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Great Plains storms are well known for their ability to
produce severe weather. They are also prodigious produc-
ers of lightning. Just how prodigious has been vividly il-
lustrated by recent observations in central Oklahoma with
a new GPS-based lightning mapping system. The observa-
tions are useful not only for studying storm electri�cation
but also provide a valuable indicator of storm structure and
intensity.
Lightning can be mapped in three spatial dimensions by

measuring the arrival times of impulsive VHF radiation
events as a lightning discharge progresses through a stor-
m. The availability of accurate, low-cost GPS receivers has
made it relatively easy to obtain measurements of suÆcient

timing accuracy to produce high quality pictures of the total
lightning activity over a large geographical area. Figure 1a
shows an example of such observations from a line of thun-
derstorms that moved over central Oklahoma on the night
of June 10-11, 1998. Ten mapping stations were deployed
over a county-wide area northwest of Oklahoma City and
detected lightning from the storm system as far south as
the Oklahoma-Texas border. The �gure shows one minute
of activity in the storm; major lightning discharges occurred
about once per second at di�erent locations along the 200-
300 km extent of the storm, out to the maximum range of
the mapping system.

Figure 1. Maps of the total lightning activity in a line of thunderstorms over central Oklahoma on the evening of June 10-
11, 1998. a) One minute of observations showing individual radiation events from lightning discharges in the storm (left);
b) �ve minutes of observations showing the density of radiation events (right). The observations were from a county-wide
network of ten measurement stations (2) located northwest of Oklahoma City, which detected lightning in the storm as far
south as the Oklahoma-Texas border. The di�erent panels show plan views, east-west and north-south vertical projections,
and height-time plots of the lightning activity. Groups of sources below 7 to 8 km altitude (msl) were cloud-to-ground
discharges; those above about 6 km altitude were intracloud discharges. The density plots show the location of the main
convective cells of the storm.
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Figure 1b shows a slightly expanded view of �ve min-
utes of observations from the storm. Instead of overlaying
individual radiation sources on top of one another, as in
Figure 1a, the �gure now shows the density of the radiation
sources. The lightning activity was most concentrated in
several locations that corresponded to the main convective
cells of the storm. Animations of the observations show the
motion of both the individual cells and of the storm as a
whole.

System Operation

The lightning mapping system has been developed at
New Mexico Tech under an Academic Research Infrastruc-
ture grant from the National Science Foundation, and is
patterned after the Lightning Detection and Ranging (L-
DAR) system developed at the NASA Kennedy Space Cen-
ter [Maier et al., 1995]. The system operates by detecting
radiation from lightning discharges in an unused VHF tele-
vision channel, in this case Channel 3 (60-66 MHz). Rather
than telemeter high-bandwidth data to a central site to mea-
sure the time-of-arrival values, as in the LDAR system, the
new system takes advantage of GPS technology to measure
the arrival times independently at each remote location. In
particular, the arrival times are determined with 50 ns time
resolution by phase-locking a 20 MHz digitizer to the 1 pulse
per second output of a GPS receiver at each station [Rison
et al., 1999]. The time of the peak radiation event is record-
ed in every 100 microsecond window that the signal exceeds
a noise threshold.
The data in this article are from the initial operation of

the system in Oklahoma during June, 1998. The result-
s were obtained by post-processing data recorded locally
at each measurement site. The observations were analyzed
using an automated procedure which identi�es sets of ar-
rival times that potentially correspond to each other and
processes the arrival times to determine the source location
and goodness of �t value. The statistics of the measure-
ment errors indicate overall timing uncertainties of 40-50 ns
rms, corresponding to 50 to 100 m best-case location errors
over the network. The location uncertainties increase with
distance from the array, becoming radial at large distances,
where the locations are primarily two-dimensional. The sig-
nal propagation is line-of-sight, so that distant sources be-
low the local horizon are not detected by the network. This
causes the minimum source altitude to increase with range,
as seen in Figure 1.
The time-of-arrival technique constitutes a highly accu-

rate space-time �lter that enables correlated events to be
extracted from the complex data stream and uncorrelated
events to be rejected. The result is that one is able to sort
out simultaneous activity both from a given lightning dis-
charge and from multiple discharges in di�erent locations.
This ability is crucial in large storm systems, where the
lightning activity is widespread and often nearly continu-
ous. It was not unusual in Oklahoma for the system to be
triggered during 90% of the 100-microsecond data windows
during active storms (9000 times per second). 500 to 1000
events per second were typically located during such activ-
ity.

A Horizontally Extensive Discharge

Figure 2 shows observations of a horizontally extensive

lightning discharge from the storm of Figure 1. The dis-
charge occurred over the southern edge of the measurement
network and had an overall extent of 75 km in the east-west
direction. It discharged three charge levels in the storm;
from other studies, the middle level (5-6 km msl) corre-
sponded to the main negative charge region of the storm,
and the upper level to the upper positive charge [e.g., Shao
and Krehbiel, 1996]. The lightning began as an intracloud
discharge between the main negative and upper positive
charges. During the �rst part of the discharge the upper
level channel propagated more than 50 km to the west and
decreased in altitude (blue to green sources), indicating that
the upper positive charge region similarly decreased in al-
titude. Subsequent breakdown in the main negative charge
region continued the discharge to the north (red sources),
where it produced a negative-polarity stroke to ground. The
time and location of the ground stroke is indicated by da-
ta from the National Lightning Detection Network (NLDN)
[Cummins et al., 1998] and is denoted by the small triangle
near x = +15 km, y = �10 km. In the process of going
to ground the breakdown appeared to discharge a region of
lower positive charge, indicated by a third level of (red) radi-
ation sources between 3 and 4 km altitude. A considerably
simpler cloud-to-ground discharge occurred in a separate
part of the storm to the south, for which the NLDN located
two strokes to ground.

Figure 2. Observations of a horizontally extensive (75 km)
intracloud and cloud-to-ground 
ash from the storm of Fig-
ure 1. The network of measurement stations is denoted by
the small squares (2) and the location of cloud-to-ground
strokes by the small triangles (4). More than 2400 radia-
tion events were located at three levels in the storm during
the 1.5 second discharge.
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Supercell Lightning

Figure 3 shows one minute of lightning in a large `super-
cell' storm, one of several that occurred over central Okla-
homa on the afternoon of June 8, 1998. The storm was a
single entity about 60 km in diameter that produced large
hail and torrential rain, but no tornadic activity. In con-
trast with the observations of Figure 1, where the lightning
consisted of temporally isolated events having a relatively
well-de�ned structure, lightning in the supercell was essen-
tially continuous and had an amorphous structure. The
cumulative e�ect of the lightning was to �ll a saucer-shaped
volume over the 60 km diameter of the storm, up to a height
of about 12 km msl. A relatively small number of cloud-
to-ground discharges of both negative (4) and positive (�)
polarity occurred beneath the lowest part of the storm.
A signi�cant feature of the supercell lightning activity

was the presence of lightning-free regions or `holes' in plan
views of the storm. The hole seen in Figure 3 was about
5 km in diameter and was almost certainly associated with
a very strong (60-100 mph) updraft in the storm. Several
holes were observed to occur at di�erent locations and dif-
ferent times in the storm, indicating a time-varying updraft
structure. The hole locations changed on a time scale of a
few minutes. Evidence that the holes were associated with
updrafts is seen in another feature of the observations,

Figure 3. Observations of lightning in a large supercell stor-
m, showing the volume-�lling nature of the activity. The
lightning `hole' in the southern part of the storm is believed
to be the location of a very strong updraft. This is support-
ed by the occurrence of high-altitude lightning at 15-16 km
altitude above the hole, believed to be in an overshooting
convective top produced by the updraft.

namely the occurrence of lightning radiation at high alti-
tude (15-16 km) immediately above the hole in Figure 3.
High altitude lightning was seen in a number of convective-
ly vigorous storms from the Oklahoma study, often more
intense and localized than in the Figure 3 data. The dis-
charges occur independently of other lightning in the storm
and are observed to rise up above the level of the other light-
ning over a time interval of a few minutes, to an altitude
between 15 and 20 km msl. This indicates that the dis-
charges are within (or possibly above) overshooting convec-
tive tops that brie
y penetrate the base of the stratosphere.
The high-level discharges represent an entirely new regime
of lightning activity that could provide a valuable indicator
of strong convective surges in storms.

Lightning in a Tornadic Storm

Figure 4 shows lightning in the early stages of a tornadic
storm that went on to produce two F1 and two F2 tornadoes
over northern Oklahoma City on the evening of June 13,
1998. The �gure shows thirty seconds of lightning activity
an hour earlier in the storm, a few minutes prior to touch-
down of an initial F0 tornado. The location of the tornado

Figure 4. Observations of lightning at the beginning of a
tornado-producing storm. The black diamond near x = 0 k-
m, y = �30 km, indicates the location of the �rst, small F0
tornado from the storm. The lightning activity exhibited
a hook-like structure on the west side of the storm and a
lightning-free region immediately above the tornado track,
similar to the hook echoes and weak-echo regions observed
by meteorological radars.
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is indicated by the black diamond in the �gure. Amazing-
ly, the lightning exhibited a counter-clockwise `hook'-like
structure on the west side of the storm in the vicinity of
the tornado, similar to the hook echoes observed by mete-
orological radar in tornadic storms. The hook enclosed a
lightning-free region about 5 km in diameter. As before,
the lightning-free region almost certainly corresponded to
the storm updraft. This is consistent with the fact that
hook radar echoes surround a weak echo region known to
be the location of the main updraft in tornadic storms. The
tornado touched down �ve minutes later, immediately below
where the updraft had been. The storm moved eastward at
about 50 km hr�1, which would have placed the tornado in
the low-altitude lightning region (3-4 km) on the west side of
the storm. The lightning in this region was probably associ-
ated with the low-altitude wall cloud that is a characteristic
feature of tornadic storms. Overall, the lightning consisted
of more or less continuous, minor discharges at high alti-
tude in the storm (11-14 km), punctuated by discrete, more
energetic discharges at lower altitude. A few positive cloud-
to-ground discharges were occurring below the anvil extend-
ing eastward ahead of the storm. The nature of the overall
lightning activity is not at all understood.

Final Comments

Although it is well known even to the casual observer that
Great Plains storms are very active electrically, the mapping
observations have shown in detail just how active the storms
are. The total lightning activity is much greater than indi-
cated solely by cloud-to-ground strike locations, and can
be a useful indicator of the nature and severity of storm-
s. However, very little is understood about the lightning
activity and electri�cation processes in large storms. We
plan to operate the mapping system in a multi-investigator
program in northeastern Colorado and northwestern Kansas
during the summer of 2000 to learn more about lightning
in large storms. This program, called the Severe Thun-
derstorm Electri�cation and Precipitation Study (STEPS),
is proposed to study the large hailstorms and supercell s-
torms that occur in this region of the U.S. Another network
of mapping stations will be operated by NASA scientists
in northern Alabama to study storms in the southern U.S.
and to determine the value of space-borne optical lightning
detection by satellites. Low-earth orbit optical lightning de-
tectors have already provided fascinating observations of the
distribution of lightning over the surface of the earth [Chris-

tian and Latham, 1998]. Satellite observations of individual
lightning discharges have been shown to be well-correlated
with ground-based measurements from the lightning map-
ping system [Thomas et al., 1999].
Current work with the mapping system is directed at

processing the observations in real time, both for research
studies and for potential operational applications. The real-
time observations are obtained by communicating the time-
of-arrival measurements to a central location via wireless
links or the Internet for processing and display. For fur-
ther information on the lightning mapping observations see
http://ibis.nmt.edu/nmt lms.
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