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Measurements during TELEX by a light-
ning mapping array, polarimetric and
- mobile Doppler radars, and balloon-borne
electric-field meters and radiosondes
show how lightning and other electrical
properties depend on storm structure,
‘ updrafts, and precipitation formation.
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Experiment (TELEX) brought together researchers and students from one federal
and five university organizations to study how lightning and other electrical storm
properties depend on storm structure, updrafts, and precipitation formation. By com-
balloon from its high-wind launch bining their resources, scientists employed an extensive array of sensors, including
tube to fly into a supercell storm an 11-cm-wavelength polarimetric Doppler radar, two 5-cm-wavelength mobile

I n May-June 2003 and 2004, the Thunderstorm Electrification and Lightning

A TELEX balloon crew releases a

on 24 May 2004 for an in situ 1y 10r radars, a mobile atmospheric sounding system, balloon-borne electric-field
sounding of electric field, winds,and

thermodynamic properties. Photo meters, an instrumented storm-penetrating T-28 aircraft, and a three-dimensional
by Ken Eack. lightning mapping network. Anytime, day or night, storms occurred P

AMERICAN METEOROLOGICAL SOCIETY JULY 2008 BAIS | 997




in central Oklahoma, teams scrambled into position
to observe them. The ground-based mobile facilities
acquired data for a broad spectrum of storm types on
7 days from 10 May through 5 June in 2003 and on
15 days from 15 May through 30 June in 2004.

GOALS OF TELEX. The field program had
three primary emphases: 1) storms having electrical
structure inverted from the usual vertical polarity,
2) lightning and other electrical properties of the
stratiform region of mesoscale convective systems,
and 3) developing operational applications of tech-
nologies that map all types of lightning.

Inverted-polarity electrical structure. The existence
of storms having inverted-polarity electrical struc-
ture has been established only recently. In most
thunderstorms, positive charge dominates in the
upper region (a relatively thin region colder than
roughly -25°C), and negative charge dominates
the middle region (somewhere between roughly
-10° and -25°C), though storms also have other
charge regions, particularly at lower altitudes (e.g.,
Williams 1989; MacGorman and Rust 1998, 49-53;
Stolzenburg et al. 1998b). Observations by the Severe
Thunderstorm Electrification and Precipitation Study
(STEPS) during the summer of 2000 found unexpect-
edly, however, that many thunderstorms on the High
Plains reverse these polarities, with the upper region
dominated by negative charge and the middle region
dominated by positive charge (Rust and MacGorman
2002; Lang et al. 2004a; Rust et al. 2005; MacGorman
et al. 2005; Wiens et al. 2005; Weiss et al. 2008). A
primary goal of the STEPS field program had been
to determine why the cloud-to-ground lightning
activity in a large fraction of High Plains storms is
dominated by flashes that lower positive charge to
ground (positive ground flashes) instead of the usual
negative charge (negative ground flashes). The answer

appears to be that the vertical polarity of the charge
structure in many High Plains storms is inverted.
Now the issue is to determine why the electrical
structure is inverted.

A primary goal of TELEX, therefore, was to collect
additional comprehensive datasets to test and revise
hypotheses that have been offered to explain how a
storm’s electrical structure can become inverted. All
such hypotheses thus far depend on a noninductive
electrification mechanism involving rebounding
collisions between actively riming graupel and smaller
ice particles. Over the last 10-15 yr, most of the scien-
tific community has come to accept this mechanism
as the primary one for electrifying thunderstorms,
at least during initial stages (e.g., Takahashi and
Miyawaki 2002; Saunders et al. 2006; discussion on
pages 65-70 and 226-228 of MacGorman and Rust
1998), though other mechanisms also contribute.

This mechanism tends to put charge of one
polarity on graupel and charge of the opposite
polarity on smaller ice particles during rebounding
collisions, followed by differential sedimentation
that separates the charge by polarity into different
regions as the graupel and smaller particles are trans-
ported by the wind. At moderate riming rates over
most of the mixed-phase region, the noninductive
mechanism tends to place negative charge on graupel
and positive charge on the smaller rebounding ice
particle. However, at warmer temperatures (2-10°C)
and at larger riming rates regardless of temperature
in the mixed phase region, it tends to place positive
charge on graupel and negative charge on the smaller
ice particle. At very low riming rates, laboratory
experiments have disagreed concerning the polarity
and magnitude of charge that is transferred.

The usual result of these tendencies for charge
distributions (though a simplified view of a typical
thunderstorm) is that the negative charge that domi-
nates at middle levels has two contributions: small ice

AFFILIATIONS: MACGORMAN, RusT, ZIEGLER, AND MANSELL—NOAA/
OAR/National Severe Storms Laboratory, and Cooperative

Texas; KReHBIEL, RisoN, AND EAck—New Mexico Institute of Mining
and Technology, Socorro, New Mexico

CORRESPONDING AUTHOR: Donald R. MacGorman, National
Severe Storms Laboratory/WRDD, NWC, 120 David L. Boren
Blvd., Norman, OK 73072-7323

E-mail: don.macgorman@noaa.gov

Institute for Mesoscale Meteorological Studies, University of
Oklahoma, Norman, Oklahoma; ScHuurR—Cooperative Institute
for Mesoscale Meteorological Studies, University of Oklahoma,
and National Severe Storms Laboratory, Norman, Oklahoma;
BIGGERSTAFF, STRAKA, BRUNING, KUHLMAN, LUND, AND PAYNE—

X . i . The abstract for this article can be found in this issue, following the table
Cooperative Institute for Mesoscale Meteorological Studies, f f f s

of contents.

University of Oklahoma, and National Severe Storms Laboratory,
DOI:10.1175/2007BAMS2352.1

and School of Meteorology, University of Oklahoma, Norman,
Oklahoma; BIERMANN AND BEAsLEy—School of Meteorology,
University of Oklahoma, Norman, Oklahoma; CAREy—Department
of Atmospheric Sciences, Texas A&M University, College Station,

In final form 6 December 2007
©2008 American Meteorological Society

998 | BAMS juLy 2008



particles that gained negative charge at warmer tem-
peratures and graupel that gained negative charge at
somewhat colder temperatures. The positive charge in
upper regions is due to small ice particles that gained
positive charge at temperatures less than roughly
-10°C. Storms also often have a smaller amount of
positive charge in their lower regions, thought to
be due at least in part to graupel that gained charge
at temperatures greater than roughly -10°C (e.g.,
Jayaratne and Saunders 1984).

Theories to explain inverted-polarity thunder-
storm charge distributions thus far have all invoked
some process for increasing the riming rate of a
graupel particle enough that the graupel tends to
gain positive charge at all temperatures in the mixed
phase region. Because inverted-polarity storms tend
to occur in relatively dry environments (Knapp
1994; Carey et al. 2003) and the actual cloud liquid
water content in an updraft is usually less than the
adiabatic cloud liquid water profile, such suggestions
have focused on mechanisms for realizing a larger
fraction of the adiabatic profile in the mixed-phase
region, where most charging is thought to occur.
For example, MacGorman et al. (2005) pointed out
that having fewer precipitation particles recycle into
the updraft (due possibly to faster outflow from the
upper-level updraft or drier low-level air) would
reduce the number of precipitation particles accreting
cloud droplets and so would reduce the loss of droplets
in the updraft. Williams et al. (2005) and Carey and
Buffalo (2007) suggested that the loss of cloud drop-
lets below the mixed phase region would be reduced
in storms having a higher cloud base, because of the
smaller depth for depletion by warm rain processes.
They also noted that updrafts having less horizontal
entrainment and mixing of drier air (as in the core
of broader updrafts) would realize a larger fraction
of the adiabatic cloud liquid water profile.

Some data to evaluate the relative impact of these
last two effects on the adiabatic profile are provided
by the microphysical analyses (a combination of radar
and T-28 aircraft data) of a High Plains supercell by
Musil et al. (1986). Along the aircraft penetration at
roughly 6-8 km MSL (approximately -9° to -30°C
measured), the bounded weak echo region (BWER)
and updraft exceeding 20 m s™ (50 m s maximum)
both were approximately 7 km wide. Within the
BWER, liquid water content increased to 3 gm~ (50%
of the adiabatic value) over the horizontal distance
in which mixing with drier air decreased. However,
in the updraft core in which constant theta-e indi-
cated no mixing, the liquid water content eventually
doubled to nearly the adiabatic value, likely because
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there was little precipitation accreting cloud particles
there.

MacGorman et al. (2005) and Carey and Buffalo
(2007) reviewed the above mechanisms, as well as
others, and pointed out that different processes may
be responsible for inverted-polarity electrical struc-
ture in different storms and regions. Comprehensive
datasets from a variety of storm types, both normal
polarity and inverted, are necessary to determine
the processes that govern the vertical polarity of the
charge distribution under various conditions.

Lightning in the stratiform region of MCSs. A second
emphasis was to examine how the initiation and
in-cloud structure of lightning in the stratiform
precipitation region of different types of mesoscale
convective systems (MCSs) are related to the kine-
matic, microphysical, and electrical structures of
the systems. Most studies of MCS electrical proper-
ties thus far have examined leading-line, trailing-
stratiform systems and have found that the stratiform
regions of such MCSs are highly electrified. Using
electric field soundings, for example, Marshall and
Rust (1993) and Stolzenburg et al. (1994) showed
that the charge in the stratiform region tends to
occur in four to six layers, which can extend at least
100 km horizontally. Marshall and Rust estimated
that a single layer can contain on the order of 10* C of
charge, which they indicated was two to three orders
of magnitude greater than most estimates for a single
charge region of isolated thunderstorms (excluding
the anvil) and was 2-3 times the amount estimated
for a single charge layer of a severe storm anvil.

The charge layers were often less than 1 km thick,
with the polarity of charge alternating from one layer
to the next. Atleast one layer usually was warmer than
0°C. A layer at or near the 0°C isotherm usually con-
tained positive charge. Stolzenburg et al. (1998a) de-
veloped a conceptual model of the charge distribution
in leading-line, trailing-stratiform squall lines: the
upper charge regions in the convective line extended
far back into the stratiform region, with advection
from the convective line and local generation both
contributing to the charge in the stratiform region
(Stolzenburg et al. 1994). Whether charge in the con-
vective line is connected with charge in the stratiform
region for any specific charge region at temperatures
near or warmer than 0°C is still unknown.

Studies of lightning in leading-line, trailing-
stratiform MCSs have found that the typical pattern
is for frequent flashes to occur in the convective line
and for sparse, infrequent, long horizontal flashes to
occur in the stratiform region (e.g., Mazur and Rust
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1983). Most cloud-to-ground flashes in the convective
line typically are negative ground flashes, while most
in the stratiform region are positive ground flashes
(e.g., Rutledge and MacGorman 1988; Rutledge et al.
1990; Lang et al. 2004b). In a relatively few MCSs,
positive ground flashes dominate the ground flash
activity of the convective line (MacGorman and
Morgenstern 1998).

Because the first of the new generation of
three-dimensional lightning mapping systems
was installed less than a decade ago, few studies
of three-dimensional lightning mapping data for
mesoscale convective systems have been published
thus far. Lang et al. (2004b), Carey et al. (2005),
and Dotzek et al. (2005) all examined leading-line,
trailing-stratiform squall lines and found that most
lightning in the stratiform region began in the up-
per part of the deep convective line and propagated
backward and downward into a positive charge
layer near the 0°C isotherm in the stratiform region.
Some of these flashes did not strike ground, but
some lowered positive charge to ground, sometimes
doing so multiple times 210 km apart in a single
flash. No studies published thus far have examined
how lightning structure in stratiform regions is af-
fected by the different kinematic structures of highly
asymmetric MCSs, leading-stratiform, trailing-line
MCSs, or chaotic MCSs (defined by Houze et al.
1990), nor have any systematically analyzed which
of the multiple layers of charge in stratiform regions
can be involved in lightning.

Operational applications of lightning mapping systems.
A third emphasis was to develop and test applications
for weather operations of systems that map all types of
lightning. Cloud-to-ground lightning data have been
used by the National Weather Service (NWS) for over
adecade and have been useful for several applications,
including detecting thunderstorm initiation and ex-
istence in various circumstances, providing rapid up-
dates for storm motion and evolution, and detecting
the large-scale configuration and reinvigoration of
convection (e.g., Mosher and Lewis 1990). However,
tlash rates of negative cloud-to-ground lightning have
essentially no relationship with severe weather (Reap
and MacGorman 1989). Flash rates that include all
types of lightning appear to be much more closely
related to thunderstorm severity.

Both observational (e.g., Lhermitte and Krehbiel
1979; Wiens et al. 2005; Petersen et al. 2005) and
modeling studies (e.g., Kuhlman et al. 2006) over
the last 30 yr have demonstrated that total lightning
flash rates are correlated with the volume of updraft
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>10 m s~ above the 0°C isotherm, with updraft mass
flux through the mixed-phase layer (for updraft
210 m s7'), with graupel mass and volume, with
column-integrated precipitation ice mass, and to
a lesser extent, with cloud ice mass. Petersen et al.
(2005) found that the relationship with precipita-
tion ice mass was invariant in a bulk statistical sense
across widely different climatological regimes, but
most other relationships have been examined only
on a storm-by-storm basis for relatively few cases.
Details of most of these relationships remain to be
worked out, particularly when comparing different
climatological regions and types of storms. Any in-
formation about updraft trends that could be inferred
from lightning data would be especially useful, as
accurate trends in updraft evolution are difficult to
obtain from radar in real time, yet updraft charac-
teristics have a major influence on a storm’s potential
for severe weather.

Systems capable of limited detection efficiency
for in-cloud flashes, in addition to high-detection
efficiency for cloud-to-ground flashes, have recently
become available for weather operations nationwide,
and VHF mapping systems that provide much more
complete lightning data have become available to
the National Weather Service in various forecast
offices in Alabama, Florida, Oklahoma, Texas, and
the Washington, D.C., area. Also, limited products
have been developed for trial use of VHF mapping
data through the Advanced Weather Interactive
Processing Systems in select NWS forecast offices
and have been found useful, as described for example
by Goodman etal. (2005). Additional developmental
work is needed for operations to take advantage of the
information these VHF mapping data provide to sup-
plement radar data for warning of severe weather.

Near-term development will be focused also on
applications of the total lightning data that will be
provided by the lightning mapper planned for the
Geostationary Operational Environmental Satellite
series R (GOES-R) satellite. [Christian et al. (1989)
describes the preliminary mapper design.] Spatial
resolution will be reduced from the 50 m-1 km pro-
vided by VHF systems to roughly 10 km. However,
coverage by the GOES-R lightning mapper is planned
for the whole contiguous United States and much of
the American hemisphere, and so will provide reli-
able thunderstorm detection and trending in large
continental and oceanic regions outside the cover-
age of operational radars. Furthermore, lightning
detection systems provide the only currently feasible
technology for mapping thunderstorms globally.
Several studies (e.g., Chang et al. 2001; Mansell et al.



2007) have shown that such data can be assimilated
into numerical forecast models, much as radar re-
flectivity data are assimilated, to improve initial
conditions at the start of the forecast period. However,
comprehensive datasets are needed to develop these
applications further.

INSTRUMENTATION. The TELEX field program
took advantage of two permanently installed systems
in central Oklahoma: the 11-cm wavelength KOUN
polarimetric radar and the Oklahoma Lightning
Mapping Array (OK-LMA). Figure 1 shows the loca-
tion of each system.

The KOUN radar (Figs. 1 and 2) was originally the
prototype Weather Surveillance Radar-1988 Doppler
(WSR-88D) (Crum and Alberty 1993; Klazura and
Imy 1993) installed in Norman, Oklahoma, but
has been upgraded by the National Severe Storms
Laboratory (NSSL) to add polarimetric measurements
(Doviak et al. 2000; Ryzhkov et al. 2005). During
TELEX, the radar collected volume scans of conven-
tional and polarimetric data (horizontal reflectivity
factor z, differential reflectivity Z e correlation
coefficient p, , and differential phase shift @ ) every
5-6 min. Besides providing data for analysis, KOUN
also was used by nowcasters to direct and coordinate
mobile facilities during TELEX operations. To help
nowcasters provide guidance, the location of mobile
facilities was sent to KOUN in real time via a mobile
phone and plotted on a display of the radar data.

The OK-LMA (Figs. 1 and 3) maps total lightning
activity, including the lightning inside clouds, in three
spatial dimensions as a function of time. It was pur-
chased from New Mexico Institute of
Mining and Technology (NMIMT)
by the University of Oklahoma
and is operated collaboratively by
the University of Oklahoma, the
NSSL, and NMIMT. The OK-LMA
detects a lightning flash by receiv-
ing radiation produced in a locally
unused television channel (VHF
channel 3) by a lightning channel
segment as the channel develops.
Rison et al. (1999) and Thomas et al.
(2004) describe the operation and
accuracy of the mapping system in
detail. Complementing the OK-LMA
was the commercial National Light-
ning Detection Network (NLDN;
Cummins et al. 1998), which de-
tected cloud-to-ground lightning
strikes.
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Fic. |. Map of coverage by the Oklahoma Lightning
Mapping Array and the KOUN polarimetric radar used
in TELEX. Black lines depict highways. Gold shading
having a radius of 100 km indicates the region in which
lightning can be mapped well in three dimensions;
purple shading, the 200-km nominal range within
which lightning’s plan location can be mapped; red
shading, the region within 60 km of the KOUN radar.
The majority of TELEX operations occurred within the
red shading, all but two were within the gold shading,
and all were within the purple shading.

The OK-LMA can map anywhere from a few to a
few thousand VHF radiation sources for each flash
as a function of time, to reveal the development and
spatial extent of the flash. Grouping individual VHF
sources into flashes is usually straightforward when
the interval between flashes in a storm is =1 s, but
becomes more difficult for shorter intervals. When
the interval between flashes approaches 0.3 s,

Fic. 2. The KOUN polarimetric radar at the National Severe Storms
Laboratory in Norman, OK, and the two mobile SMART-R C-band
Doppler radars. Shown with the radars are several of the investiga-
tors from the SMART-R consortium: (from left to right) Jerry Guynes,
Mike Biggerstaff, Conrad Ziegler, Lou Wicker, and Gordon Carrie.
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Fic. 3. A station in the OK-LMA. Lightning radiation
signals are sensed by the vertical dipole antenna (fore-
ground, near the first author of this paper). The shed
that houses the station’s electronics is in the back-
ground, next to antennas for communicating data to
a central processing location.

flashes can be close enough in space and time that any
automatic algorithm will sometimes choose incor-
rectly when deciding whether two or more groups of
sources should be separate flashes or parts of the same
flash. Occasionally the correct choice is ambiguous
even when analyzing flashes manually.

All existing algorithms for automatically grouping
VHF source points into flashes use the time and
distance between the points as criteria. For storms
within the range of three-dimensional lightning
mapping, our present algorithm considers adding a
new VHF source point to a flash if it occurs within
150 ms of the last point already in the flash. The new
point then is actually added to the flash if it is within
500 ms and 3 km of any point already in the flash.
Two segments previously treated as separate flashes
are merged into one flash if the newest point added
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to one of the segments satisfies the 500 ms and 3-km
criterion for both segments. The maximum duration
permitted a flash is 3 s.

Any of these thresholds can be changed, but we
have compared the results of the algorithm using
these values with manual analyses of many flashes
(including many in all the storms discussed later)
and have found good agreement. However, when
flash rates are very large, estimates by the algorithm
can be sensitive to relatively modest changes in these
thresholds, so estimates of large flash rates should be
considered only approximate.

One can use the mapped lightning to estimate the
location of the positive and negative charge regions
directly involved in a lightning flash. Several studies
(e.g., Kasemir 1960; Mazur 1989; Roussel-Dupre et al.
1992) have shown that lightning begins in a region
of large electric-field magnitude (which tends to
lie between positive and negative charge) and then
propagates bidirectionally, one end propagating into
and within the positive charge, and the other, into and
within the negative charge (MacGorman et al. 1981;
Williams 1985; Shao and Krehbiel 1996; Coleman et al.
2003). Channel development on the end propagating
in positive charge produces stronger VHF signals than
produced by the end propagating in negative charge
(e.g., Shao and Krehbiel 1996). Because the difference
is large, the first mapped VHF sources in a flash are
almost always from channels moving into positive
charge regions, and the OK-LMA detects many more
VHE sources in positive charge regions than in nega-
tive regions (e.g., Rison et al. 1999). From the sequence
of mapped flash development and the relative density
of mapped sources in a region, therefore, one can often
infer the location of the positive and negative charge
through which a lightning flash propagated.

During TELEX in both 2003 and 2004, a mobile
ballooning system (Fig. 4) was added to the KOUN
radar and the OK-LMA to provide in situ soundings
of storms’ electrical and thermodynamic properties.
NSSL's mobile laboratory carried the receivers and
recorders for the balloon data. A rented truck carried
enough helium, balloons, and instruments to launch
six balloons into a single storm, though the data re-
ceivers allowed only four to be flying at the same time.
A dropsonde system developed by the National Center
for Atmospheric Research (NCAR) was modified for
upsonde operation in TELEX by adding a simple baffle
to redirect airflow past the temperature and relative
humidity sensors. The dropsonde measured pressure,
temperature, and relative humidity and provided posi-
tion and winds calculated from the global positioning
system (GPS; Hock and Franklin 1999).



Vector electric-field
measurements were pro-
vided by a balloon-borne
electric-field meter (EFM)
flown with NCAR’s sonde.
MacGorman and Rust
(1998, section 6.2.3v)
discuss the design and his-
tory of this instrument,
initially developed by
Winn and Byerley (1975).
For TELEX, the construc-
tion of the EFM was made
sturdier, and onboard data
recording was added to
supplement telemetered
data. The EFM spins about
its vertical and horizontal
axes at nominal rates of
1 and 3 Hz, respectively,
thereby producing a sinu-
soidal raw signal whose
amplitude is proportional
to the electric-field mag-
nitude. A two-axis accel-
erometer and three-axis
magnetic field sensor were
newly incorporated for the
TELEX field program to
provide improved reference
signals from which the vec-
tor direction of the electric
field could be determined.

To make inferences
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Fic. 4. (top) The NSSL mobile laboratory during TELEX. (bottom left) A
nighttime balloon launch. The yellow plastic sheet on the ground is the
opened launch tube that had held the balloon and was opened to begin the
launch. (bottom right) A balloon in flight. The instrument train for this flight
consisted (top to bottom) of a parachute, an NCAR dropsonde used as an
upsonde, a GPS beacon to radio the instrument’s location for two days, and
an electric-field meter. The lower half of the 10-m-long balloon is folded
into a small square to make launching easier, but is released by a timer and
unfolds soon after launch.

about the charge distribu-
tion from measured electric fields one must rely on
Gauss’s law, which states that the charge density at a
point is equal to a constant times the divergence in
the electric field. Because we generally cannot mea-
sure all terms of the divergence from a single balloon
sounding, we can face ambiguities when inferring
charge density. For regions in which the horizontal
derivatives are approximately zero, however (as would
be expected from past measurements in much of the
stratiform precipitation region of MCSs), the charge
density is proportional only to the change in the
vertical component of the electric field with height,
which can be estimated readily from the electric-field
profile measured by balloons (e.g., Stolzenburg and
Marshall 1994).

In addition to the mobile facility for in situ storm
measurements, another mobile facility was added
in 2004 to make balloon soundings of wind and
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standard thermodynamic variables in the near-
storm environment. Such soundings are critical to
modeling studies, which use them to provide the
initial conditions and possibly the time-varying
lateral boundary conditions of the model domain. A
commercial radiosonde, a Vaisala model RS92-SGP
with GPS tracking, was flown to provide these data
(Wihrn et al. 2004).

Also in 2004, two mobile C-band Doppler radars
(Fig. 2) were added to the TELEX instrumentation
suite to provide a capability for dual-Doppler syn-
thesis of a storm’s wind field and better temporal
resolution than was available from the KOUN radar.
These were the Shared Mobile Atmospheric Research
and Teaching Radars (SMART-Rs), built and oper-
ated by a consortium of the University of Oklahoma,
Texas A&M University, Texas Tech University, and
the National Severe Storms Laboratory (Biggerstaff
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et al. 2005). The distance between radars was typi-
cally 30-40 km. Sector volume scans, coordinated
between the two SMART-R radars, typically required
2-3 min. to cover the full depth of the storm.

The South Dakota School of Mines and Technology
(SDSMT) armored T-28 participated in 2003 under
the direction of John Helsdon and Andy Detwiler
to measure the electric field, particle charge, winds,
NO, concentration, and microphysical properties at
the lower-to-middle altitudes of storms. The T-28
measured the size spectrum of water and ice particles
in clouds, from cloud droplets a few micrometers in
diameter to 5-cm hail. Furthermore, six electric-field
meters were flush mounted around the aircraft in a
configuration sufficient to measure the vector electric
field. Because its operation was constrained to day-
light hours, the T-28 participated in only one mission
of the mobile ballooning team in 2003, but flew five
other missions without mobile ballooning.

Two other groups flew additional balloon-borne
instruments on a few flights. A group from NMIMT
and the University of Oklahoma headed by Ken Eack
and Bill Beasley flew sensors to measure X-rays and
electric-field changes within the storm from lightning,
to test hypotheses concerning the physics of lightning

channel development. A group from the University of
Washington headed by Bob Holzworth flew a proto-
type for measuring the electric field above storms.

OBSERVATIONS. A wide variety of storm types
was sampled during TELEX. Tables 1 and 2 list the
type of storm observed during each data collection
operation, along with the times at which data were
collected. To give an idea of the nature of the data
collected, we present examples from three storms:
1) along-lived, tornadic heavy-precipitation supercell
on 29-30 May 2004, 2) a short squall line on 19 June
2004, and 3) a short-lived, small thunderstorm on
28-29 June 2004. (Plots of the lightning mapping
data for these storms can be seen at http://lightning.
nmt.edu/oklma.)

Tornadic heavy-precipitation supercell storm of
29-30 May 2004. On 29 May, a series of storms
formed along a dryline near the border between
Oklahoma and the Texas Panhandle. These storms
initially moved northeast into greater boundary layer
moisture. The Storm Prediction Center’s outlook at
2000 UTC noted that CAPE in western Oklahoma
was 4000 J kg'. Convective instability and verti-

electric field.

TaBLE |. Summary of the 2003 TELEX operations. KOUN polarimetric radar data and OK-LMA data
were collected throughout all listed times. The only operation outside the 3D coverage of the OK-LMA is
indicated by 2D OK-LMA under “other measurements.” The E under “other measurements” stands for

Date EFM launch (UTC) | T-28 (UTC) Other measurements Storm type
14 May 0747 Line of storms
0818
16 May 0728 1757-1920 Southern line of asymmetric
0744 MCS
1920 May 2340-0108 Line of storms
20 May 0555 Small storm
23 May 1534-1643 Dissipating storm
25 May 0429 X-rays + lightning E Decaying supercell anvil
2D OK-LMA
I Jun 2001-2106 Storm complex
2 Jun 0425 X-rays + lightning E Small squall line
0505
0530
4 Jun 1615 1606—1720 X-rays + lightning E Asymmetric MCS
1629
1649
6 Jun 0311 Severe MCS
0352
10 Jun 2237-2324 Squall line
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TaBLE 2. Summary of 2004 TELEX operations. KOUN polarimetric radar data and OK-LMA data were col-
lected throughout all listed times. The only operation outside the 3D coverage of the OK-LMA is indicated
by 2D OK-LMA under “other measurements.” The E under “other measurements” stands for electric field.

Date SMART-RI | SMART-R2 | EFM launch Envirf)nmental Other Stormitype
(UTOC) (UTC) (UTC) sounding (UTC) | measurements
13 May 0209-0315 0225-0309 0205 Decaying storm
13 May 1843 Small storm
1853
1903
24-25May | 2352-0528 2343-0528 2329 2352 High-altitude E Tornadic
2345 0323 supercell
0007 0418
0401
26-27 May | 2257-0230 0144-0326 2234 2201 Nontornadic
2242 2332 supercell
2250 0124
2346
29-30 May | 2246-0301 2207-0212 2335 1803 Tornadic heavy
2346 2008 precipitation
0012 (no EFM) 2237 supercell
0008
013l
2-3 Jun 2129-0416 2131-0417 0150 1942 X-rays + lightning E Squall line
0231 2109 High-altitude E
0240 2231
4 Jun 1440-1828 1412—1829 1244 Weak storms
6 Jun 0442-0540 0435-0537 0419 0341 MCS
17 Jun 1714-1222 0711-0929 0653 0800 X-rays + lightning E | Bow echo MCS
2D OK-LMA
18 Jun 0541-0649 0601 0442 MCS
0623 0635
0643
19 Jun 1252—-1605 12441623 1242 1322 X-rays + lightning E Small MCS
1252
1325
1344
1455
20 Jun 1545-1715 1524-1715 1537 1507 Weak storms
1545 1633
1613
1635
22 Jun 0417-0855 0410-0854 0546 Large MCS
0626
0702
0720
28-29 Jun 2340-0140 2332-0140 0020 Weak storms
30 Jun 0158-0328 0212-0332 MCS
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F-SCALE ALTITUDE (km MSL)

VHF SOURCES (10" min”)

18

12

cal shear in the horizontal winds were favorable in
Oklahoma for supercell occurrence.

The southernmost storm formed at approximately
2200 UTC[1700 central daylight time (CDT)] near the
southwest corner of Oklahoma and moved northeast.
Around 2245 UTC, this storm began to grow rapidly.
By 2330 UTGC, it had taken on heavy-precipitation
supercell characteristics (Doswell and Burgess 1993)
and produced intermittent FO tornadoes and hail
12 cm (4.75 in.) in diameter (Fig. 5) as storm motion
turned to the right, toward the east. Mobile soundings
show that the right-moving storm experienced
progressively cooler, moister inflow having greater
storm-relative helicity that favored increasing updraft
rotation, though in a more stable environment. The
storm continued intensifying through 0015 UTC, as
indicated by increases both in the density and height
of VHF sources (Fig. 5) and in the area and maximum
reflectivity of the storm in base-scan radar data. Two
sequential rain-wrapped F2 tornadoes were tracked
without a noticeable break from 0017 to 0111 UTC
west of Oklahoma City, Oklahoma.

Shortly after 0200 UTC, storm motion turned
slightly left, toward the east-northeast. Large hail
reports continued until 0410 UTC, and torna-
does continued sporadically until approximately
0700 UTC. At 0530 UTC, the horizontal area of
the storm observed in base-scan reflectivity began
decreasing. The storm finally dissipated at approxi-
mately 0800 UTC near the border with Arkansas
and Missouri.

We analyzed data in more detail from 2330 to
0100 UTC, a period leading up to and including
the first two F2 tornadoes, when the storm was well
within the area of TELEX operations. The lightning
activity was extreme. Estimated flash rates peaked
at roughly 8 s shortly before and during the two
tornadoes and exceeded 3 s7! for the entire period.
(Though automatically determined flash rates this
large are only approximate, as discussed previously,
the above rates included only flashes composed of
at least 10 mapped VHF sources, and we confirmed
similar flash rates manually in spot checks. During
this period, many of the flashes in the deep convec-

Fa)

:00

1 FiG. 5. Lightning, hail, and tornadoes
produced by the 29-30 May 2004
heavy-precipitation supercell storm.
(a) The density of sources of VHF
10° radiation mapped by the OK-LMA as
a function of height and time; colors
indicate the density (number per sec-
ond per kilometer of height). (b) The
reported time and F-scale damage

w
=
3

o)

| @ Hail
Tornado .

rating of tornadoes and the reported
time and diameter of large hail from
Storm Data (2004). The plotted F-scale
rating of each tornado is the maximum

DIAMETER (cm)

:00 23:00

achieved during its lifetime; at times
having simultaneous tornadoes, the

tornado with the largest F-scale rating
is plotted. The last hail report is shown,
but sporadic FO-FI tornadoes contin-
ued longer, until 0700 UTC. (c) 5-min
average of the number of VHF sources

1:00
TIME (UTC)

2:00 3:00

mapped per minute in this storm by
the OK-LMA. In (a), note the rapid
overall increase in VHF source den-

4:00

sity and the upward convective surges in the lightning data beginning shortly before 2300 UTC, a result of the
development of stronger, deeper updrafts. Large hail was reported during and just after these strong surges,
and the first FO tornado began at approximately 2330 UTC, shortly after the height of lightning subsided. At
this time, however, and again at approximately 0010 UTC, the VHF source density increased rapidly at 9-11
and 16-17 km MSL, the increases reflecting intensification of the storm leading to the first FO and the first long-
track F-2 tornado, respectively. These layers of larger VHF density persisted until approximately 0200 UTC,
a period during which several tornadoes were produced. The larger VHF source densities changed character
after 0200 UTC, as the storm track turned slightly left. After roughly 0300 UTC, the apparent decrease in
lightning activity reflects primarily the decreasing detection efficiency of the OK-LMA with increasing range
of the storm, and the rising minimum height of mapped VHF sources reflects the increasing height of the
OK-LMA’s horizon with range.
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tive core of the storm were only 3-10 km in spatial
extent, surprisingly small for a storm of this size.)
Lightning activity extended eastward far into the
downshear anvil, up to 150 km from the western edge
of the storm, and some flashes were initiated in the
anvil. The vertical polarity of intracloud flashes in the
main body of the storm was usually inverted. Between
0000 and 0015 UTGC, just before the first F2 tornado
began, the intensification of the storm was reflected
in the rapidly increasing VHF source densities at
9-10 and 16-17 km MSL (Fig. 5a), probably due to an
increasingly strong updraft. As the tornado began,
the secondary maximum in VHF source density
near the top of the storm extended to the top of the
12-dBZ echo in the overshooting top (at an altitude
of approximately 18 km MSL).

During its supercell phase, this storm produced a
series of bounded minima in the horizontal projec-
tion of lightning density (often called lightning holes),
each one lasting roughly 15-20 min. Lightning holes
were first noted by Krehbiel et al. (2000). In a classic
supercell storm in Kansas during the STEPS field
program, MacGorman et al. (2005) and Wiens et al.
(2005) observed that the hole tended to be located
just above the BWER in the strong updraft core and
probably existed for much the same reason as the
BWER existed: the short residence time through the
mixed-phase region in a very fast updraft would cause
a relative lack there of precipitation growth and of
microphysical charging from rebounding collisions
between riming graupel and cloud ice. It also would
allow less time for the differential sedimentation
needed to separate charge macroscopically within
the updraft at this level. To illustrate the relationship
of the lightning holes to the reflectivity and wind
structure of the 29 May storm, Fig. 6 shows light-
ning density and SMART-R radar data near the time
the first F2 tornado touched down. The minimum
lightning density in the lightning hole was aligned
horizontally with the BWER and was within a core
of updrafts greater than 20 m s™.

Small short-lived squall line of 19 June 2004. The
mesoscale convective system for which TELEX
acquired data on 19 June began as a cluster of iso-
lated cells in southwest Oklahoma during the early
morning. CAPE in central Oklahoma was modest,
approximately 200 J kg™. Furthermore, there was
too little vertical shear in the horizontal wind at
lower levels (roughly 1 m s km™ over the lowest
6 km of altitude) to help organize the storm system.
Thus, the resulting storm system was not particularly
vigorous. As the cells moved northeast into south-
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central Oklahoma, they merged to form a leading-
line, trailing-stratiform squall line (Biggerstaff and
Houze 1993), with a couple of older dissipating storms
embedded in the stratiform region.
Atapproximately 1200 UTC (0700 CDT), cells that
later formed the convective line were at their tallest
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Fic. 6. (a) Radar reflectivity (color shading) and hori-
zontal Doppler wind vectors at 6.8 km MSL, estimated
from the dual SMART-R volume scans beginning at
0018 UTC 30 May 2004. (b) Vertical and horizontal
wind (color shading and vectors, respectively) at the
same time and altitude as in (a). The vector scale for
20 m s' applies also to (a). (c¢) Density of mapped
VHF sources produced at 6 km <z 5 10 km from 0015
to 0020 UTC. The density color scale is a log_ scale.
The white outline in all panels delineates the BWER.
Note that the minimum lightning density in the hole
is within the BWER and the core of maximum updraft
speed. Coordinates are relative to the location of the
KOUN radar.
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(lightning extended up to 15 km MSL in several cells),
though the stratiform precipitation region had not yet
fully formed. At 1230 UTC, the convective line and
stratiform precipitation region were fully formed. By
1300 UTC, near the beginning of data acquisition by
the mobile facilities, cell heights in the convective
line had decreased somewhat (lightning extended to
14-15 km MSL in the southernmost cell, but only to
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12-13 km MSL in the other cells). Over the next hour,
the maximum height of the convective line decreased
(in all but the southernmost cell, lightning extended
only to 11-12 km MSL at 1400 UTC), and the maxi-
mum reflectivity at upper levels also tended to de-
crease, though the system retained its leading-line,
trailing-stratiform structure. As the cold pool from
the system spread northeastward, thunderstorms

Fic. 7. (a), (b) Path of a balloon
launched into the stratiform
precipitation region of a
squall line at 1345 UTC
19 Jun 2004, superimposed
on OK-LMA data for a single
flash at 1353:20.2-23.0 UTC.
(a) Plan view of the whole
flash. The sequence of colors
indicates elapsed time, from
blue through green and yellow
to orange. The flash began
in the convective line and
propagated into the strati-
form region directly above the
balloon. (b) Electric-field vec-
tors and mapped VHF sources
in a three-dimensional view of
the region within the dashed
box in (a). The sounding is
not shown above 6.7 km MSL
because thatis where it exited
the area within the dashed box
in (a). The tail of each vector
is at the point on the balloon
track (thick gray line) at which
it was measured; only selected
vectors are shown to avoid
extensive overlap and make
the pattern of vectors clearly
visible. Red VHF sources
were inferred (as described
in the instrumentation sec-
tion) to be from negative
leaders propagating through
positive charge near 4 km
MSL. Blue VHF sources were
inferred to be from channels
propagating through negative
charge near 7 km MSL. Green
VHF sources were on other

channels, mostly either on the lower part of the branch descending to this level from the convective line or on
a vertical channel connecting the two layers of sources. Both the OK-LMA data and the electric-field data for
the stratiform region indicate a layer of positive charge near 4 km MSL and a layer of negative charge just below
7 km MSL. (c)-(f) Vertical cross section of polarimetric radar parameters from the volume scan just after the
lightning flash shown in (). The storm-relative balloon track is superimposed (light-purple line). The cross sec-
tion is through the balloon path and perpendicular to a weak part of the convective line (located at distance =
10 km). Each of the parameters has a relative minimum or maximum near 4 km MSL in the stratiform region.
Together these indicate that the positive charge inferred from lightning and electric-field data was in the upper
part of the region of aggregation and melting that forms the bright band.

1008 | BAMS juLy 2008



continued to develop ahead of the line. Toward the
end of data acquisition, as the whole system propa-
gated northeast, these leading storms merged to form
a new, longer-lasting squall line east of the region
being observed, while the debris from the previous
squall line was absorbed in the stratiform region.

Figure 7 gives an example of the way lightning
was related to the charge distribution and the pre-
cipitation structure of the system. The balloon was
launched at 1345 UTC near a relative maximum of
rainfall in the stratiform region behind the convec-
tive line. Analysis of the electric-field sounding, as
described in the instrumentation section, indicates
that the stratiform region had <0.3 nC m~ of negative
charge density in a layer roughly 2 km thick below
3.9 km MSL and 0.5 nC m™ of positive charge den-
sity in a layer 1.4 km thick just above 7.0 km MSL.
Between 4 and 7 km MSL, there were four layers of
charge, each 150-500 m thick (4 nC m~ centered at
4.0 km MSL, -6 nC m~ at 4.6 km MSL, 9 nC m™ at
5.4 km MSL, and -4 nC m™ at 6.7 km MSL).

The lightning flash shown in Fig. 7 occurred 3-
4 min. before the balloon traversed the lowest positive
charge. Our analysis (as described in the instrumenta-
tion section) of the polarity of the lightning structure
shown in Fig. 7b indicates that the layer of lightning
atapproximately 4 km MSL was propagating through
positive charge and the layer at just under 7 km MSL
was propagating through negative charge, in agree-
ment with the charge distribution inferred from the
electric-field sounding. It was impossible to discern
whether any channels propagated through the nega-
tive charge at 4.6 km MSL; VHF sources are sparse in
negative charge regions, and the positive-charge layer
at4 km MSL through which the lightning propagated
was too close to discern whether there also was a layer
of sparse VHF sources at 4.6 km MSL. The flash did
have a few channels propagating through the positive
charge at 5.4 km MSL a short distance east of the
boxed area, but had none at that level within or west
of the boxed area. Most channels of the flash that
could be discerned in the stratiform region were in
either the positive layer centered on 4 km MSL or the
negative layer just below 7 km MSL.

This flash began in the convective line and ini-
tially propagated up into positive charge at 8 km
MSL. One branch propagated in positive charge at
this level back toward the stratiform region and then
descended gradually until it reached 4 km MSL at the
southeast corner of the boxed area in Fig. 7a, near a
relative maximum of precipitation from the remnants
of a dissipating storm in the stratiform region. [The
descent of branches in positive charge from the upper
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part of the convective line to approximately the 0°C
isotherm in the stratiform region has been observed
previously by Lang et al. (2004b), Carey et al. (2005),
and Dotzek et al. (2005).] From there, this branch
propagated several tens of kilometers horizontally
at approximately 4 km MSL, while other channels
propagated through negative charge just below 7 km
MSL. Propagation through a higher layer of negative
charge in the stratiform region has not been reported
previously. These two layers were connected by a
vertical channel in the southeast corner of the boxed
region, near the location at which the descending
branch from the convective line finally reached
4 km MSL. As found in the previous studies just
mentioned, Figs. 7c—f show that the propagation at
4 km MSL was in the upper part of the radar bright
band, identifiable from the aggregation and melting
of precipitation inferred from the polarimetric data,
as described by Zrni¢ et al. (1993).

Small storm of 28-29 June 2004. Beginning at roughly
2100 UTC 28 June, a sequence of short multicellular
lines of storms formed west of the KOUN polarimetric
radar. As each east-west line decayed, outflow from
the decaying storms triggered the formation of a new
east-west line farther north. The complete evolution
of these lines was observed by the polarimetric radar
and lightning mapping array. SMART-R radar data
and an EFM sounding were obtained only for the last
line in the sequence.

The individual cells in this last line were rela-
tively weak. Reflectivities 230 dBZ extended above
the freezing level in only a few of the cells, and only
these cells produced lightning, though flash rates
were relatively low. The first six lightning flashes in
this line occurred from 0001 to 0008 UTC. All six
struck ground and lowered negative charge from the
cloud. OK-LMA data indicate that the locations at
which these flashes began were clustered between
5and 6 km MSL (-1° to -6.5°C) and within 1-2 km
of one another in the horizontal. Channels for each
flash propagated into a sloping layer of positive charge
mostly below that level and into a layer of negative
charge mostly above that level. These two charge
regions did not necessarily represent the complete
electrical structure of the storm at that time, as the
OK-LMA reveals only those charge regions that par-
ticipate in lightning.

The cluster of initiation points was located on
what had been the northwest edge of an enhanced Z
column and p, minimum in the 2351 UTC volume
scan, consistent with there having been a column
containing a mixture of liquid and solid or freezing
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precipitation. As shown in Fig. 8, the column of
enhanced Z_  was present only at lower altitudes by
2357 UTC, and a local minimum in Z_, of 3-5-km
horizontal extent developed between 5.5 and 6.5 km
MSL (-4° to -9.5°C) near the lightning initiation
points. (The minimum value of Z |, was 0.2 dB.) Here,
p,, Was greater than 0.99 above the melting level and
showed no pronounced local minima.

As discussed by Bruning et al. (2007), these
polarimetric radar signatures mean that, above the
melting level, the previously enhanced Z , column
had evolved by 2357 UTC from a region dominated by
lofted, supercooled drops to a region of dry graupel,
probably mixed with snow and cloud ice. This region
of graupel was collocated with the positive charge
near which flashes were initiated and through which
lightning propagated. At lower altitudes, lightning

of storms. Data analysis of TELEX cases is well
underway, and numerical cloud modeling studies
have begun to provide complete datasets for testing
hypotheses, subject to verification by observations.
Of course, much more can be done with these versa-
tile datasets. Of particular interest are the electrical
behaviors of storms whose electrical structure had
inverted vertical polarity, storms that produced
tornadoes or large hail, and mesoscale convective
systems that had highly electrified stratiform pre-
cipitation regions.

Present studies of the TELEX data add to the rap-
idly mounting evidence that the interaction between
cloud ice and riming graupel is an essential ingredient
in electrifying storms, though it may not account for
every region of storm charge. The majority of flashes
examined thus far began near regions of graupel, and

channels propagated above

0
and around the descending 12 . . .
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frozen completely before =~ _ 20 storm on 28-29 Jun 2004
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some channels propagated through these regions,
consistent with graupel being a major charge carrier.
The results of laboratory studies of charge exchange
during rebounding collisions of cloud ice and actively
riming graupel account for this observation qualita-
tively. However, the charge in some regions of storms,
such as the bright band of the stratiform region of
mesoscale convective systems, may involve other
charging mechanisms that are poorly understood
(e.g., Shepherd et al. 1996), and laboratory studies
show that the magnitude and polarity of graupel
and cloud ice charging are sensitive to a number of
storm properties, such as the rate of graupel riming
and the rate of deposition on cloud ice particles (e.g.,
Saunders et al. 2006). Thus, understanding what elec-
trical behaviors the immensely complex and evolving
system of a particular storm will produce is still a
challenge and a goal of our TELEX studies.

Developing such understanding will help fore-
casters warn of storm hazards. Observational and
modeling studies have found that large rapid in-
creases in lightning flash rates are related to strong
developing updrafts and to increases in graupel mass,
both of which can affect a storm’s potential for severe
weather. Furthermore, lightning density plots have
features analogous to reflectivity features related to
severe weather, such as BWERs, low-level hooks, large
overshooting turrets, cloud-top V features, and strong
reflectivity cores. Three-dimensional lightning map-
ping systems capable of detecting these features are
becoming more widespread. The satellite lightning
mapper planned for GOES-R has poorer spatial
resolution than ground-based VHF systems have,
but will detect the evolving total flash rate of indi-
vidual thunderstorms over all the contiguous United
States. Satellite-based or very low frequency (VLF)
lightning mappers are the only feasible technologies
for accurately mapping thunderstorms over the entire
globe, a capability that can be used for assimilation
into forecast models (e.g., Chang et al. 2001; Mansell
et al. 2007). Studies such as our TELEX studies help
us learn how to extract the considerable useful infor-
mation lightning mapping systems can provide about
storm characteristics and weather hazards.
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