitudes similar to those found
by another balloon in the right-moving cell. This was
the first measurement of electrification in the leftmoving storm of a left- and right-moving pair. As expected from previous lightning mapping observations
and from numerical cloud models, the left-moving cell
was electrified strongly enough to produce lightning.
The sounding was also consistent with the balloon traversing charge in two layers of anvil, the lower one
being from the left-moving cell, as observed in model
simulations by Mansell (2000).

b. Polarity of storm electrical structure
One reason the tristate region surrounding the intersection of the Kansas, Colorado, and Nebraska state
borders was chosen for STEPS was because climatologies (e.g., Orville 1994; Orville and Huffines 2001;
Carey et al. 2003) had shown that an unusually large
fraction of the cloud-to-ground lightning produced in
this region consists of positive ground flashes. One goal
of STEPS was to discover why this is so.
Based on electric-field soundings and on LMA observations of inverted-polarity cloud flashes, Rust and
MacGorman (2002) and Rust et al. (2005) suggested
that the electrical structure of at least some of the
storms that produced positive ground flashes in the
STEPS region was inverted in polarity from the usual
electrical structure of storms. As discussed previously,
it appears to us that both of the storms studied in the
present paper also had inverted-polarity electrical
structure. While this appears not to be true of all storms
that produce predominately positive cloud-to-ground
lightning activity (e.g., Brook et al. 1982; Lockwood
2002), having positive ground flashes dominate ground
flash activity would be expected if a storm’s electrical
structure is inverted. Also, inverted-polarity electrical
structure may be required to produce the large flash
rates and densities of positive ground flashes that sometimes are observed.
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When considering what causes inverted-polarity electrical structure, one must be cautious not to equate the
conditions for producing positive cloud-to-ground lightning with the conditions for producing inverted-polarity
electrical structure. Still, one can look for hints to the
conditions for producing inverted-polarity electrical
structure by cautiously reviewing what is known about
conditions for producing positive cloud-to-ground lightning, and mechanisms suggested for producing positive
ground flashes may be relevant to inverted-polarity
storm structure. Investigators have suggested several
relationships:
1) One of the earliest hypotheses offered to explain
positive ground flash activity is that it is produced by
a tilted normal-polarity storm dipole, as observed by
Brook et al. (1982). This scenario obviously differs
from inverted-polarity storms, but it is important in
showing that positive ground flashes can be produced by storms in which the lowest charge is negative. Recently, based on numerical storm simulations, Mansell et al. (2002) have suggested that most
positive ground flashes are caused by having enough
negative charge below a large positive charge to initiate a flash, but not enough to cause downward
propagation to be captured in the negative charge.
(This is analogous to the lower positive charge creating conditions conducive to negative ground
flashes in normal-polarity storms, as is often observed.) It is possible to have a small amount of
negative charge below a large positive charge in part
of a normal-polarity storm, but this configuration
would tend to occur more extensively in an invertedpolarity storm.
2) Reap and MacGorman (1989), Seimon (1993),
MacGorman and Burgess (1994), and Stolzenburg
(1994) reported that storms producing frequent,
dense positive ground flashes were likely to be severe storms. Stolzenburg reported that storms with
large densities of positive ground flashes tended to
be the tallest storms in a given region. Smith et al.
(2000), Gilmore and Wicker (2002), and Carey et al.
(2003) reported that severe storms tended to have
predominately positive cloud-to-ground activity
while surface equivalent potential temperature (e)
or convective available potential energy (CAPE) increased along the storm track. The dominant ground
flash polarity was negative while e or CAPE decreased along the storm track. However, similar patterns of e and CAPE almost certainly exist around
supercell storms in other parts of the country without the storms having predominately positive
ground flash activity [e.g., see the lack of positive
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ground flashes in severe storms in the southeastern
United States, noted by Knapp (1994)], so these apparently significant tendencies are insufficient by
themselves to explain inverted-polarity electrical
structure.
3) Some types of supercell storms and some climatological regions are more likely than others to produce frequent positive ground flashes. Curran and
Rust (1992), Branick and Doswell (1992), and
MacGorman and Burgess (1994) observed that supercell storms toward the low-precipitation part of
the supercell spectrum tended to produce positive
ground flashes, while heavy-precipitation supercell
storms tended to produce negative ground flashes.
[There are exceptions, such as the storm documented by Bluestein and MacGorman (1998).] Climatological studies of the United States (Knapp
1994; Carey et al. 2003) have shown what may be a
related tendency: Severe storms that produced frequent positive ground flashes tended to occur in
central and Midwestern states; they rarely occurred
in southeastern states, which tend to have more
rainfall, though storms of comparable severity occurred there. As noted by Knapp (1994), somewhat
drier subcloud environments have been much more
likely than nearly saturated subcloud environments
to produce positive ground flashes.
4) Some aspect of microphysics may be important for
producing frequent positive ground flashes. Reap
and MacGorman (1989), MacGorman and Burgess
(1994), and Carey and Rutledge (1998) observed
that positive ground flashes appeared to be associated with large hail and suggested that some process
involved in the production of large hail may be the
cause. However, Carey and Rutledge showed that
the charge that caused positive ground flashes did
not reside mainly on the hail itself. Gilmore and
Wicker (2002), MacGorman et al. (2002), and Carey
et al. (2003) suggested that large cloud liquid water
concentrations were responsible, as will be discussed
later. A different mechanism was hypothesized by
Lyons et al. (1998), who suggested that widespread
frequent positive cloud-to-ground lightning was
caused by cloud condensation nuclei from extensive
forest-fire smoke. However, many of the supercell
storms that have produced large bursts of positive
ground flashes, such as storms studied by MacGorman and Burgess (1994) and MacGorman et al.
(2002), did not occur in the vicinity of smoke or
heavy pollution. Thus, while microphysics related to
hail production may well be important, smoke and
pollution are not essential.
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It appears likely to us that three of the properties
discussed above are jointly important to the occurrence
of positive ground flashes and inverted-polarity storms:
strong or increasingly strong convection, somewhat
drier climates, and microphysical processes related to
severe hail. Though strong updrafts appear important,
large updraft speeds do not appear sufficient by themselves to cause inverted-polarity electrical structure, because many supercell storms produce negative ground
flashes almost exclusively and do not have inverted
structure. Besides a strong updraft, a storm’s microphysics also appears likely to influence the polarity of
its electrical structure, and microphysics can be influenced by climate.
As noted above, one microphysical property that has
been suggested as causing positive ground flashes is an
unusually large concentration of cloud liquid water in
the mixed-phase region, a property that also would enhance hail production. Gilmore and Wicker (2002) and
Carey et al. (2003) inferred this from the environments
in which positive ground flashes were observed.
MacGorman et al. (2002) inferred it from a study of
polarimetric radar data and lightning data for one supercell storm, because large positive ground flash rates
occurred a few minutes after the beginning of an updraft pulse strong enough to cause wet growth of hail.
The reason cloud liquid water content may affect
storm polarity is related to the microphysics of charging. Many scientists have suggested, on the basis of
storm observations (e.g., Dye et al. 1986; Mohr et al.
1996; Bringi et al. 1997; Black and Hallett 1999) and
laboratory experiments (e.g., Takahashi 1978; Jayaratne et al. 1983; Saunders et al. 1991, 2001), that the
critical storm charging mechanism is the noninductive
exchange of charge during rebounding collisions of ice
particles with riming graupel. In most thunderstorms,
the dominant tendency appears to be for graupel to
gain negative charge, while smaller, unrimed ice particles gain positive charge. Laboratory experiments
have found, however, that these polarities are reversed
under some conditions, so that graupel gains positive
charge. For example, a few studies show that various
contaminants in the water can cause positive graupel
charging (e.g., Jayaratne et al. 1983).
Many more studies (including all laboratory studies
of this mechanism mentioned thus far) have examined
the effect of temperature and cloud liquid water content on graupel charging. These studies generally agree
that graupel gains positive charge at relatively warm
temperatures (the reversal to negative charging occurs
at some temperature colder than –10°C) or with large
liquid water contents and graupel riming rates. The reversal temperature decreases as liquid water content
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increases from moderate to large values. Eventually the
temperature range for positive graupel charging extends over essentially the whole temperature range of
the mixed-phase region when the liquid water content
is large enough. At very small liquid water contents and
riming rates, most laboratory studies agree that charging rates are small, but results concerning graupel polarity have been mixed. Takahashi (1978), for example,
found positive charging at all temperatures with small
enough liquid water content, but Saunders et al. (1991)
found negative charging over part of the temperature
range.
The complexity of the dependence on liquid water
content and temperature means that, in any storm,
graupel is likely to charge positively in some regions
and negatively in others. Many scientists have suggested that such behavior is responsible for producing
the tripolar electrical structure of storms. In this scenario, positive charging of graupel (negative charging
of cloud ice) in the warmer part of the mixed-phase
region contributes to the small, lower positive charge
(main negative charge); negative charging of graupel
(positive charging of ice) at colder temperatures contributes to the main negative charge (upper positive
charge).
Some investigators (e.g., Gilmore and Wicker 2002;
Carey et al. 2003) have suggested that positive ground
flashes are caused by graupel riming rates large enough
to enhance the lower positive charge in a normalpolarity storm tripole. They have offered various
mechanisms by which riming rates could be increased.
[Note that, if a small amount of negative charge is usually required below positive charge to produce positive
ground flashes, as Mansell et al. (2002) suggested, then
simply enhancing the lower positive charge is not sufficient. Some other mechanism for producing lower
charges, as described in the previous section, must also
contribute.]
To produce an inverted-polarity thunderstorm
charge distribution by the noninductive graupel–ice
mechanism requires a more extreme change than simply enhancing the lower positive charge in a normalpolarity thunderstorm. The graupel riming rate must be
large enough that positive charging of graupel completely dominates negative charging. This means that
the region in which the charging mechanism has reversed to produce negative graupel charging either
must be small or nonexistent or must have charging
rates too small to reduce the positive charge density
below observed values. Though positive charging of
graupel would produce only an inverted storm dipole, a
lower negative region could be formed either by inductive processes (driven by the electric field of the in-
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verted dipole) or by negative noninductive charging of
graupel in nearby regions of weaker updraft. Lightning
and other storm processes would further complicate the
inverted charge structure.
Our hypothesis, therefore, is that inverted-polarity
electrical storm structure causes a storm’s total lightning activity to be dominated by inverted-polarity lightning (and ground flash activity to be dominated by positive ground flashes) and is itself caused, in turn, by any
conditions causing the dominant charge on graupel to
be positive. Of particular interest are conditions that
produce a large riming rate in the mixed-phase region.
Carey et al. (2003) suggested that a tendency toward
higher cloud-base heights in drier environments would
tend to reduce the depth of warm cloud over which
coalescence depletes cloud droplets, and so could increase the concentration of droplets being rimed in the
mixed-phase region. In addition, Williams et al. (2005)
indicated that a higher lifting condensation level is correlated with stronger updrafts, which would increase
condensation rates and so also would increase the likelihood of positive graupel charging. Other properties
that could increase the riming rate for individual graupel particles include reducing the concentration of recycled precipitation particles accreting cloud droplets in
the warm cloud layer or the concentration of graupel
particles competing for liquid water in the mixed-phase
region. These, in turn, are affected by the age of a
storm, the concentration of cloud condensation nuclei,
the degree to which precipitation trajectories and ice
multiplication seed the updraft from previously existing
particles, and other storm and environmental properties.
Because so many factors affect the cloud liquid water
content and the riming rate of graupel in the mixedphase region, several environmental and storm properties could intersect in various combinations to produce
a large enough riming rate to cause inverted-polarity
electrical structure, with some combinations being
more favored in certain regions. We hypothesize that
storms with strong updrafts in the relatively dry climate
of the STEPS field program are more likely than storms
with comparable updrafts in the eastern United States
to have inverted-polarity electrical structure (and,
therefore, to produce predominately positive cloud-toground lightning activity), because they tend to have a
shallower layer of warm cloud and less recirculation of
precipitation through updrafts (because of unfavorable
particle trajectories or evaporation) than storms farther
east have.
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