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Abstract

In the past few years, dramatic experimental evidence has emerged, showing that
tropospheric lightning discharges modify the mesosphere and the lower ionosphere
through heating and ionization, producing gamma-ray bursts and optical emissions
known as red sprites, blue jets, and elves. These transient electrodynamic coupling
processes may have long-term effects such as chemical changes, persistent heating
of ionospheric electrons, and increased production of mesospheric and stratospheric
nitrogen oxides (NOy). In order to assess the regional and global effects of the intense
electrodynamic coupling of thunderstorms to the middle atmosphere, the occurrence
rate of Sprites needs to be known over large areas of the Earth. Since continuous
optical monitoring of Sprite occurrence on large spatial scales is not practical, a
continuous proxy indicator for Sprite occurrence is needed.

Sprites are intense, transient luminous events in the mesosphere and lower iono-
sphere above thunderstorm systems. They extend from ~40 to ~90 km in altitude, are
primarily red in color, and develop to full brightness in a few milliseconds. Sprites
are nearly uniquely associated with positive cloud-to-ground lightning flashes, yet
they occur in association with only a small subset of those flashes. The peak cur-
rent of each flash, measured at high frequencies by the National Lightning Detection
Network, is not a sufficient indicator of the likelihood of a positive cloud-to-ground
lightning flash to produce a Sprite.

In this work, remote sensing of the electrodynamic coupling between thunderstorm
systems and the mesosphere and lower ionosphere is accomplished by measurement
of radio atmospherics in the ELF (extremely low frequency, here 15 Hz - 1.5 kHz) and
VLF (very low frequency, here 1.5 - 22 kHz) ranges. Radio atmospherics (“sferics”)
provide a unique signature of each lightning return stroke and propagate efficiently in
the waveguide bounded by the Earth’s surface and the ionosphere. Novel digital sig-

nal processing techniques for ELF/VLF broadband measurements allow automated



detection and arrival azimuth determination of individual radio atmospherics. Ar-
rival azimuth measurement is accomplished with £1° precision for radio atmospher-
ics propagating from Nebraska to Palmer Station, Antarctica, a source-to-receiver
distance of ~12,000 km. Identification of the time of occurrence of sferics to ~1-
millisecond precision allows the identification of individual lightning discharges as
the source of individual radio atmospherics. Broadband ELF/VLF measurements of
radio atmospherics therefore allow the determination of characteristics of those light-
ning discharges which couple strongly to the middle atmosphere and lead to Sprite
production.

Broadband measurements of sferics performed near Ft. Collins, Colorado, ~500
km from the causative lightning, demonstrate that the ELF sferic energy is a proxy
indicator which can be used to estimate the number of Sprites produced by a thun-
derstorm with an accuracy of +£25%. In addition, simultaneous video observations of
Sprites reveal variable delays of up to 100 milliseconds between the positive cloud-
to-ground flash and Sprite onset. Comparison with high-resolution photometer mea-
surements demonstrate the simultaneity of Sprite luminosity and an ELF “second
pulse,” radiated by electrical currents within the Sprite body [Cummer et al., 1998].
Measurements of the second pulse are used to identify a quantitative relationship
between the current in Sprites and total Sprite luminosity. Ultra-long range measure-
ments at Palmer Station, Antarctica, show that Sprite-associated sferics have large
ELF magnitudes in relation to non Sprite-associated sferics as measured at a range
of ~12,000 km [Reising et al., 1996]. These results suggest that a few appropriately
placed ELF/VLF sferics receivers may be sufficient for estimation of global Sprite

occurrence rates.
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Chapter 1
Introduction

Each lightning discharge dissipates a total energy of ~10° J, of which ~10° J is radi-
ated as electromagnetic energy, during a duration of ~0.1 ms [Uman, 1987; pp. 322-
323]. Energy released by a subset of lightning discharges couples to the mesosphere
and the lower ionosphere, where the most dramatic visible effects are transient, lu-
minous glows known as Sprites (see Figure 1.1), first recorded in 1989 [Franz et al.,
1990]. The characteristics of Sprites are described in Section 1.1. Each Sprite ap-
pears following a positive cloud-to-ground lightning discharge [Boccippio et al., 1995;
Reising et al., 1996]. The characteristics of lightning discharges and the thunderstorm
systems relevant to Sprites are described in Section 1.2. The intensity of the lightning
discharge, which is measured routinely by the National Lightning Detection Network,
is not a sufficient indicator of whether or not a given positive discharge is likely to
initiate a Sprite. In this work, lightning discharges are remotely characterized via the
measurement of their electromagnetic signatures, known as radio atmospherics, which
propagate efficiently in the Earth-ionosphere waveguide. Measurement of radio atmo-
spherics allows detection of the properties of those lightning discharges which lead to
Sprites and, consequently, of the total number of Sprites produced by a thunderstorm.

The characteristics of radio atmospherics are described in Section 1.3.
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1.1 Sprites

Sprites are transient luminous glows in the middle atmosphere above thunderstorms,
arguably the most dramatic visible evidence of electrodynamic coupling between thun-
derstorm systems and the overlying mesosphere and lower ionosphere (see Figure 1.1).
Sprites extend from ~40 to ~90 km in altitude and have transverse extents of ~10
to ~50 km [Sentman et al., 1995; Lyons, 1996]. They develop to full brightness in
1-3 ms [Cummer et al., 1998], but their luminosity may last for 10-100 ms [Fukunishi
et al., 1996; Winckler et al., 1996; Lyons, 1996]. Low light level video observations of
Sprites have been conducted from the Space Shuttle [Boeck et al., 1995], from aircraft
[Sentman and Wescott, 1993; Sentman et al., 1995] and from the ground [Franz et
al., 1990; Lyons, 1994; 1996; Winckler et al., 1996].

10 20 30 40 Distance (km)
T T T 1
Altitude (km)

clouds

\ —~ i ,
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04:09:19.553 UT MESSSITsal _

Figure 1.1: Image of a Sprite recorded by an intensified CCD video camera at Yucca Ridge,
Colorado, at ~550 km range. Observations were made as a part of the Stanford University Fly’s
Eye Experiment.

Observations of other optical emissions provide additional evidence of electrody-
namic coupling between thunderstorm systems and the middle atmosphere, including
blue jets and blue starters from aircraft [ Wescott et al., 1995; 1996] and elves from the
Space Shuttle [Boeck et al., 1992] and from the ground [Fukunishi et al., 1996; Inan
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et al., 1997]. Other evidence of electrodynamic coupling includes VLF' signatures of
rapid changes in conductivity and ionization in the lower ionosphere [Inan et al., 1988,
1993, 1995, 1996a; Dowden et al., 1994] and radar detection of transient ionization
patches above a thunderstorm [Roussel-Dupré and Blanc, 1997]. The observation of
terrestrial gamma-ray flashes by the Burst and Transient Source Experiment is one
of the most unexpected discoveries made by the Compton Gamma-Ray Observatory
[Fishman et al., 1994]. A number of satellite observations of gamma-ray flashes have
been directly associated with individual sferics generated by positive CG discharges
[Inan et al., 1996b]. The gamma-ray photon energy extends above 1 MeV, indicating
bremsstrahlung radiation from >1 MeV electrons, consistent with predictions of up-
ward beams of runaway electrons accelerated by thundercloud electric fields [ Wilson,
1925; Bell et al., 1995; Taranenko and Roussel-Dupré, 1996; Lehtinen et al., 1996;
1997].

Sprites are believed to be produced by intense quasi-electrostatic fields (tens of
kV/m at ~70 km altitude) which exist at high altitudes following positive CG dis-
charges [Pasko et al., 1995, 1996, 1997; Boccippio et al., 1995; Winckler et al., 1996;
Fernsler and Rowland, 1996]. These quasi-electrostatic fields lead to ambient electron
heating (up to ~5 eV average energy), the ionization of neutrals and the excitation
of optical emissions in the altitude range ~40 to ~90 km [Pasko et al., 1997, and
references therein]. The runaway electron mechanism may also play a role in Sprite
generation [Bell et al., 1995; Taranenko and Roussel-Dupré, 1996; Lehtinen et al.,
1996; 1997]. Another mechanism of interaction with the mesosphere and the lower
ionosphere is the heating of ambient electrons by lightning electromagnetic pulses,
which has been applied to explain the existence of elves [Inan et al., 1991, 1996¢;
Taranenko et al., 1993; Rowland et al., 1995, 1996] and of Sprites [Milikh et al.,
1995].

For the quasi-electrostatic mechanism of Sprite production, the important param-
eters that determine whether or not a positive CG flash produces a Sprite are the
altitude and magnitude of the thundercloud charge removed to ground. For a fixed al-
titude of removed charge, the single most important parameter in determining Sprite
occurrence is the magnitude of the charge lowered to ground. The discharge duration
plays a secondary role, as long as the charge removal time is shorter than the local
relaxation time (¢,/0) at ~70-90 km altitudes [Boccippio et al., 1995; Pasko et al.,
1995; 1997].
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1.2 Lightning Discharges and Thunderstorm
Systems

In this dissertation we consider primarily cloud-to-ground (CG) lightning discharges,
as opposed to intracloud discharges, which do not make electrical contact with the
ground. This focus is appropriate because Sprites are nearly exclusively accompanied
by CG flashes. In fact, the vast majority of prior research on lightning has also focused
on CG discharges because of their potential for damage to property and living things,
and because of their relative accessibility for study. It should be noted, however, that
the number of intracloud discharges in a thunderstorm exceeds the number of CG
discharges by a factor of ~2-5 [Uman, 1987; pp. 44-45], and that the energy released
in intracloud discharges may play an important role in electrodynamic coupling to

the middle and upper atmosphere.

1.2.1 Positive and Negative Discharges

The polarity of a CG lightning discharge is classified as “positive” or “negative” based
on the polarity of its net effect on the charge of the thundercloud. If the net effect of
the discharge is to move negative charge (electrons) from the cloud to the ground, it
is called a negative C'G. 1f it has the net effect of transferring positive charge from the
cloud to the ground (electrons moving upward), then it is called a positive CG. This
terminology is in common use in the lightning literature [Uman, 1987; pp. 9-10]. The
total CG discharge is called a flash and has a typical duration of 0.1 - 1s. A CG flash
consists of a series of leaders, typically three or four, each followed by return strokes,
which occur each time there is a completion of the electrical connection between
the cloud’s charge reservoir and the ground. The first return stroke is initiated by
the stepped leader, the visible channel following a high conductivity path formed by
preliminary breakdown preceding the flash. If the flash ends when the first return
stroke ceases, it is called a single-stroke flash. On the other hand, if additional charge
is available in the cloud, a dart leader may propagate down the residual channel and
initiate a subsequent return stroke. As many as 15 more return strokes may occur
in the same flash, with typical delays between strokes of 30-100 ms [Uman, 1987;
pp. 10-19].

Negative and positive CGs differ in their properties and occurrence rates. Positive
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flashes are generally composed of a single stroke, sometimes followed by a period
of continuing current (see Section 1.2.2). Positive CGs may dominate some winter
storms, reportedly constituting up to 90-100% of the total lightning [ Brook et al, 1989).
However, overall lightning rates in winter are low, and summer thunderstorms produce
predominantly negative CG flashes [Uman, 1987; p. 20]. Consequently, negatives
represented >97% of the CG flashes in the continental U.S. during 1989-1991, as
recorded by the National Lightning Detection Network (see Section 1.2.4) [Orville,
1994]. An increase in the fraction of positive lightning in summer thunderstorms
is correlated with increasing latitude and with increasing elevation above sea level
[Uman, 1987; p. 20].

One of the most complete descriptions of return stroke currents is based on mea-
surements of discharges to towers in Switzerland (e.g., [Berger et al., 1975]). The
currents were derived from measurements of the voltages induced in resistive shunts
located on two towers reaching 55 m above the summit of Mt. San Salvatore [Uman,
1987; p. 120]. Based on these measurements, the average duration of negative first
return strokes is ~0.1 ms. The duration of positive first return strokes has more
variability, with an average value of 0.2-0.6 ms [Berger et al., 1975]. However, their
recorded waveforms may have been altered by the electrical characteristics of the
tower and measuring circuit and by the difference between discharges to tall objects
and discharges to ground [Uman, 1987; p. 121]. Peak current magnitudes measured
by Berger et al. [1975] were observed to fit a log-normal distribution. Negative first
return strokes had a median peak current of 20-40 kA, with levels of 200 kA reached
only 1% of the time. Subsequent return strokes carried approximately half the peak
current of first strokes. Positive return strokes exhibited the same median peak cur-
rent as first return strokes, but in extreme cases were much larger, with 5% of the

positive peak currents exceeding 250 kA [Uman, 1987; pp. 122-125].

1.2.2 Continuing Currents

The total charge lowered from a thundercloud at a given altitude to the ground in a
lightning discharge is believed to be the most important parameter in determining its
potential for producing a Sprite (see Section 1.1 and [Pasko et al., 1997]). The charge
lowered to ground can be computed by integrating the current waveform over time.

Typical values of charge transfer in the <0.1 ms duration of a negative return stroke
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are ~3-5 C for first strokes and ~1 C for subsequent strokes [Uman, 1987; p. 125].
For positive return strokes, Berger et al. [1975] found that the median was ~15 C,
but that 5% of positive return strokes transferred more than 150 C to ground. Since
peak currents rarely exceed 300 kA [Brook et al., 1982], the charge transfer in a return
stroke of ~0.5 ms maximum duration is expected to be <120 C, assuming a simple
approximation of a half-cycle of a sine wave for the time-dependence of current in
the return stroke. Continuing currents are required for larger cloud-to-ground charge
transfers. In these cases, current continues to flow in the cloud-to-ground channel
for one to hundreds of milliseconds following the return stroke [Uman, 1987; pp. 13-
14, 172]. Long-lasting continuing currents are of economic interest because they are
responsible for the most serious heating damage due to lightning, including many
electrical and forest fires [Rakov and Uman, 1990).

Brook et al. [1982] documented continuing currents associated with positive CGs
from winter thunderstorms on the Hokuriku coast in Japan. They recorded field-
change measurements for 12 positive CGs, ten of which were followed by continuing
current. The two strongest continuing currents were sustained at a remarkably high
level of 10-100 kA for several milliseconds, transferring a total charge to ground of
~300 C in 4 ms and of ~200 C in 10 ms. The current magnitude was observed
to vary on a 1-ms time scale. A more recent study of winter thunderstorms in the
same area of Japan measured >30 positive CGs. The three largest positive CGs
were accompanied by continuing currents transferring 200-400 C of charge [Goto and
Narita, 1995]. Based on observations of five summertime severe storms, Rust et
al. [1981] reported continuing current durations of 30-240 ms in 31 positive CG flashes.
Brook et al. [1982] observed continuing currents in association with negative CGs, but
the magnitudes of continuing currents were an order of magnitude lower than those
associated with positive CGs. Other measurements confirm that strong continuing
currents are typically associated with positive CGs [Uman, 1987; p. 201].

In summary, removal of large amounts of charge, >120 C, in a single CG return
stroke lasting <0.5 ms requires peak currents of >300 kA, a level which is rarely if
ever reached. Continuing current of >1 ms duration after the first return stroke of

the flash is required to transfer larger amounts of charge from cloud to ground.
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OTD Lightenyg Observations for September 1985 through August 1996
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Figure 1.2: Worldwide flash density observations for a one-year period, measured by the Optical
Transient Detector orbiting at 750 km altitude and 70° inclination. Courtesy of Dr. H. J. Christian.
Available on the World Wide Web at http://thunder.msfc.nasa.gov/otd.html.

1.2.3 Global Lightning

The often-quoted global lightning occurrence rate of ~100 flashes per second was
reported in 1925, based on the product of the typical lightning rate for thunderstorms
in England (200 flashes per hour), and the average number of thunderstorms on the
globe (1800), which was derived from land and maritime records of the number of
days per year during which thunder is heard [Brooks, 1925]. The first measurements
of lightning from space were in general agreement with the rate of ~100 flashes per
second, based on an equivalent of five minutes of global lightning data measured at
local midnight [Orville and Henderson, 1986]. A sufficient sample of global lightning
data was not available to test the ~100 flashes per second hypothesis until the launch
of the Optical Transient Detector in April 1995 into a 750-km altitude, 70° inclination

orbit. The Optical Transient Detector measurements indicate a rate of ~40 flashes
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per second worldwide, globally distributed as shown in Figure 1.2 [Christian et al.,
1996]. Lightning is preferentially produced over land because of the strong updrafts

in continental clouds as opposed to oceanic clouds [Goodman and Christian, 1993].

1.2.4 The National Lightning Detection Network

The National Lightning Detection Network (NLDN) has provided real-time lightning
data (within 40 seconds) covering the continental United States since 1989 [Cummins
et al., 1998]. The NLDN was created by merging regional networks covering the West-
ern U.S. [Krider et al., 1980] and the Midwest [Mach et al., 1986] with the East Coast
network operated by the State University of New York at Albany (SUNYA Network)
[Orville et al., 1983]. The sensors used in this network were gated, wideband magnetic
direction finders manufactured by Lightning Location and Protection, Inc., and were
designed to measure only CG lightning flashes [Krider et al., 1976; 1980]. During
the same period, a network based on time-of-arrival sensors manufactured by Atmo-
spheric Research Systems, Inc., was installed nationwide [Lyons et al., 1989]. During
1992, Lightning Location and Protection, Inc., developed the Improved Accuracy from
Combined Technology method for locating lightning by combining information from
both magnetic direction finders and time-of-arrival sensors. This allowed the NLDN
to upgrade existing sensors of both types and to combine them with new sensors in
order to form a new 106-station upgraded NLDN network, which was completed in
1995 [Cummins et al., 1998].

The NLDN currently provides information on the time, location, intensity, number
of strokes per flash and the location accuracy of each flash. The NLDN data used
in this work is “flash data,” i.e., the data contain timing, location and intensity
information about only the first return stroke of each CG flash. The NLDN timing
information is accurate to universal coordinated time to within 1 ms. The median
accuracy of the CG location is 0.5 km, verified by triangulated video observations
[Idone et al., 1998a].

The single measure of return stroke intensity provided by NLDN is the return
stroke peak current. The peak current measurement contains no information about
the duration of the return stroke nor about continuing currents. Since the rise time
of return strokes is ~5 us for negative strokes and ~20 us for positive strokes, this

measurement contains an effective highpass filter at or above ~50 kHz. However, in
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positive CGs with continuing currents, the majority of the cloud-to-ground charge
transfer occurs during the continuing current of >1 ms duration (see Section 1.2.2).
Therefore the NLDN peak current measurement does not provide a reliable estimate
of the total cloud-to-ground charge transfer. The peak current data are provided by
NLDN in terms of the normalized magnetic signal strength (Mpeax). In this work, we
obtain the peak current (Ipeax) from the Mpe. by using the most recent calibration

published prior to 1998, given by Equation 5 of Idone et al. [1993]:

Lyearc(KA) = 4.20 + 0.171 X Mypeax

Additionally, the NLDN data contain the polarity of the first return stroke of the
lightning flash. Brook et al. [1989] confirmed correct polarity determination of the
SUNYA lightning detection network, one of the predecessors of the NLDN, based
on electric field change studies of lightning from winter storms in New York state.
The authors emphasized the limitation that at >600 km range between the lightning
and a magnetic direction finding sensor, the inverted “skywave” reflected from the
ionosphere is often much stronger than the direct “ground wave,” sometimes resulting
in polarity misidentification. In most situations, though, multiple NLDN sensors are
located within ~600 km from the source lightning.

In this work, the term “CG flash” is used when the literal meaning is “first return
stroke of the CG flash.” “Positive CG” or “negative CG” implicitly refer to the first

return stroke of the flash.

1.2.5 Mesoscale Convective Systems

Mesoscale convective systems are intermediate-sized meteorological systems which
are larger than individual cumulonimbus cells but smaller and shorter-lived than
synoptic disturbances [Barry and Chorley, 1987; p. 203]. The mesoscale convective
systems referred to in this work are midlatitude and subtropical systems which consist
of nearly circular clusters of many interacting thunderstorm cells. They are not
associated with weather fronts and usually develop during weak synoptic-scale flow.
Mesoscale convective systems span transverse scales of >10,000 km? and have lifetimes
of 6-24 hours. When a mesoscale convective system exceeds a horizontal extent of

100,000 km?2, it is classified as a mesoscale convective complex. These complexes
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b

Figure 1.3: From Brook et al. [1989]. Winter thunderstorm of January 17, 1988. The storm
started at the Oklahoma-Texas border and continued as it moved northeast for a period of 14 hours.
The negative (dots) and positive (crosses) CG return strokes are separated into two distinct regions.

are common over the Great Plains and the midwestern U.S. during the spring and
summer where they account for perhaps 80% of growing season rainfall [Barry and
Chorley, 1987; pp. 203-207; Moran and Morgan, 1997; pp. 311-313].

Orville et al. [1988] first reported a “bipolar” pattern in the geographical distribu-
tion of positive and negative CGs in many mesoscale convective systems. They found
that CG locations were “polarized” into two regions, one predominantly composed of
positive CGs and the other of negative CGs, separated by 60-200 km (see Figure 1.3).
The direction between the two “bipoles” is that of the upper level (geostrophic) wind,
with the positive CGs occurring on the downwind side of the storm. The bipolar pat-
tern was observed in all seasons, with the clearest defined separation of the polarities
occurring in winter [Orville et al., 1988]. Rutledge et al. [1990] found that negative
CGs are concentrated in the convective core of the storm, where the updrafts and rain
rates are strongest, and that positive CGs are predominant in the stratiform region.
The classical model of thunderstorm electrification, with an area of distributed posi-
tive charge overlying an area of negative charge, explains the dominance of negative
CGs in the convective core (see top left of Figure 1.4). Rutledge et al. [1990] modeled
the stratiform region electrification as an inverted dipole, with positive charge on the
bottom and negative charge on top (see top right of Figure 1.4), as a result of in-situ

charging processes independent of those in the convective core.
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Figure 1.4: Adapted from Lyons [1996]. (Top) Schematic of the typical Great Plains mesoscale
convective system associated with Sprites. Models of electrification are shown for the convective core
on the left and stratiform region on the right. (Bottom) Positive CG causes charge rearrangement
in the cloud, which may induce subsequent intracloud “spider” discharges in the stratiform region.

Related work indicates that in the convective core, extensive vertical growth of the
thundercloud leads to the creation of a mixed-phase layer between 0°C and —40°C,
where graupel particles (1-10 mm snowballs) form and contribute significantly to
the charging of the thundercloud [ Williams, 1995; pp. 36-38]. These “deep convective
regions” may be necessary for the formation of downwind horizontally extensive strat-
iform regions, where the highest percentage of positive CGs occur [Rutledge et al.,
1993]. Electric field soundings aboard balloons indicate that the stratiform regions of
mesoscale convective systems have multiple vertical layers of space charge, which are
nearly uniform in the horizontal dimension and each hold up to ~1000 C of charge
[Stolzenburg et al., 1994; Marshall et al., 1996]. In light of observations of large contin-
uing currents associated with positive CGs (see Section 1.2.2), this charge structure
indicates that large reservoirs of positive charge exist in the horizontally extensive
(>100 km) stratiform regions of mesoscale convective systems. In some cases, a pos-

itive CG and continuing currents may drain charge from only part of the reservoir,
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and the resulting charge rearrangement in the stratiform region may induce subse-
quent intracloud discharges, known as “spider” lightning [ Williams, 1995; pp. 50-52;
Lyons, 1996] (see also Section 3.3). Sprites are associated with the occurrence of pos-
itive CGs, and most Sprites have been observed overlying the stratiform regions of
mesoscale convective systems in the mature or decaying phases (e.g., [Lyons, 1996]).
The predictions of quasi-electrostatic models of Sprite production (see Section 1.1)
are consistent with the hypothesis that large reservoirs of positive charge exist in the

stratiform regions of mesoscale convective systems.

1.3 Radio Atmospherics

In this dissertation, broadband ELF/VLF measurements of radio atmospherics are
used to assess the characteristics of individual lightning discharges from distances of
up to ~12,000 km. Lightning radiates electromagnetic energy from a few Hz [Fuku-
nishi et al., 1997] up to many tens of MHz [ Weidman and Krider, 1986]. Consistent
with the time and spatial scales of lightning discharges, the peak power radiated by
a lightning discharge is in the ELF (extremely low frequency, here 15 Hz - 1.5 kHz)
and VLF (very low frequency, here 1.5 kHz - 22 kHz) ranges [Uman, 1987; p. 118].
Radio atmospherics are the electromagnetic signals in the ELF/VLF frequency ranges
that are launched into the Earth-ionosphere waveguide by lightning discharges [Bud-
den, 1961; pp. 5,69]. Radio atmospherics are commonly called “sferics,” where the
modified spelling is used to avoid confusion with terms such as “spherical geometry.”
Sferics propagate with low but variable attenuation, typically ~2-3 dB/1,000 km,
depending upon day/night, land/ocean and east/west propagation conditions, and
can therefore be observed at large distances (>12,000 km) from the source [Dauvies,
1990; pp. 367, 387-389]. The parallel-plate waveguide which guides the propagation
of sferics has as its boundaries the ground and the lower boundary of the D-region
of the ionosphere, which at VLF frequencies is ~70 km altitude during the day and
~80-85 km altitude at night [Thomson, 1993; Cummer, 1997].

Radio wave propagation at these frequencies is typically analyzed in terms of
waveguide modes, characterized as quasi-transverse electric and quasi-transverse mag-
netic modes in the VLF frequency range [Budden, 1962]. All of the modes except one
have cutoff frequencies at integer multiples of ~1.8 kHz, the frequency with a free-

space wavelength equal to the twice the height of the Earth-ionosphere waveguide,
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~80-85 km at night [Cummer, 1997]. The single mode which has no cutoff frequency
and which propagates in the Earth-ionosphere waveguide at frequencies below ~1.8
kHz is the quasi-transverse electromagnetic mode. Models of the quasi-transverse
electromagnetic mode of propagation have been used previously to obtain estimates
of the current moment of the source lightning, and to infer the magnitude of the
charge lowered from the cloud to ground [Bell et al., 1996, 1998; Cummer and Inan,
1997]. The quasi-transverse electromagnetic mode does not overlap the VLF fre-
quency range because its attenuation increases exponentially with frequency, and
most quasi-transverse electromagnetic signals are strongly attenuated above ~1 kHz
[Greifinger and Greifinger, 1986; Sukhorukov and Stubbe, 1997].

At long ranges (e.g., 5,000-12,000 km), sferics are repeatedly observed to have an
oscillating VLF portion lasting ~1 ms, sometimes followed by an ELF “slow tail” (e.g.,
[Hepburn, 1957; Taylor and Sao, 1970; Sukhorukov, 1992; Sukhorukov and Stubbe,
1997]). The term “slow tail” denotes its late arrival; the first maximum of the ELF
slow tail is delayed in time with respect to the VLF onset by an amount related to the
propagation distance [Wait, 1960; Sukhorukov, 1992]. This delay is a simple result of
the difference in phase velocities; the ELF slow tail propagates in the quasi-transverse
electromagnetic mode with a phase velocity of ~0.9 ¢, while the VLF portion prop-
agates in the quasi-transverse electric and quasi-transverse magnetic modes with a
phase velocity much closer to ¢, the speed of light [Sukhorukov and Stubbe, 1997;
Cummer, 1997]. Theoretical calculations show that the ELF slow tail is excited at
significant levels only by source lightning discharges with a continuing-current com-
ponent with significant variations on the time scale of ~1-3 ms [Wait, 1960]. In this
dissertation, we make use of this fact to deduce the strength of continuing currents
with duration ~1-3 ms based on remote measurements of the ELF slow tails of sferics

at large source-to-receiver distances (~12,000 km).
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1.4 Contributions of this Work

The contributions of this dissertation are as follows:

e Developed novel digital signal processing techniques for automated detection
and arrival azimuth determination of radio atmospherics (“sferics”) in broad-
band ELF/VLF data on a continuous basis. Determination of the arrival az-
imuth of sferics is based on the VLF Fourier Goniometry technique [Burgess,
1993]. We demonstrated arrival azimuth measurement with £1° precision for
sferics propagating from Nebraska to Palmer Station, Antarctica, a source-to-

receiver distance of ~12,000 km.

e Based on ELF measurements of sferics at Palmer Station, Antarctica, demon-
strated the first evidence of continuing currents in Sprite-producing positive
CG lightning flashes. The continuing currents flow from cloud to ground for
~1-3 ms following the positive return stroke. The radiation from these currents
enhances the ELF slow tails of sferics, which are observed at ~12,000 km from

their source lightning.

e Based on ELF measurements of sferics at Yucca Ridge, Colorado, developed a
proxy indicator for Sprite occurrence which can estimate the number of Sprites

produced above a mesoscale convective system.

e Through measurements of ELF energy radiated from Sprites themselves, iden-
tified a quantitative relationship between the current in Sprites and total Sprite

luminosity.



Chapter 2

Broadband ELF/VLF Lightning

Detection and Location

In this chapter we describe the systems used for remote sensing of radio atmospherics
(“sferics”), the impulsive radio signals emitted by lightning discharges. We describe
the broadband ELF /VLF measurements and algorithms used for automated identifi-
cation and arrival azimuth determination of sferics. We then demonstrate the utility
and accuracy of this technique at ultra-long range (~12,000 km) using data acquired
at Palmer Station, Antarctica.

The basic data used for measurement of radio atmospherics is broadband ELF /VLF
data recorded in digital form on magnetic tape. In some cases, the data are high-
pass filtered to avoid unwanted interference from 60 Hz ac power and its harmonics.
In other cases, the lower end of the frequency range measured extends below 60 Hz
so that the power line interference is unavoidable and must be removed in post-
processing. The sferic data analysis procedures are summarized in block diagram
form in Figure 2.1. First, interference from 60 Hz and its harmonics is removed using
a 10th-order highpass IIR Butterworth filter [Strum and Kirk, 1988; pp. 623-659]. All
filters described in this chapter use the same basic realization. The cutoff frequency
of the highpass filter is 1.5 kHz. Second, a 4 kHz bandwidth of interest is chosen to
maximize signal-to-noise ratio, as described below. Third, threshold and coherence
criteria are used to identify the time of occurrence of sferics. Fourth, the arrival
azimuths of the identified sferics are determined using the VLF Fourier Goniometry
method (see Section 2.3) [Burgess, 1993]. In the final step, the peak value of the
magnitude in both the VLF and ELF frequency bands and the average energy in

15
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Figure 2.1: ELF/VLF sferic data analysis.

the ELF band are measured and stored. These measurements result in five quanti-
ties identified for each sferic. The azimuth measurements are then triangulated with
measurements of the same sferics at other stations in order to determine lightning

location.

2.1 Broadband ELF/VLF Receiving Systems

In this section we describe the Stanford University ground-based broadband ELF /VLF
receiving systems that were used to acquire the data analyzed in this dissertation.
These systems measure electromagnetic waves in the Earth-ionosphere waveguide in
the frequency range between 15 Hz and 22 kHz. A block diagram of a broadband
receiver and recording system is shown in Figure 2.2. At each receiver location,
two orthogonal loop antennas are used to detect both components of the horizon-
tal magnetic field, normally oriented geomagnetic north-south (labelled “N/S”) and
geomagnetic east-west (labelled “E/W?”). The antenna terminals are connected to a
matched preamplifier to yield flat system frequency response and maximum sensitiv-
ity for a particular antenna. The line driver-line receiver combination is used to isolate
the antennas and preamplifiers from the nearest sources of power line interference by
~1000-3000 feet.

The output voltage of the line receiver is a scaled version of the broadband
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Figure 2.2: ELF/VLF sferic receiver.

ELF/VLF signal of interest. This voltage is sampled at 44.1 kSamples per second
using analog-to-digital (A/D) converters at 16-bit precision, providing sufficient dy-
namic range for the removal of 60 Hz interference in post-processing. For systems
with built-in highpass filtering of power line interference (e.g., Section 2.1.1), large
dynamic range provides for low-noise monitoring of sferics from both nearby and dis-
tant lightning sources without the need for gain adjustment. The gain of the receiver
is chosen so that the quantization noise due to sampling is nearly equal to the elec-
tronics noise of the receiver. Anti-aliasing filters condition the signals before A/D
conversion by applying a sharp lowpass filter at ~20 kHz. The digital samples are

archived on magnetic media and later retrieved for post-processing.

2.1.1 ELF/VLF Receiver at Palmer Station, Antarctica

The Stanford University broadband ELF/VLF receiver at Palmer Station, Antarctica
(64°46'26"S, 64°02'12"W) is primarily used to measure characteristics of magneto-
spheric signals such as lightning-generated whistlers [Burgess and Inan, 1993]. The
use of the Palmer Station receiver for monitoring sferics began in the early 1990’s

as part of an effort to track lightning over large areas of the Western Hemisphere
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Figure 2.3: Palmer Station ELF/VLF receiver frequency response.

[Hakeman et al., 1993].

Calibration of the ELF/VLF receiver is performed to determine the conversion
factor between the output voltage and the equivalent magnetic field of a wave incident
on the loop antenna and to measure the system frequency response [Paschal, 1988]. To
perform the calibration procedure, one injects a sinusoidal current of known amplitude
at the antenna terminals and measures the output with a true-rms digital multimeter.
During this measurement, each loop antenna is disconnected in turn and replaced by
a “dummy loop” that has inductance and dc resistance equivalent to that of the loop
antenna. This method was used to obtain the system frequency response for the
Palmer Station ELF/VLF receiver, shown in Figure 2.3. At the lower frequencies,
the Palmer response is flat within +1 dB down to 1 kHz, then it decays at ~10
dB/decade, with a -3 dB point at ~300 Hz. At higher frequencies the system response
is flat within £1 dB until the frequency exceeds the ~20 kHz cutoff frequency of the
lowpass anti-aliasing filters.

At Palmer the data are sampled using a Sony PCM 601-ESD encoder, which

samples two analog audio input signals continuously and encodes the resulting digital
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data onto one output video signal using pulse code modulation. Upon playback, the
pulse code modulation decoder allows error-free recovery of the two streams of digital
samples at 44.1 kSamples per second. A video cassette recorder is used to write
the video signal onto magnetic tape. The audio input of the same recorder allows
simultaneous recording of an IRIG-B timing signal [Burgess, 1993]. IRIG-B is a 1-ms
resolution time encoding standard, which in this work is derived from signals received
by GPS or GOES receivers, which are both synchronized to coordinated universal
time by the National Institute of Standards and Technology, formerly the National

Bureau of Standards.

2.1.2 ELF/VLF Sferic Receiver at Yucca Ridge, Colorado

A new ELF/VLF Sferic Receiver was designed and built at Stanford University and
installed at Yucca Ridge Field Station (40°40'06”N, 104°56'24”W), 15 km northeast of
Fort Collins, Colorado, during July 1996. The sensitivity of the antenna-preamplifier
combination is ten times lower than the Palmer system to avoid saturation of the
preamplifier due to strong sferics from nearby (~500 km or nearer) lightning. The
motivation for the design of a new system was to extend the low end of the frequency
response further into the ELF band to enable accurate measurement of electromag-
netic radiation produced by lightning continuing currents (see Section 1.2.2) on time
scales longer than ~3 ms. The Yucca Ridge system frequency response is flat to 1
dB down to ~30 Hz, with a -3 dB point of ~15 Hz, as shown in Figure 2.4. Table

2.1 compares the characteristics of the Palmer and Yucca Ridge systems.

Table 2.1: Comparison of Palmer and Yucca Ridge broadband systems
Parameter PA system | YR system
Shape triangle square
Length of sides | 9x 18 m | 81 x 81 cm
Number of turns 1 146
Wire gauge # 6 # 18
Resistance 61.5 m{2 1092
Inductance 65 puH 60 mH
Cutoff frequency | ~300 Hz ~15 Hz
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Figure 2.4: Yucca Ridge ELF/VLF sferic receiver frequency response.

At Yucca Ridge, the ELF/VLF data are recorded on two Digital Audio Tape
recorders. The first recorder samples the output of both N/S and E/W channels. The
second recorder duplicates the N/S channel recording while simultaneously sampling

the IRIG-B time signal. The two tapes are resynchronized during post-processing.

2.2 Sferic Detection

After the broadband ELF/VLF data are retrieved from magnetic tape, an algorithm
is needed to identify sferics and discriminate them from noise sources. The sferic
detector (see Figure 2.1) accomplishes this by requiring a signal to pass two tests
in order to be considered a sferic. These two tests are the threshold test and the
coherence test. For the first test, the peak amplitude of a sferic must exceed a given
threshold. This allows the threshold to be chosen so that a reasonable quantity
of output data is produced, depending on the time duration under consideration
and on the available computer memory. The second test is a coherence test which

discriminates against noise that is not strictly coherent between the two sensors, as
defined below.
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Figure 2.5: Spectrogram of broadband data from Palmer Station, Antarctica.

For automated detection of sferics in broadband ELF /VLF data, it is necessary to
take into account the characteristics and variability of other electromagnetic signals
in the same frequency range. Figure 2.5 is a spectrogram from 100 Hz to 16 kHz
of five seconds of broadband data recorded at Palmer Station, Antarctica, during
typical summer nighttime conditions. The vertical lines are sferics, which are broad
in frequency and short in duration. They exceed the minimum amplitude in the
spectrogram above ~5-7 kHz, and the ELF component of some sferics is clearly vis-
ible below ~500 Hz. The horizontal segments of approximately one-second duration
with frequency between 10 and 14 kHz are the Omega navigation transmitter signals
[Burgess, 1993]. The single horizontal line at 10 kHz is a locally injected amplitude-
modulated clock signal for redundancy in timing. Finally, the gently curving lines
in the lower right corner are whistlers, the component of lightning energy which has
propagated within the density inhomogeneities called “ducts” in the earth’s magne-

tosphere and is received on the ground [Helliwell, 1965]. Their “whistling” quality is
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due to dispersion experienced in propagation through the cold plasma in the magne-
tosphere [Davies, 1990; pp. 368-370]. If one wishes to detect only sferics, whistlers
constitute a naturally-generated “noise source.”

In the frequency band between 5 and 9 kHz there is strong sferic energy and little
interference from natural or anthropogenic sources (see Figure 2.5). We implement
the threshold test, which is the first of the two tests, in this frequency band. For
the threshold test, we load a two-second block of data into memory, use a bandpass
filter to eliminate all but the 5 to 9 kHz band, compute the total magnetic field and
detect peaks exceeding a selectable threshold. Explicitly, where Byg represents the
measured N/S component of wave magnetic field and Bgw represents the measured
E/W component of the wave magnetic field, we find the magnitude of the incident
wave magnetic field as B = \/Bns® + Bew?. Maxima in B which exceed the given
threshold are recorded as possible sferic occurrences. This test is performed in two-
second blocks for the entire data set under analysis.

To verify sferic occurrence, the possible sferic data sets are also subjected to
the coherence test to discriminate between sferics and random noise sources. This
coherence test requires the signals on each antenna to be in phase or 180 degrees
out of phase. To implement the coherence test, for each of Bys(t) and Brw(t), we
take the Fast Fourier Transform (FFT) of 4 ms of data using a Hamming window
[Oppenheim and Schafer, 1989; p. 447], and save the 17 frequency domain samples in
the 5 to 9 kHz frequency band. The coherence test compares the phases of Bys(f)
and Bgpw(f) and finds the number of the frequency domain samples having phase

coherence. A sample 7 is said to have phase coherence if either
|/Bxs(fi) — {Bew(fi)| <€, or

|ZBNS(f7,) — ZBEVV(]FZ” —180° < €

is true. We use € ~ 5°, and a sferic passes the coherence test if at least a fixed per-
centage of the frequency domain samples between 5 and 9 kHz have phase coherence.
The fixed percentage is chosen to be 35% based on the particular features of sferics
and of the ambient noise background.

Each waveform that passes both the threshold and the coherence tests is identified

as a sferic. The time of the sferic is recorded with ~1 ms precision.
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2.3 Sferic Arrival Azimuth Determination

After identification of each sferic, we need to determine the location of its source
lightning discharge. This section describes arrival azimuth determination at a single
receiving station. In order to determine the actual location of a lightning flash, one
needs to perform triangulation of measurements at multiple locations. Triangulation
algorithms are readily available [Orville Jr., 1986], therefore in this dissertation we
address the method and results of arrival azimuth determination at a single receiving
station.

VLF Fourier Goniometry is a VLF direction-finding method using two orthogonal
magnetic loop antennas to find the major axis of the polarization ellipse of the in-
coming wave [Burgess, 1993; Inan et al., 1996b; Reising et al., 1996]. Burgess [1993]
verified the accuracy of VLF Fourier Goniometry by comparing the measured arrival
azimuths of signals from eight Omega navigation transmitters to their expected ar-
rival azimuths at Palmer Station, Antarctica. He found agreement between expected
and actual bearings of +5° and applied VLF Fourier Goniometry to direction find-
ing on whistlers. In this section we apply the same method to determine the arrival
azimuth of sferics at Palmer Station. This implementation assumes that the sources
of the waves are on or near the ground so that the elevation angle of arrival at the
receiver (>1000 km away) is nearly zero [Cousins, 1972].

VLF Fourier Goniometry uses the Fourier Transform to synthesize a rotating
antenna, or goniometer, over a range of frequencies in the band of interest. A wave
with time dependence cos(27 fot) incident on a goniometer rotating at a frequency
fo produces a phase-shifted output dependent upon the direction of arrival. For a
zero phase reference corresponding to the goniometer pointing north, the phase shift
of the output is equivalent to the bearing of the incoming signal. To implement the
same goniometer at frequency fy with two fixed orthogonal antennas, we synthesize a
Fourier Goniometer signal Brg using the outputs of the two antennas, Byg and Bgw,

as
Bpg(f()) = 71_ /OT[BNS COS(Q?Tf()t) + BEW Sln(27Tf0t)]dt

The integral averages the signal over the duration of the sferic, 7. For a general

frequency f, we have,

1 | -
Bra(f) = ;/o (Bxs — jBrw) e 72™tdt
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Hence Bpg(f) is the Fourier transform of the complex quantity which has real part
Bys and imaginary part —Bgw. The phase of this complex quantity is the bearing
of the received signal, and its magnitude is the magnitude of the total magnetic field,
B.

For computational efficiency the Fourier Goniometer signal, Brg(f), is computed
using the Fast Fourier Transform algorithm. We use N samples in the frequency
domain for 5 kHz < f; < 9 kHz. In this case we use the same frequency range for
sferic detection (see Section 2.2) and arrival azimuth determination. Since the Omega
navigation transmitters were decommissioned during 1997, the 10-14 kHz frequency
range may be more useful for arrival azimuth determination in future work. The
arrival bearing of each sferic is estimated by averaging the arrival direction in each
frequency bin, using the magnitude in that bin as a weighting function. Expressing

the arrival azimuth of a sferic as ®, we have,

N—1
> |Bra(fi)| £Bra(f:)
q) — 1=0

N—-1
N Y |Brc(fi)]
=0

With two orthogonal magnetic loop antennas, if a signal is deduced to arrive
at a certain bearing, it is not possible to determine if it actually arrived from this
bearing or from ®4180° . Therefore, we have a 180° ambiguity in arrival azimuth
determination. In practice, since VLF propagation over ice is highly lossy [Rogers
and Peden, 1975], nearly all sferics measured at Palmer Station, Antarctica, arrive
from bearings between -90° and +90° (see Figure 2.6). Therefore, the arrival azimuth
of each sferic observed at Palmer is recorded in the domain [—90°, +90°], along with

its time of occurrence and total magnitude.

2.4 Precision of Sferic Arrival Azimuth

Determination

Analysis of broadband VLF measurements at Palmer Station, Antarctica, as de-

scribed in Sections 2.2 and 2.3, allows detection of sferics from lightning at least as
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Figure 2.6: View of great circle propagation paths from North America to Palmer Station,
Antarctica.
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120° w

Figure 2.7: Thunderstorm activity from 0644 to 0800 UT on August 1, 1996. Pluses show locations
of positive cloud-to-ground flashes observed by the NLDN with peak current exceeding 23 kA. The
Yucca Ridge Field Station in Colorado is denoted by “YR.”

far as the Great Plains, at a range of ~12,000 km from Palmer (see Figure 2.6). In
order to determine the precision of the arrival azimuth determination method pre-
sented in Section 2.3, we compare the measured arrival azimuth, ®, of individual
sferics with the expected arrival azimuth derived from the known locations of their
source lightning discharges. Since those locations of CG discharges in the continental
U.S. are measured to ~0.5 km precision by the NLDN (see Section 1.2.4), we choose
thunderstorms in the continental U.S. to verify the precision of sferic arrival azimuth
determination.

Several storms occurring on August 1, 1996, were studied using lightning location
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Figure 2.8: Magnitude and arrival direction spectrograms for 5 seconds of VLF data (7.5-10 kHz)
and concurrent NLDN data on time of occurrence and peak current of CG flashes.

data from the NLDN, as shown in Figure 2.7 (see also [Bell et al., 1998]). This figure
shows only positive CG flashes occurring during a 75-minute period from 0644 to
0800 UT and exceeding 23 kA peak current (see Section 1.2.4). The western Kansas
storm denoted ‘Storm A’ is discussed in the context of Sprite observations in Sections
3.2 and 4.2. The other two active storms in North America at that time are labelled
‘Storm B’ in Sonora, Mexico, and ‘Storm C’ in South Dakota (see Section 4.3.4).
Five seconds of Palmer broadband VLF data from this period are shown in Figure

2.8. The top panel is a spectrogram of the magnitude of the wave magnetic field
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Figure 2.9: Histogram of the number of sferics as a function of both the peak value of the VLF
magnetic field intensity and the arrival azimuth (see Figure 2.6). The observation period was from
0715 to 0730 UT on August 1, 1996.

measured in the 7.5 to 10 kHz band. The magnitude scale is shown in dB on the left
side of the color bar. The middle panel is a spectrogram of the direction of arrival
in the same frequency range. The arrival bearing is given rotating from 0° north as
red, to the west as green, then from the east equivalently as green, and back to the
north as purple. All azimuth values are given in the domain [—90°, +90°], due to
the 180° ambiguity (see Section 2.3). The bottom panel shows the peak current of
CG lightning flashes observed by the NLDN during the same time period. The sferic
labelled A1 arrives at Palmer from Storm A at -29° bearing, in agreement with its
orange color in the direction spectrogram. Similarly, sferic B2 arrives at Palmer from
Storm B at -40° bearing, and has a yellow-orange color in the direction spectrogram.

All sferics detected within a 15-minute interval are shown in Figure 2.9 as a his-
togram of the number of sferics versus both the magnitude of the sferic (given as peak
value of the VLF magnitude) and the arrival azimuth at Palmer. Storm B is clearly
visible from -41° to -38° bearing, and Storms A and C combine to form the highest
peak, between -31° and -25° bearing.

To determine the precision of sferic arrival azimuth determination, lightning lo-
cations measured by NLDN with ~0.5 km precision were compared to the bearings
measured at Palmer. Using the NLDN locations as the source, and assuming that
most of the sferic energy propagated directly along the great circle path from the
lightning discharge to the receiver at Palmer, the difference between the expected

and measured arrival azimuths was determined for each of 328 flashes. The resulting



CHAPTER 2. ELF/VLF LIGHTNING DETECTION AND LOCATION 29

100 T T T T T T T

90 _ Palmer Station |
12 July 94 0510-0712 UT

80 T 7

70 _
60
50
40
30

Number of sferics

20

10
0 — 1 |—||_| 1 Hl_lﬂ 1 1 1 ’_H_‘Hml—u—d_‘rﬂﬁ
-2 -1 1 2 3

-4 -3 0
Arrival azimuth error (deg)

Figure 2.10: Arrival azimuth error of 328 sferics received at Palmer Station, Antarctica, from
source lightning in Nebraska, a source-to-receiver distance of ~12,000 km.

statistics are shown as a histogram of number of sferics as a function of arrival az-
imuth error in Figure 2.10. Over 90% of the sferics have a bearing error of +1° or less.
At a range of ~12,000 km, +1° bearing error corresponds to 200 km in transverse
distance error.

In this chapter we have described the receiving systems and algorithms used for
broadband ELF /VLF remote sensing of sferics originating in lightning. Using a single
broadband ELF/VLF receiving station, this technique identifies lightning flashes at a
source-to-receiver distance of at least ~12,000 km and measures arrival azimuth with

an accuracy of +1° .



Chapter 3

Association of Sprites and
Cloud-to-Ground Lightning

This chapter describes the temporal association of visually observed Sprites in the
mesosphere and lower ionosphere with cloud-to-ground lightning in the troposphere.
The association of Sprites with positive CG lightning has been reported previously
[Boccippio et al., 1995; Winckler et al., 1996; Reising et al., 1996; Lyons, 1996]. This
study extends previous work by analyzing a large number of Sprites and by measuring
the delay between a positive CG return stroke and the occurrence of a Sprite with

high time resolution (~17 ms).

3.1 Identification of Sprite Onset Time

We rely exclusively on ground-based observations of Sprites, which have the advantage
of recording all Sprites above a thunderstorm on a continuous basis. In this context,
“all Sprites” means those Sprites which are in the field of view and are detectable
above the noise level of the intensified charge-coupled device (CCD) camera. For the
ground-based observations, we use an image-intensified black-and-white Pulnix CCD
camera with a ~19° wide by ~14° high field of view. In order to be detected, a
Sprite must emit enough photons to exceed noise generated in the imaging system
and recorded on the videotape. This noise appears to the observer as “speckle” on
the video screen. Weak Sprites are best detected by watching a video in motion,
as opposed to single images, because the human eye is more sensitive to temporal

changes than to stationary pattern differences.

30
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Figure 3.1: Determination of time of Sprite onset to 16.7 ms precision (see text for detail).

Current video hardware is still based on a variation of the RS-170 video standard
adopted by the broadcast industry in 1957. RS-170 is a 30 frames per second, 2:1
interlaced format that accomplished flicker-free video within a broadcast bandwidth
that could be transmitted in the 1950s [Burke, 1996; p. 736]. Interlacing is accom-
plished by reading first the odd horizontal scan lines, or “first field,” and then the
even scan lines, or “second field.” In the normal frame-integration mode, the first
and second fields each last 1/30 sec (33 ms), but they are offset in time from each
other by 1/60 sec (16.7 ms) [Burke, 1996; p. 775]. As shown in Figure 3.1, field 1A is
sensitive to illumination from ¢ =0 to 33.3 ms, and field 1B is active from ¢ =16.7 to
50 ms. Frame 2 begins at ¢ =33.3 ms, giving a video rate of 30 frames/sec.

For Sprite monitoring, the intensified CCD camera signal is recorded on a standard
VHS video cassette recorder (VCR). A TrueTime video time inserter card writes the
time across the bottom of the video frame with 1-ms resolution, as shown in Figure
1.1. The time stamp is delayed by 33 ms from the beginning of the frame, so that if
a frame starts at the beginning of second S, the time stamp reads 5.033. The video

inserter card derives its time from a GPS clock with time referenced to universal
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coordinated time to better than 200 ns.

Since the vertical extent of Sprite images is greater than one horizontal scan
line, individual fields can be used to find the onset time of Sprite luminosity with
a time resolution of 16.7 ms. A single field of each frame is viewed using the pause
function on a standard VCR. In order to view the other field of each frame, the
videotape was played on one VCR, and the output was recorded on a second VCR
from a different manufacturer. The resulting backup videotape, when viewed using
the pause function, displayed a different field of each frame, compared to the original
videotape. We can therefore view each field independently using both the original
and backup videotapes.

We illustrate the determination of Sprite onset time to 16.7 ms resolution in Figure
3.1, where two consecutive frames are labelled 1 and 2, while the first and second fields
within each frame are labelled A and B, respectively. The horizontal axis gives the
time relative to the beginning of frame 1, and the time stamp shown on each frame is
33 ms after the beginning of exposure of its first field. When using the pause function,
we view field A on the original tape and field B on the backup tape. Referring to
Figure 3.1, if the Sprite onset is observed on the same frame (here frame 2) on both
the original and the backup, the Sprite onset is during the second half of field 2A
or, equivalently, the first half of field 2B. If the Sprite onset is observed on frame 2
of the original tape and frame 1 of the backup tape, then the Sprite onset is during
the second half of field 1B or, equivalently, the first half of field 2A. This method
enables the determination of the onset time of any observed Sprite with a precision

of ~17 ms.

3.2 Association of Sprites and Positive

Cloud-to-Ground Flashes

In order to determine the association of Sprites and cloud-to-ground (CG) flashes,
the time of Sprite onset can be compared to the onset time of sferics recorded at the
same location. The VLF sferics reported here are those sferics which are generated by
CG lightning flashes. VLF sferics propagate at a phase velocity nearly equal to ¢, the
speed of light [Cummer, 1997]. Since both the VLF sferic and the visible light of the

Sprite travel nearly the same distance at nearly the same propagation speed (c), the
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relative times of their occurrence can be considered equal to the relative times of their
arrival at the receiving location, within an error of <0.1 ms. As a result, measurement
of the time between sferic onset and Sprite onset yields the delay between a CG flash
and a subsequent Sprite.

To illustrate the association between Sprites and positive CG flashes, we report
results of observations of Sprites above a mesoscale convective system in western
Kansas on August 1, 1996 (see Figure 3.2). Continuous video observations of Sprites
were conducted at Yucca Ridge (see Section 2.1.2) as part of the Stanford / Lock-
heed Fly’s Eye experiment [Inan et al., 1997]. Simultaneously, the signals from two
orthogonal magnetic loop antennas oriented geographic N/S and E/W were recorded
digitally on a continuous basis (see Section 2.1).

During the August 1 observations, the intensified CCD camera was pointed south-
east, with a field of view bounded by the segments shown in Figure 3.2. The NLDN-
recorded flash locations are denoted by dots for negative CG flashes and by pluses
for positive CG flashes. The color code indicates the strength of the flash in terms of
NLDN-measured peak current, and the red circles indicate the locations of positive
CGs which are associated with Sprites. The CG lightning polarity exhibits the ex-
pected “bipolar” pattern for a mesoscale convective system, as described in Section
1.2.5. The convective core of the storm is to the southwest, where negative CGs are
concentrated, and the downwind stratiform region is to the northeast, where most
positive CGs occurred [Orville et al., 1988; Rutledge et al., 1990]. All Sprites were
observed over the trailing stratiform precipitation region of the mesoscale convective
system, consistent with previous observations [Sentman et al., 1995; Winckler et al.,
1996; Lyons, 1996]. Previous studies have shown that the center of the Sprite may be
displaced from the NLDN-detected CG location by as much as ~40 km [ Winckler et
al., 1996; Lyons, 1996], which explains the observation of one Sprite associated with
a CG location just outside (north of) the camera field of view (see Figure 3.2).

During the period 0644-0907 UT, or 1:44 to 4:07 a.m. local (CDT) time, the
intensified CCD camera observed 98 Sprites above the mesoscale convective system
in western Kansas, giving an average occurrence rate of one Sprite every ~90 seconds.
A three-minute period from ~0815-0818 UT was eliminated from the analysis because
no video data were available. During the 139-minute observation period, there were
~9400 CGs recorded by NLDN above a peak current threshold of 10 kA, and 12% of
these CG flashes were of positive polarity.
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Figure 3.2: NLDN lightning locations and camera field of view for observations from Yucca Ridge,
Colorado on August 1, 1996.

The onset times of all 98 Sprites were compared to occurrence times of sferics
and NLDN-recorded CG flashes. In 94 (96%) of the cases, the Sprite was associated
with a positive CG. Of these 94, 85 of the Sprite onset times were within 200 ms
after the occurrence of the positive CG. Four of the other Sprites occurred 200-400
ms after the positive CG. In each of three other cases, two Sprites were observed
within ~200-300 ms following a single positive CG. For two of the 94, the NLDN
did not detect the CG, but a sferic of positive polarity and CG characteristics [Inan
et al., 1996b] was observed in association with the Sprite. In the remaining four
of 98 Sprites, the association is unclear because no positive CGs occurred for at
least 1 second before the Sprite onset. However, after the Sprite appeared there
was a subsequent positive CG, within 150-300 ms in three of the four cases, and
~700 ms later in the fourth case. The association of the Sprites and the subsequent

positive CGs is unclear; yet the process that triggered the Sprite may be part of an
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extensive intracloud process (“spider” lightning) that can last as long as ~600 ms and
may be connected to the subsequent occurrence of positive cloud-to-ground lightning
(see Figure 1.4) [Williams, 1995, pp. 50-52; Lyons, 1996]. It is known that the
stratiform precipitation region of large mesoscale convective systems is favorable to
horizontally extensive regions of positive charge generation and leads to large positive
CGs [Rutledge et al., 1993]. Our understanding of these events is limited by a lack
of data, but the Lightning Detection and Ranging system at Kennedy Space Center
is capable of three-dimensional mapping of intracloud processes and is being used to
investigate horizontally extensive intracloud and CG processes [Stanley et al., 1997].

All Sprite onset times were checked for possible association with negative CGs.
Negative CGs were recorded by NLDN within ~400 ms of nearly half of the Sprite
onsets. However, in all except two cases, a stronger association of the Sprite with the
positive CG than with the negative CG is demonstrated by one of the following: (1)
the negative CG is out of the camera field of view, (2) the positive CG is closer in
time to the Sprite onset than the negative CG, or (3) the positive CG occurs before
the Sprite and the negative CG occurs afterward. In the first of the two cases where
a negative CG is closer in time to the Sprite onset than any NLDN-recorded positive
CG, there is a positive CG not detected by the NLDN but detected by identification
of a sferic at that time with positive CG characteristics. Sferics generated by CGs
have characteristics which distinguish them from other sferics produced by intracloud
lightning, and the polarity of a sferic can be uniquely identified [Inan et al., 1996b].
The positive CG identified by a sferic is closer in time to Sprite onset than the negative
CG. In the second exceptional case, the positive CG occurs ~150 ms before the Sprite
onset and the negative CG occurs ~60 ms before the Sprite onset, indicating a more
likely temporal association between the negative CG and the Sprite.

In summary, for the 139 minutes of observation on August 1, 1996, in 96% of
the cases a positive CG occurs before Sprite onset, usually within ~200 ms. In the
remaining 4% of cases, a positive CG follows Sprite onset, and may be involved in an
interconnected intracloud process (“spider” lightning) triggering both the Sprite and
the positive CG. There was only one case out of 98 in which a Sprite was temporally
associated more closely with a negative CG than any positive CG.

These results are consistent with previous work. Two midwestern mesoscale con-
vective systems were studied using video observations of Sprites at Yucca Ridge and

sferics measurements at Palmer Station, Antarctica [Reising et al., 1996] (see also
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Sections 4.3.2 and 4.3.3). During 122 minutes of observation on July 12, 1994, 44
Sprites were observed, and sferics of positive CG polarity were observed at Palmer
Station in association with 95% of the Sprites. The NLDN recorded positive CGs
within +100 ms of the Sprite event in only 70% of the cases; however, upgrade of
the NLDN upgrades to the Improved Accuracy from Combined Technology between
1994 and 1995 improved its detection efficiency for complex events (see Section 1.2.4)
[Cummins et al., 1998; Idone et al., 1998b]. On July 15, 1995, 35 Sprite events were
observed in 104 minutes, and sferics of positive CG polarity were measured at Palmer
Station in association with 97% of the Sprites. The NLDN recorded positive CG
flashes in 83% of the cases, showing the improvement due to the NLDN upgrade.
Similarly, Boccippio et al. [1995] reported positive CGs recorded by NLDN in associ-
ation with 86% and 82% of Sprites, for mesoscale convective systems on July 12, 1994,
and September 7, 1994, respectively. Lyons [1996] reports that 94% of 36 Sprites ob-
served during a 4.5 hour period on August 6, 1994, were temporally associated with
positive CGs recorded by the NLDN.

3.3 Delays between Positive CG Flashes and Sprite

Onsets

A subset consisting of 17 of the 98 Sprites observed on August 1, 1998, and occurring
from 0817 to 0832 UT, were analyzed by Bell et al. [1996; 1998]. In Figure 3.3 we
illustrate the broad range of delays between the positive CG and the onset of each
Sprite. For 17 Sprites observed by the intensified CCD camera during the 15 minute
period, the delays ranged from ~1 ms to ~110 ms. The Bell et al. [1998] study also
used the ELF portion of sferics observed at Yucca Ridge to determine the magnitude
of the continuing currents (see Section 1.2.2) that followed the first return strokes of
these positive CG discharges. This task was accomplished by using a well established
model of ELF wave propagation in the Earth-ionosphere waveguide |Greifinger and
Greifinger, 1986; Sukhorukov, 1992].

The total charge removed from the cloud to the ground can be derived from the

time-integral of the current waveform, denoted by the following expression:

Qr — /OTI(t)dt
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Figure 3.3: From [Bell et al., 1998]. Time delay between the causative positive CG discharge
(t = 0) and the video field in which the Sprite first appeared, for each of the 17 events. The time
duration of the video field is indicated by two dark circles connected by a vertical line. The number
immediately above each video field marker represents the positive charge (Qr) lowered to ground
during the intense continuing currents that followed the first positive return stroke, assuming [ = 10
km.

where the discharge begins at ¢ = 0 and 7 represents the time at which the measured
sferic falls below the RMS noise level. The charge lowered to ground, assuming a
cloud-to-ground distance of [ = 10 km, is given by the number above each segment
in Figure 3.3, from Bell et al. [1998]. Most of these 17 events exhibit delays of <30
ms between the positive CG and subsequent Sprite. The average value of Qr for
the eight discharges that occurred within 15 ms of the beginning of the video field
is Qp ~ 65C, while for the others, Qr ~ 30C, and the average time delay until the
beginning of the video field was ~55 ms. These observations indicate that there may
be at least two ways by which a Sprite is produced. The first mechanism requires the
transfer of a large amount (~100 C) of positive charge from a thundercloud during a
positive CG return stroke and subsequent continuing current, in which case a Sprite
is produced shortly thereafter. This mode applies to events 7, 9, and 15 in Figure 3.3.

Alternatively, a positive CG which transfers a smaller amount of charge (~10-50 C)
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from the cloud to the ground may induce subsequent intracloud “spider” lightning
discharges in nearby regions of the cloud (see Figure 1.4). These intracloud discharges
may lead to Sprite production, where the Sprite appears >40 ms after the positive
CG. This mode applies to events 1, 2, 3, 8, 13, and 17 in Figure 3.3. An example of
connected positive CG and intracloud “spider” discharges is shown schematically in
Figure 1.4 (see also Figure 1 of Marshall et al. [1996]).

The following chapter addresses the question of which positive CGs lead to Sprites
by developing a proxy measure for Sprite occurrence based solely on broadband
ELF/VLF measurements of the sferic launched by each positive CG.



Chapter 4

ELF Sferic Energy as a Proxy

Indicator for Sprite Occurrence

As was discussed in Section 3.2, Sprite occurrence is nearly always associated with a
positive cloud-to-ground flash (CG). However, on average only ~15-20% of positive
CGs during the Sprite-producing phase of mesoscale convective systems are associ-
ated with Sprite occurrence [Reising et al., 1996; Lyons, 1996]. The assessment of the
salient characteristics of those CG flashes which lead to Sprite production is therefore
an outstanding question, which we address in this chapter. There are many charac-
teristics of CG discharges which may be important for Sprite production, including
the amount of charge removed from the cloud, the strength of the discharge as mea-
sured by radiated sferic intensity, and the altitude and lateral extent of the active
thundercloud. The most readily accessible parameter is the peak lightning current as
measured by the NLDN; however, the NLDN-recorded peak current has been shown
not to be a good indicator of the Sprite-producing capacity of a positive CG (see
Section 4.2 and Reising et al. [1996]).

Video observations are often limited by foreground clouds which obscure the ob-
server’s view of the area of the sky where Sprites occur. For example, at Yucca Ridge
during summer 1996 (see Section 2.1.2), clouds reduced visibility of the area of the sky
where Sprites were expected to occur on >40% of possible evenings of observation.
In addition, video observations are limited to line-of-sight visibility and to ~1000 km
range from the observation camera [Lyons, 1996]. In order to determine the total rate
of Sprite occurrence on continental and global scales, as well as the characteristics of

storms which lead to Sprite production, one needs a proxy for Sprite occurrence that
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is based on remote measurements and is independent of direct video observations.
This chapter describes a proxy for Sprite occurrence based on individual CG flashes
using sferics measurements at both medium range (~600 km) and at ultra-long range
(~12,000 km) from the source lightning.

Other techniques have been explored as possible indicators of Sprite occurrence,
including excitation of the resonances of the Earth-ionosphere cavity (also known
as “Schumann resonances”) [Boccippio et al., 1995; Fillekrug and Reising, 1997].
Boccippio et al. [1995] reported that 95% and 78% of Sprites were accompanied by
ELF transients in the Schumann resonance frequency range in the storms studied
on July 12, 1994, and September 7, 1994, respectively (see Section 4.3.2). In order
to use ELF transient events as a proxy indicator for Sprite occurrence, one would
also need to know the number of ELF transients which were not accompanied by
Sprites. The only information that the authors provide in this context is that the
interval between successive transients was several seconds and that a total of 97 Sprites
were observed over a combined study duration of ~7 hours, indicating that many
other ELF transients exceeded their detection threshold. Fillekrug and Reising [1997]
found that in a 97-minute period, 30 discrete excitations of the Earth-ionosphere
cavity resonances associated with CG flashes in a Kansas Sprite-producing storm
were simultaneously detected in Hollister, California, and in Silberborn, Germany. A
full 80% of these 30 Earth-ionosphere cavity resonance events were associated with
Sprite-producing positive CG flashes, suggesting the possibility of using ultra-long
range Earth-ionosphere cavity resonance event detection as a proxy for Sprites.

In this chapter we describe a proxy indicator for Sprite occurrence that allows the
estimation of the number of Sprites produced by a mesoscale convective system to
within £25% (see Section 4.2). This proxy indicator is based on continuous recordings
of ELF/VLF broadband data in which sferics are detected in association with >95%
of positive CGs with peak current >20 kA at a range of ~12,000 km (see Section
3.2), with >98% detected at ~1000 km range. Since all Sprite-associated positive
CGs have peak currents exceeding 20 kA, this proxy indicator has greater sensitivity
than the Earth-ionosphere cavity resonance Sprite detection described by Fillekrug
and Reising [1997]. The proxy indicator described in this chapter is based on the
ELF energy of a sferic, which is enhanced by continuing currents, i.e., currents which

continue to flow following the positive CG return stroke (see Section 1.2.2).
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4.1 Quantitative Analysis of VLF and ELF sferics

When the bandwidth of broadband ELF/VLF receivers extends below ~300 Hz, as
the Yucca Ridge system does (see Section 2.1.2), the recorded data is contaminated
by the power line interference at 60 Hz (50 Hz in Europe) and its harmonics. Al-
though it is possible to substantially remove this interference prior to recording using
selective notch filtering of the fundamental frequency and its harmonics, such filter-
ing necessarily contaminates data in adjoining frequency regions. At the same time,
measurements sampled with 16-bit resolution provide sufficient dynamic range for
the removal of the interference in post-processing. With this in mind, we have cho-
sen to record the raw data with 60 Hz interference. In our work, we are interested
in quantitative sferics measurements extending into the ELF frequency range (here
~15 Hz - 1.5 kHz), overlapping the frequencies of power line interference. Therefore
the removal of interference cannot be accomplished by highpass filtering. We instead
remove the 60 Hz interference by choosing a single cycle of 60 Hz interference that
is free of sferics and is within a time window during which the power-line frequency
is stable, ~2-3 seconds. We replicate the single cycle to produce a waveform of suf-
ficient length, and phase align it with the unfiltered sferic [Cummer, 1997]. Then
we subtract this synthesized 60 Hz waveform (dotted line in the top panel of Figure
4.1) from the unfiltered sferic (solid line in the top panel of Figure 4.1) to remove the
power line interference. We show the resulting noise-removed sferic launched by a
Sprite-associated positive CG at 08:31:28 UT on August 1, 1996, in the bottom panel
of Figure 4.1. All sferics recorded at Yucca Ridge are filtered using this technique.
In the ELF frequency band below ~1.5 kHz, only the quasi-transverse electromag-
netic mode propagates in the Earth-ionosphere waveguide, while all other modes are
evanescent (see Section 1.3). In our analysis we extract this single mode (hereafter
referred to as “ELF sferic”) from the sferics data in hand by digital lowpass filtering
with a cutoff frequency of 1.5 kHz. This digital filter and all other filters mentioned
in this chapter are implemented as 30th-order FIR filters windowed by the Hamming
function [Oppenheim and Schafer, 1989; p. 447]. Likewise, we extract all other modes
(referred to as “VLF sferic”) from the sferics data in hand by digital highpass fil-
tering with a cutoff frequency of 1.5 kHz, clearly below the cutoff frequency of the
lowest-order VLF mode [Bell et al., 1998]. The VLF and ELF components of a sferic
launched by a Sprite-producing positive CG at 08:26:09 UT are shown in Figure 4.2.
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Figure 4.1: (Top) The ELF/VLF waveform of a sferic generated by a 61-kA positive CG discharge
at 08:31:28 UT on August 1, 1996. (Bottom) The resultant sferic waveform after subtraction of
the power line interference (shown above as dashed line). The associated Sprite is shown in the
inset, with top and bottom altitudes which were calculated assuming the Sprite was centered over
the associated positive CG discharge. This approximation is typically correct to within £5 km in
altitude and is used to calculate the altitudes of all other Sprite images shown in this chapter.

Several definitions are needed for quantitative analysis of the ELF and VLF com-
ponents of sferics. As defined in Section 2.2, the magnitude of the wave magnetic
field is computed as the vector sum of the measured N/S and E/W magnetic field
components. The magnitude of the wave magnetic field is used so that direct quanti-
tative comparisons are possible among sferics arriving from different directions. The
peak values of the magnitude of both the ELF and VLF components of sferics are
denoted as ELF peak and VLF peak respectively in Figure 4.2.

The intensity and duration of the ELF sferic measured at Yucca Ridge is related
to the strength and duration of the continuing current following the first return stroke
of the CG flash, as shown by Bell et al. [1998]. Since the total charge transferred to
ground is the integral of the current waveform, we compute the integral of the magni-
tude of the wave magnetic field to provide a measure related to total charge transfer.
We divide the result by the duration of integration to yield a time average and square
the result for expression in units of energy. Explicitly, the ELF sferic energy is de-
fined as the square of the average value of the vector sum between t = —2 ms and

t = 20 ms, where ¢t = 0 is the sferic onset, for all sferics measured at Yucca Ridge.
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Figure 4.2: The sferic waveform launched by a 164-kA positive CG discharge at 08:26:09 UT on
August 1, 1996. (Middle) The VLF component of the same sferic after digital highpass filtering with
a cutoff frequency of 1.5 kHz. (Bottom) The ELF component of the same sferic after digital lowpass
with a cutoff frequency of 1.5 kHz. The Sprite associated with this sferic is shown in the inset.

This definition of ELF sferic energy gives the average energy over the duration of
the sferic, except in cases where a second ELF pulse is generated by a Sprite with a
long (>20 ms) delay after the CG (see Section 4.4). The ELF “slow-tail magnitude”
was defined by Reising et al. [1996] for Palmer Station measurements as the average
value of the magnitude (vector sum of N/S and E/W) of the magnetic field between
t = —2 ms and ¢t = 10 ms. This slow-tail magnitude (see Section 4.3) is simply the
square-root of the ELF sferic energy. In summary, the ELF sferic energy is defined
as an indicator of the charge transfer from the cloud to the ground in the continuing
current. In the next section we use the ELF sferic energy to form a proxy indicator

for Sprite occurrence.
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4.2 Medium Range Measurements at Yucca Ridge,

Colorado

From 0644 to 0907 UT on August 1, 1996, 98 Sprites were observed above a mesoscale
convective system in western Kansas, as discussed in Section 3.2 (see Figure 3.2). The
peak currents of the 94 Sprite-producing positive CGs (see Section 3.2) ranged from
19 to 164 kA, as measured by the NLDN. We chose a threshold peak current of 26 kA
and analyzed all NLDN positive CGs above this threshold. In addition, to confirm
association with the Sprite, we required the positive CGs to occur within 200 ms
before the Sprite onset. Of the 94 Sprite-producing positive CGs, 81 met both the
threshold and the timing criteria. The distribution of the NLDN peak currents of
these 81 Sprite-producing positive CGs is shown in the shaded bars of Figure 4.3.
The unshaded portions of the bars show the distribution of the NLDN peak currents
for all other positive CGs exceeding the 26-kA threshold and in the camera field
of view, which includes most of the Sprite-producing storm (see Figure 3.2). The
location criterion for CGs “in the camera field of view” was extended to include all
NLDN-recorded CGs which could have produced Sprites anywhere in the field of view,
even if the causative flash was just outside the nominal field of view. This criterion
is identical to that used in the study of Sprite-producing storms from 1994 and 1995
[Reising et al., 1996].

The ELF sferic energy, as defined in Section 4.1, is the integrated energy of the
sferic in the ELF band (here ~15 Hz - 1.5 kHz). This quantity is an indicator of
total charge transfer in the continuing current following the first return stroke of a
CG flash (see Section 4.1). Figure 4.4 shows the distribution of ELF sferic energy
for the same 334 positive CGs whose NLDN peak current distribution is shown in
Figure 4.3. The 0 decibel reference for the logarithmic scale is chosen to be equal to
the mean of the distribution. For this population of sferics, one standard deviation is
found to be ~7 dB, as noted in the figure.

From Figure 4.4 it is evident that mean of the of the Sprite-associated ELF energy
(shaded bars) is approximately one standard deviation greater than the mean of the
distribution of ELF energy for the entire storm. Both ELF sferic energy distributions
exhibit a log-normal distribution, consistent with the distribution of the peak cur-

rents of CG lightning flashes [Berger et al., 1975]. The deviation from a log-normal



CHAPTER 4. PROXY INDICATOR FOR SPRITE OCCURRENCE 45

01 Aug 96 0644-0907 UT

60 .
Unshaded = NON Sprite-associated +CGs

@501 Total of 253 1
R4
2 Shaded = SPRITE-associated +CGs
® 40 Total of 81 -
&
:c:> 30 L All first strokes shown have |
o NLDN peak current > 26 kA.
el
£
=)
P

30 40 60 80 100 150
NLDN peak current (kA)

Figure 4.3: Histogram of the number of first strokes of positive CG flashes recorded by the NLDN
with peak current >26 kA. Sprite-associated CGs are shown as shaded bars, and all other positive
CGs are shown as unshaded bars.

distribution above ~12 dB is due to the “second ELF pulse” observed in ~20% of
Sprites at 500-600 km range (see Section 4.4). The use of an absolute threshold crite-
rion for prediction of Sprite production by individual positive CGs is shown in Figure
4.5. The histogram bars are identical to the distribution of the overall storm shown
in Figure 4.4. The numbers on each histogram bar in Figure 4.5 correspond to two
“quantized” cumulative distributions which can be used to measure the success of an
absolute threshold method. The black numbers above each bar show the percentage
of CGs which lead to Sprites, out of all CGs which launch sferics with ELF energy
greater than or equal to that of each histogram bin. The red numbers inside each bar
show the percentage of Sprites produced by CGs which launch sferics with greater
than or equal to the ELF sferic energy of each histogram bin. For example, if one
predicts that all positive CGs which launch sferics with >7 dB ELF energy are Sprite-

producing CGs, then one is 83% correct, and one predicts a number of Sprites equal
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Figure 4.4: Histogram of the number of sferics as a function of ELF sferic energy, plotted on a
dB (log) scale. Sprite-associated sferics are shown as shaded bars, and all other positive CGs are
shown as unshaded bars. This histogram includes the same flashes as the histogram in Figure 4.3.

to 49 / 0.83 = 59% of the total Sprites produced. This number can be rescaled by 1
/ 0.59 = 1.7 to provide an estimate of the total number of Sprites produced during
this period. Other Sprite-producing storms in the continental U.S. exhibit similar
distributions of ELF sferic energy (see Section 4.3). We apply this proxy indicator
for Sprite occurrence to a lower-latitude mesoscale convective system in Mexico in
Section 4.3.4. We expect that in general this technique will allow prediction of the
number of Sprites produced by a mid-latitude mesoscale convective system to +25%

precision.
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Figure 4.5: Histogram of all sferics shown in Figure 4.4, with the addition of cumulative distri-
bution statistics for the percent of CGs greater than or equal to each ELF sferic energy which lead
to Sprites (black numbers). The red numbers give the percent of Sprites included when using each
histogram bar as an absolute threshold predictor for Sprite occurrence.

[Reising et al., 1996]. The propagation time from Nebraska to Palmer Station is ~40
ms at VLF frequencies. However, this delay is consistent among sferics originating
in the same thunderstorm. The identification of sferic occurrence times to <1 ms
precision, along with the identification of arrival azimuth of sferics to £1° (see Section
2.4), allows the unambiguous identification of sferics arising from individual NLDN
flashes. In the following section, we use the result that enhancement of the ELF
sferic, called a “slow tail” at large (>5,000 km) distances from the source, is due to

continuing current following the CG return stroke (see Section 1.3).

4.3.1 Continuing Currents in Sprite-Associated Lightning Flashes

Measurements of sferics at Palmer Station, Antarctica, show that those sferics launched
by Sprite-producing CG flashes exhibit enhanced ELF “slow tails” following the ini-
tial VLF portion [Reising et al., 1996]. The “slow tail” is the ELF portion which,
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Figure 4.6: From [Reising et al., 1996]. Two sferics originating in the same U.S. Great Plains
thunderstorm and recorded at Palmer Station with similar peak values of VLF magnitude but
markedly different ELF “slow tail” average magnitudes. The waveform in (b) exhibits an average
ELF magnitude more than 20 times greater than that of the one in (a). The sferic with the large
slow tail (b) was generated by a Sprite-associated CG flash, whereas the one without a measurable
slow tail (a) was not.

flashes. In the following section, we use the result that enhancement of the ELF
sferic, called a “slow tail” at large (>5,000 km) distances from the source, is due to

continuing current following the CG return stroke (see Section 1.3).

4.3.1 Continuing Currents in Sprite-Associated Lightning
Flashes

Measurements of sferics at Palmer Station, Antarctica, show that those sferics launched
by Sprite-producing CG flashes exhibit enhanced ELF “slow tails” following the ini-
tial VLF portion [Reising et al., 1996]. The “slow tail” is the ELF portion which,
over a ~12,000 km propagation path, is significantly delayed in time from the initial
VLF oscillating portion due to its slower phase velocity (see Figure 4.6 and Section
1.3). For the two sferics shown in Figure 4.6, the characteristics of the propagation
path were essentially constant, so the factor of 20 difference between their average

ELF magnitudes is to due to difference in their sources, which in the ELF frequency
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band are continuing currents (see Section 1.3). In Figure 4.6 the sferics measurements
are displayed in terms of the electric field (£), even though the measured quantity
is the wave magnetic field (B). For ground measurements of waves propagating in
free space, the magnitudes F and B are related by E = ¢B, where ¢ is the speed
of light. This relationship is also correct for the quasi-transverse electric and quasi-
transverse magnetic modes (VLF sferic) in the waveguide. For the quasi-transverse
electromagnetic mode (ELF sferic), the phase velocity is ~0.9 ¢ [Sukhorukov and
Stubbe, 1997], so the relationship is approximately true. Under these conditions, the
following conversion: v

30 Y 0.1 nT
m

can be used to convert from quantities given in £ for Palmer Station measurements
to quantities given in B for Yucca Ridge measurements.

The observation that those sferics launched by Sprite-producing CG flashes ex-
hibit enhanced ELF “slow tails” compared to non Sprite-producing sferics indicates
that significant continuing currents on the time scale of ~1-5 ms are a necessary
condition for Sprite production [Reising et al., 1996]. This interpretation of slow-tail
enhancement (see Section 1.3) is consistent with the requirement of continuing cur-
rent in order to lower large amounts of charge from the cloud to ground, which is

believed to be necessary for Sprite production (see Sections 1.2.2 and 1.1).

4.3.2 Sprite-Producing Storm on July 12, 1994

Two cases studied by Reising et al. [1996] demonstrate the usefulness of the proxy in-
dicator at ~12,000 km range from the Sprite-producing mesoscale convective system.
In the first case, on July 12, 1994, 44 Sprites were observed at Yucca Ridge between
0510 and 0712 UT, at the rate of just less than one Sprite every 3 minutes. Figure
4.7a shows the locations of all positive CG flashes recorded by NLDN, and the circles
in Figure 4.7c show the locations of those positive CGs which produced Sprites. At
Palmer, sferics were detected in association with 42 of the 44 (95%) Sprites. The
NLDN recorded positive CG flashes in 31 of the 44 (70%) events within £100 ms of
the period between the onset of the Sprite and the end of its observed luminosity, as
recorded by the intensified CCD camera at Yucca Ridge. The peak current distribu-
tion of these 31 flashes is shown in shaded bars in the left panel of Figure 4.8. These

Sprite-associated CGs have a wide variation of peak currents, nearly spanning the
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Figure 4.7: From [Reising et al., 1996]. Panel (a) shows all positive CG flashes recorded by NLDN
from a mesoscale convective system in central/SW Nebraska and NE Colorado, from 0510-0712 UT
on July 12, 1994. The locations of Sprite-producing positive CGs recorded by NLDN are denoted
by circles in (c). Panel (b) shows the positive CG flashes from 0545-0732 UT on July 15, 1995, from
a mesoscale convective system with strong activity in central/SW Nebraska, with weaker positive
CGs in Iowa. Sprite-producing positive CGs are shown as circles in panel (d). The intensified CCD
camera fields-of-view are shown as rays extending from Yucca Ridge (YR). The dotted lines are lines

of constant bearing from Palmer Station, Antarctica. The NLDN data is provided by courtesy of
NASA/MSFC and the Global Hydrology Resource Center.
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Figure 4.8: Adapted from [Reising et al., 1996]. Distributions of NLDN peak current (left panel)
and corresponding Palmer ELF sferic energy (right panel) for all 144 positive CGs on July 12, 1994,
within the intensified CCD camera field-of-view. The vertical scales are number of first strokes for
the left panel, and number of sferics for the right panel. Sprite-associated CGs are shown as shaded
bars, and non Sprite-associated CGs are shown as unshaded bars.

entire distribution of 144 positive CGs within the field of view (shown as unshaded
bars). The ELF sferic energy distribution of the same 144 positive CGs is shown in
the right panel of Figure 4.8, with the 31 Sprite-associated CGs denoted by shaded
bars. The ELF sferic energy is an average over the first 10 ms of the sferic, as in Reis-
ing et al. [1996]. The distribution demonstrates that Sprite-producing CGs generate
sferics with large ELF energy, indicative of large continuing currents on the time scale

of several milliseconds [Reising et al., 1996].

4.3.3 Sprite-Producing Storm on July 15, 1995

In the second case, on July 15, 1995, 35 Sprites were observed at Yucca Ridge between
0545 and 0732 UT, at the rate of one Sprite every ~3 minutes. Figure 4.7b shows
the locations of all positive CG flashes recorded by NLDN, and the circles in Figure
4.7d give the locations of those positive CGs which produced Sprites. At Palmer
Station, sferics were detected in association with 34 of the 35 (97%) Sprites. The
NLDN recorded positive CG flashes in 29 of the 35 (83%) events within £100 ms of

the period between the onset of the Sprite and the end of its observed luminosity.
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Figure 4.9: Adapted from [Reising et al., 1996]. Distributions of NLDN peak current (left panel)
and corresponding Palmer ELF sferic energy (right panel) for all 184 positive CGs on July 15, 1995,
within the intensified CCD camera field-of-view. The vertical scales are number of first strokes for
the left panel, and number of sferics for the right panel. Sprite-associated CGs are shown as shaded
bars, and non Sprite-associated CGs are shown as unshaded bars.

The peak current distribution of these 31 flashes is shown in shaded bars in the left
panel of Figure 4.9. These Sprite-associated CGs exhibit a wide variation of peak
currents, nearly spanning the full distribution of 184 positive CGs within the field of
view. The ELF sferic energy distribution of the same 184 positive CGs is shown in
the right panel of Figure 4.9, with the 29 Sprite-associated CGs denoted by shaded
bars. The ELF energy is an average over the first 10 ms of the sferic, the same as
that reported in Section 4.3.2. The distribution demonstrates that Sprite-producing
CGs generate sferics with large ELF energy, indicative of large continuing currents

on the time scale of several milliseconds [Reising et al., 1996].

4.3.4 Application of ELF Proxy to Multiple Storms

We studied sferics received at Palmer Station from multiple thunderstorms during
the same period of observation on August 1, 1996. This study demonstrates the
usefulness of ELF sferic energy as a proxy indicator for Sprite occurrence associated
with thunderstorms for which optical recordings of Sprites were not available. The

NLDN-recorded lightning activity during the period 0644-0800 UT is shown in the
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Figure 4.10: (Left) Locations of positive cloud-to-ground flashes observed by the NLDN with peak
current exceeding 23 kA from 0644-0800 UT on August 1, 1996, identical to Figure 2.7. (Right)
Distributions of ELF sferic energy for sferics recorded at Palmer from Storms A, B and C from 0644
to 0745 UT on August 1, 1996. All sferics are generated by positive CGs recorded by the NLDN with
peak current >23 kA. In the top panel, shaded bars indicate Sprite-associated sferics, as verified by
optical observations at Yucca Ridge (see Section 3.2).

left panel of Figure 4.10, where pluses denote positive CG flashes with peak currents
exceeding 23 kA. Storm A is the Sprite-producing storm in western Kansas described
in detail in Sections 3.2 and 4.2. Storm B is in Sonora, Mexico, just to the east of the
Gulf of California. Storm C is a smaller thunderstorm in South Dakota. The GOES
8 infrared brightness temperature data at 0702 UT for the same region is shown in
Figure 4.11. The areas of coldest cloud tops are shown in purple and white (Storms
A and B), indicating the presence of mixed-phase regions, which are known to be
important for thunderstorm electrification and for the generation of large stratiform
regions, above which Sprites are observed to occur (see Section 1.2.5).

By matching arrival azimuth and propagation delay separately for each storm
(see Section 2.4), we measured sferics in association with many of the NLDN positive
CGs with peak currents >23 kA, for storms A, B and C (see Figure 4.10). The
distributions of ELF sferic energy for sferics measured from 0644 to 0745 UT in each
of the three storms are shown in the right panel of Figure 4.10. In this case the ELF



CHAPTER 4. PROXY INDICATOR FOR SPRITE OCCURRENCE 54

energy is an average over the first 20 ms of the sferic, as in Section 4.2, so the mean
sferic energy is smaller than that shown in Figures 4.8 and 4.9. In the top right panel
of Figure 4.10, the shaded bars show the ELF energy of sferics generated by Sprite-
associated positive CGs, as determined from optical measurements at Yucca Ridge.
Storm B shows an overall distribution which is similar to Storm A, and we infer from
the sferic energy distribution of the detected Sprites in Storm A that Storm B most
likely produced at least as many Sprites as shown by the shaded bars in the middle
right panel. We note that Sprites were measured optically during the summer of 1997
above storms in the same region as Storm B, with a higher rate of Sprite production
than many of the Great Plains storms [Barrington-Leigh et al., 1997]. Storm C was a
smaller storm with a lower rate of positive CGs, and our measurements indicate that
it produced very few or no Sprites at all.

Based on ground-based observations of thousands of Sprites, Lyons [1996] gives
meteorological criteria for thunderstorms in the U.S. Great Plains which are likely
to produce Sprites. His initial evidence indicates that a necessary, but not sufficient,
condition for Sprite production is a mesoscale convective system with >20,000 km?
radar echo area having a large stratiform precipitation region containing numerous
positive CG flashes [Lyons, 1996]. Storm A meets these criteria, and Storm B has
radar echoes >100,000 km?, putting it into the category of a mesoscale convective
complex (see Section 1.2.5). Storm C covers >60,000 km?, but it has only 0.25
positive CGs per minute during this period, as opposed to 0.6 and 1.7 positive CGs
per minute in Storm B and Storm A, respectively. The flash rate in Storm B is likely
greater than the 0.6 positive CGs per minute measured by NLDN, because Storm B
is located near the edge of the NLDN coverage area [Cummins et al., 1998]. Sprites
have been observed above smaller thunderstorms in Florida [Stanley et al., 1997] and
in South America [Sentman et al., 1996], so, as Lyons [1996] points out, the criteria
for a Sprite-producing thunderstorm need to be modified for different climatological

regimes.

4.4 ELF Radiation from Electrical Currents in Sprites

In this section we return to analysis of sferics measurements performed at Yucca Ridge
during Summer 1996, at ~500-600 km distance from Sprite-producing mesoscale con-

vective systems in Kansas and Nebraska. At this range, the ELF component of a
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Figure 4.11: Infrared brightness temperature measured on the GOES 8 geosynchronous satellite
at 0702 UT on August 1, 1996. The area of coverage is the same as that shown in the left panel of
Figure 4.10. Courtesy of the National Center for Atmospheric Research.
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Figure 4.12: (Top Left) The sferic waveform launched by a 164-kA positive CG discharge and
measured at Yucca Ridge at 08:26:09 UT on August 1, 1996. (Top Right) The sferic waveform
launched by a 67-kA positive CG discharge and measured at Yucca Ridge at 08:24:00 UT on August
1, 1996. (Bottom Panels) The ELF components of both sferics after digital lowpass filtering with a
cutoff frequency of 1.5 kHz.

typical Sprite-associated sferic consists of a positive-going pulse of half width 0.5-
1 ms followed by a negative-going pulse of much smaller magnitude which recovers to
zero in <20 ms, as shown in the lower left panel of Figure 4.12. However, in ~20%
of the Sprite-associated sferics, a second positive-going ELF pulse is observed, clearly
separated in time from the first positive ELF pulse, as shown in the lower right panel
of Figure 4.12. Simultaneous photometric observations of Sprite luminosity at high
time resolution (~30 us) verified that the Sprite luminosity rises and falls nearly si-
multaneous with the source current which radiated the second ELF pulse [Cummer
et al., 1998]. The lack of a VLF oscillation at the beginning of the second ELF pulse
(see top right panel of Figure 4.12) indicates that this pulse is not generated by a CG
return stroke nor by an intracloud lightning discharge. The authors conclude that
the temporal association strongly suggests that the source of the second ELF pulse
is current flowing in the body of the Sprite itself. In the context of our study, it is
important to recognize that the second ELF pulse is included in the proxy indicator
described in Section 4.2. As seen in Figure 4.4, the ELF energy distribution of Sprite
associated sferics is not strictly Gaussian, but rather bimodal, where the rightmost
peak is likely influenced by the presence of the second ELF pulse. This effect is not
observed in Figures 4.8 and 4.9 because the time window for measurement of ELF
energy extends to ¢ = 10 ms, as opposed to t = 20 ms for Figure 4.4. Secondly, at
~12,000 km propagation distance the ELF slow tail is delayed by ~3 ms from the
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Figure 4.13: (Top) The sferic waveform launched by a 67-kA positive CG discharge and measured
at Yucca Ridge at 08:24:00 UT on August 1, 1996. (Middle) The ELF component of the same sferic
after digital lowpass filtering with a cutoff frequency of 1.5 kHz. (Bottom) Optical intensity data
measured by the Fly’s Eye photometer #11. The inset shows the field of view of the photometer by
dotted lines overlaid on the image of the Sprite associated with this sferic.

VLF onset, so many of the second ELF pulses are delayed past ¢ = 10 ms.

We present simultaneous photometric and sferic observations made at Yucca Ridge
of Sprites and lightning produced by the mesoscale convective system in western
Kansas on August 1, 1996 (see Section 4.2), which are consistent with the results
of Cummer et al. [1998]. Photometric observations were conducted with an array
of photometers as part of the Stanford / Lockheed Fly’s Eye experiment [Inan et
al., 1997]. This array consisted of Hamamatsu HC124-01 integrated photomultiplier
assemblies with light shields, lenses, and precision-cut focal-plane screens to provide
specific views of the sky [Inan et al., 1997]. In this work we show results from
photometer #11, which had a 6.6° wide by 3.3° high field of view, denoted by dotted
lines on the inset in Figure 4.13. This figure shows a sferic launched by a 67-kA
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Figure 4.14: (Top) The sferic waveform launched by a 83-kA positive CG discharge and measured
at Yucca Ridge at 08:39:30 UT on August 1, 1996. (Middle) The ELF component of the same sferic
after digital lowpass filtering with a cutoff frequency of 1.5 kHz. (Bottom) Optical intensity data
measured by the Fly’s Eye photometer # 11. The inset shows the field of view of the photometer
by dotted lines overlaid on the image of the Sprite associated with this sferic.

positive CG at 08:24:00 UT (top panel), the ELF component of the sferic (middle
panel) and the photometer #11 data (bottom panel) showing Sprite luminosity (see
inset). These data confirm simultaneity (within +0.2 ms) of the second pulse of the
ELF sferic and the Sprite luminosity, consistent with Cummer et al. [1998]. The
second ELF pulse has slightly larger amplitude and longer duration than the first,
indicating a larger charge-moment associated with the charge transfer in the Sprite
than in the cloud-to-ground continuing current which produced the first pulse. A
second example is the sferic launched by a 83-kA positive CG at 08:39:30 UT presented
in Figure 4.14, in the same format as this previous figure. In this case the second
pulse is of much smaller amplitude than the first, but the simultaneity of the second

ELF pulse and the Sprite luminosity is again apparent.
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Figure 4.15: The quantitative relationship of Sprite charge moment and total Sprite luminosity
for 17 Sprites on July 24, 1996. The moment of charge transfer in the Sprite is inferred from the
second ELF pulse, as measured at Yucca Ridge. The Sprite luminosity is calculated from intensified
CCD video recordings of Sprites, as observed at Yucca Ridge.

The dipole moment associated with charge transfer in the source of the second
ELF pulse can be calculated using a method applied to estimation of the continuing
current from the first ELF pulse by Bell et al. [1996; 1998] and discussed in Section
3.3. To obtain a lower bound for the moment of charge transfer in the Sprite itself,
we reduced the calculated charge moment by 25% because some of the energy in
the second ELF pulse may be generated by weak continuing currents flowing from
the cloud to the ground at the time of Sprite occurrence, as suggested by Cummer
et al. [1998]. We applied this procedure to sferics measurements on July 24, 1996,
from an unusually extensive mesoscale convective system covering western Kansas
and Oklahoma, and extending deep into the Texas panhandle. Video observations at
Yucca Ridge on July 24 recorded at least 140 Sprites from 05:19 to 08:56 UT, giving
a rate of one Sprite every ~90 seconds, occurring to the southeast at ~500-650 km

range from Yucca Ridge. Several interesting sequences were recorded on July 24,
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Figure 4.16: (Top) The sferic waveform launched by a 48-kA positive CG discharge and measured
at Yucca Ridge at 07:43:48 UT on July 24, 1996. (Bottom) The ELF component of the same sferic
after digital lowpass filtering with a cutoff frequency of 1.5 kHz.

where up to eight Sprites appear to “dance” laterally across the camera field of view
in a duration of only 0.5-1.0 seconds (e.g., [Nelson et al., 1997]).

On July 24, at least 17 Sprite-associated sferics exhibited second ELF pulses.
Using simultaneous intensified CCD camera images, we measured the total Sprite
luminosity as the product of the number of Sprite-illuminated CCD pixels and the
average luminosity in each of those pixels. To compensate for varying range between
the camera and the Sprite, the measurement was scaled by the square of the range
from the camera to the Sprite-associated CG. The assumption of Sprite occurrence
near the location of its associated CG has been shown to be valid to within ~40 km
in most cases [Winckler et al., 1996; Lyons, 1996], and was used to assign altitude
scales to all of the Sprite images shown in this chapter. For these 17 cases, we show
an approximately linear relationship between Sprite charge moment and total Sprite
luminosity in Figure 4.15. The Sprite luminosity exhibits saturation at the largest
two values of Sprite charge moment. The individual CCD pixels were not saturated,
so further data are needed to establish the physical cause of the saturation.

The circles in Figure 4.15 denote two examples in which the delay between the

occurrence of the associated positive CG and the Sprite onset is >50 ms. In all other
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Figure 4.17: (Top) The optical intensity of the Sprite at 07:43:48 UT on July 24, 1996, as recorded
by the multi-anode photometer channels #6-10 (Courtesy of Dr. Y. Takahashi). The fields of view
of the multi-anode photometer channels are indicated by dotted lines in the associated Sprite image
at right. (Bottom) A time-expanded view of the bottom panel of Figure 4.16 from ¢ = ~54 to
t = 62 ms, including the second ELF pulse.

cases shown in Figure 4.15, the CG-to-Sprite delay was <18 ms. For the two cases
of >50 ms delay, we compared ELF sferics to simultaneous data from multi-anode
photometer measurements performed at Yucca Ridge by our colleagues from Tohoku
University in Sendai, Japan [Takahashi et al., 1997]. The multi-anode photometer
instrument was deployed to resolve the vertical development of Sprites at high time
resolution (~20 ws). The instrument consists of a 16-element vertical column of
photometers, each of which has a ~9° wide by 1° high field of view (see right panel of
Figure 4.17). Figure 4.16 shows a sferic produced by a 48-kA positive CG at 07:43:48
UT on July 24, 1996, and measured at Yucca Ridge. The lower panel shows the ELF
sferic, where the first ELF pulse follows the return stroke (in <1 ms), and the second
ELF pulse occurs ~56 ms later. The high signal-to-noise ratio of the Yucca Ridge

observations is evident, even for a modest-sized positive CG of 48 kA, and the peak
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Figure 4.18: (Top) The sferic waveform launched by a 72-kA positive CG discharge and measured
at Yucca Ridge at 07:37:51 UT on July 24, 1996. (Bottom) The ELF component of the same sferic
after digital lowpass filtering with a cutoff frequency of 1.5 kHz.

amplitude of the second ELF pulse is about 70% of that of the first ELF pulse. An
expanded view of the second ELF pulse on ~8 ms time scale is shown in the bottom
panel of Figure 4.17. The upper panel shows the intensity measurements of channels
#6-10 of the multi-anode photometer on the same time scale, with corresponding
fields of view as delineated by dotted lines in the image on the right [Takahashi et al.,
1997]. The second ELF pulse occurs simultaneously with the Sprite luminosity and
has a similar form to the optical data from channels #6 and #7, consistent with the
results shown in Figures 4.13 and 4.14. Figure 4.18 shows a sferic waveform produced
by a 72-kA positive CG at 07:37:51 UT. The lower panel shows the ELF sferic, where
the second ELF pulse lags the first ELF pulse by ~70 ms and reaches approximately
half its peak amplitude. The multi-anode photometer signatures and ELF data are
shown on identical time axes in Figure 4.19. The second ELF pulse exhibits a similar
time development to the luminosity recorded by multi-anode photometer channel #9.

The coincident photometric and sferic measurements presented in Figures 4.13,
4.14, 4.17, and 4.19 show that the second ELF pulse occurs at the time of Sprite
appearance to better than +0.2 ms. Every observation of the second ELF pulse in

the Yucca Ridge continuous sferic data has two characteristics: (1) it is accompanied
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Figure 4.19: (Top) The optical intensity of the Sprite at 07:37:51 UT on July 24, 1996, as recorded
by the multi-anode photometer channels #6-10 (Courtesy of Dr. Y. Takahashi). The fields of view
of the multi-anode photometer channels are indicated by dotted lines in the associated Sprite image
at right. (Bottom) A time-expanded view of the bottom panel of Figure 4.18 from ¢t = ~63 to ¢t =
~76 ms, including the second ELF pulse.

by the occurrence of a Sprite, and (2) it is not accompanied by a VLF oscillation at
its onset, as opposed to sferics generated by conventional lightning discharges [Inan et
al., 1996b; Reising et al., 1996; Cummer et al., 1998]. Consequently, every occurrence
of the second ELF pulse allows measurement of the delay between the positive CG
and Sprite onset with £0.2 ms precision. The second ELF pulse is clearly observed at
Yucca Ridge in ~20% of Sprite cases detected by the intensified CCD camera. This
measurement of the CG-to-Sprite delay is nearly 50 times more precise than the 16.7
ms resolution provided by intensified CCD measurements (see Section 3.3).

In order to verify and extend the results of Bell et al. [1998], we identified 17
sferics on July 24, 1996, which had a clearly observed second ELF pulse and which
were associated with optically detected Sprites. To find the relationship between
CG-to-Sprite delay and continuing current following each positive CG, we applied
the method of Bell et al. [1996; 1998] (see Section 3.3) to the first ELF pulse to
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Figure 4.20: The relationship of continuing current charge moment and CG-to-Sprite delay for
17 Sprites on July 24, 1996. The moment of positive charge transfer from the cloud to the ground in
the continuing current is inferred from measurements at Yucca Ridge of the first ELF pulse of each
sferic. The CG-to-Sprite delay is the time between the peak of the first ELF pulse (within 1 ms of
sferic onset) and the peak of the second ELF pulse.

obtain an estimate of the charge moment in the continuing current. The results for
the 17 cases analyzed are shown in Figure 4.20. If the length of the cloud-to-ground
channel is 10 km, these values range from ~10 to 120 C. In all cases with charge
transfer exceeding 30 C, the CG-to-Sprite delay was <4.5 ms. For smaller charge
transfers (<25 C), the delay time until Sprite appearance ranges from ~4 to 17 ms
for this data set. From the two examples shown in Figures 4.16 to 4.19, we know
that the maximum delay may be as large as 50-70 ms. These results indicate that if
a large quantity of charge is lowered from the cloud to the ground in the continuing
current, then a Sprite is produced in <5 ms. Smaller charge transfers to ground in
the continuing current may require associated, yet weaker, intracloud currents to flow
for a longer time in order to move sufficient positive charge for Sprite production (see
Sections 1.2.5 and 3.3). These results agree with those of Bell et al. [1998] and extend

their measurements of CG-to-Sprite delay to sub-millisecond time precision.



Chapter 5

Summary and Suggestions for
Future Work

5.1 Summary

Novel digital signal processing techniques were developed for automated identifica-
tion and arrival azimuth determination of radio atmospherics (“sferics”) in broad-
band ELF/VLF data on a continuous basis. Sferics are identified in the presence of
non-stationary interference produced by natural and anthropogenic sources, based on
criteria of threshold intensity and of coherence among multiple sensors. Identifica-
tion of the time of occurrence of sferics to ~1 ms precision allows the identification
of individual lightning discharges as the sources of individual sferics. The arrival
azimuth of each sferic is determined using the VLF Fourier Goniometry technique
[Burgess, 1993]. Based on broadband ELF/VLF measurements at Palmer Station,
Antarctica, we measure the arrival azimuths of individual sferics and compare them
with the expected arrival azimuths based on known locations of the individual source
lightning discharges. The locations of lightning flashes in the continental U.S. are
identified by the National Lightning Detection Network (NLDN) within ~0.5 km
precision. Comparison of expected and measured arrival azimuths demonstrates ar-
rival azimuth determination to +1° precision for sferics propagating from Nebraska
to Palmer Station, Antarctica, a source-to-receiver distance of ~12,000 km.
Broadband ELF/VLF measurements of sferics at Palmer Station, Antarctica,

show that the ELF “slow tails” of Sprite-associated sferics have large energy in relation
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to the slow tails of non Sprite-associated sferics at a range of ~12,000 km [Reising
et al., 1996]. Since ELF slow tails are enhanced by continuing current flowing on
~1-3 ms time scales, these measurements provide the first evidence that continuing
currents are a necessary component of those positive cloud-to-ground (CG) discharges
which lead to Sprite production [Reising et al., 1996]. Continuing current of >1 ms
duration after the first return stroke of a flash is necessary to transfer >120 C of charge
from the cloud to the ground. Evidence for continuing current in Sprite-producing
lightning flashes is consistent with predictions based on quasi-electrostatic models of
Sprite production. Pasko et al. [1997] predict that the cloud-to-ground charge mo-
ment change in a lightning discharge must exceed a threshold value in order for a
Sprite to be produced.

Broadband ELF /VLF measurements of sferics near Ft. Collins, Colorado, demon-
strate that the ELF sferic energy is a proxy indicator for Sprite occurrence that can be
used to estimate the number of Sprites produced by a thunderstorm with an accuracy
of £25%. Our results are in agreement with previous criteria for Sprite-producing
thunderstorms in the U.S. Great Plains [Lyons, 1996], extend these predictions to
other geographical regions and provide an estimate of the number of Sprites pro-
duced by each thunderstorm.

Video observations of Sprites, simultaneous with broadband ELF/VLF measure-
ments, confirm that Sprites are uniquely associated with positive CG lightning flashes.
The identification of Sprite onset time with ~17 ms resolution reveals variable de-
lays of 1-100 ms between the positive CG lightning discharge and the Sprite [Bell
et al., 1996; 1998]. When photometer measurements are available, they enable the
identification of Sprite onset time with sub-millisecond resolution. Comparison of
photometer measurements and ELF sferics demonstrates the simultaneity of Sprite
luminosity and an ELF “second pulse” radiated by currents within the body of the
Sprite [Cummer et al., 1998]. In our study, we confirm the simultaneity of Sprite lu-
minosity and the ELF second pulse in cases where the Sprite is delayed by 50-70 ms
after the Sprite-associated positive CG. Our measurements of the ELF second pulse
are used to identify an approximately linear relationship between the current within
the Sprite body and the total luminosity of the Sprite.

Measurements of sferics from multiple storms at Palmer Station, Antarctica, show
that the ELF sferic energy is a useful indicator of Sprite occurrence, even at large

distances (~12,000 km) from the source lightning. Video observations are not always
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practical, so the proxy indicator is needed for identification of Sprite-producing storms
and assessment of Sprite occurrence rates on a global basis. Our results suggest that
a few appropriately placed ELF /VLF sferics receivers are sufficient for estimation of

global Sprite occurrence rates.

5.2 Suggestions for Future Work

5.2.1 Assessment of the Global Distribution of Sprite

Occurrence

Sprites have been measured from the ground over thunderstorms in the U.S. Great
Plains [Lyons, 1996], the Midwest [ Winckler et al., 1996], Florida [Stanley et al., 1997,
Mexico [Barrington-Leigh et al., 1997] and northern Australia [R. Dowden, personal
communication, 1997]. In addition, Sprites have been measured from aircraft over the
central U.S. [Sentman et al., 1995] and over Central America and Peru [Sentman et
al., 1996]. Observations from the Space Shuttle have revealed Sprite occurrence over
thunderstorms in equatorial Africa, Brazil and central South America, Indonesia and
northern Australia [Boeck et al., 1995]. However, with fewer than 20 observations of
Sprites, the sample size of the Space Shuttle data is too small for assessment of the
geographical distribution of Sprite occurrence.

Since continuous optical monitoring of Sprite occurrence on large spatial scales is
not practical, an alternative proxy indicator for Sprite occurrence is needed. Mea-
surements of the ELF energy of sferics can be used as a proxy indicator for Sprite
occurrence over large areas of the Earth. A multistation sferics network can be imple-
mented to identify the storm of origin for each detected sferic, as described in Section
2.4. The proxy indicator can provide estimates of Sprite occurrence at ranges of at
least ~12,000 km (see Section 4.3.4). As a result, the global rate of Sprite occur-
rence can be assessed from a coordinated four or five station network of broadband
ELF/VLF receivers (see Section 5.2.3).

The global rate of Sprite occurrence is needed in order to assess the global effect of
the electrodynamic coupling of lightning energy to the mesosphere and to the lower
ionosphere. The runaway acceleration of electrons [Bell et al., 1995] and ambient
electron heating [Pasko et al., 1997] which participate in the creation of the opti-

cal emissions of Sprites may also influence reaction rates and lead to the production
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of different types of ions, potentially affecting mesospheric chemistry and dynamics.
Additionally, quasi-electrostatic thundercloud fields may maintain the ionosphere at
a persistently heated level [Inan et al., 1996d], possibly producing persistent infrared
glow [Picard et al., 1997], and affecting ionospheric chemistry and dynamics. Assess-
ment of these global effects requires knowledge of the occurrence of Sprites and of
the characteristics of their associated lightning discharges. This can be accomplished
on a global scale using a network consisting of a few appropriately placed broadband
ELF/VLF receivers.

5.2.2 ELF/VLF Proxy Indicator for the Occurrence of Elves

Using methods similar to those discussed in Chapter 4 of this dissertation, a proxy
indicator for the occurrence of elves may be developed and verified. “Elves” are
optical emissions produced in the lower ionosphere (~80-95 km altitude) which de-
velop on sub-millisecond time scales and which have horizontal extents of at least
300 km and possibly as large as 600 km [Boeck et al., 1992; Inan et al., 1997]. Elves
are thought to be produced by the heating of lower ionospheric electrons by electro-
magnetic pulses produced by lightning [Inan et al., 1996¢; Glukhov and Inan, 1996],
and predictions based on that mechanism agree with measurements of the rate of
horizontal expansion of elves performed as part of the Stanford University Fly’s Eye
Experiment [Inan et al., 1997]. Even though their peak brightness is similar to that of
Sprites [Fukunishi et al., 1996], elves are more difficult to identify based on low light
level video observations because of their extremely short duration compared to the
~17 ms integration times of conventional video cameras. Consequently, validation of
any proxy indicator developed from ELF/VLF measurements of sferics requires the
use of a data set for which existence or absence of elves is clearly verifiable. Example
data sets are the Fly’s Eye photometer data [Barrington-Leigh et al., 1997] and multi-
anode photometer data conducted by experimenters at Tohoku University | Takahashi
et al., 1997]. The optical intensity threshold for detection of elves depends upon the
particular instrument used. Improvements in sensitivity were accomplished by using
a red-sensitive filter to modify the broadband response of standard photomultiplier
tubes [Inan et al., 1997; Barrington-Leigh et al., 1997]. Tt is likely that only a subset
of elves is detectable with current instruments and that further improvements will

result in the discovery of lower-luminosity elves.
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Elves were observed first in association with positive CGs, but recent measure-
ments show association with negative CGs as well [Barrington-Leigh et al., 1997].
Because negative CGs occur at a much higher rate than positive CGs in summer
thunderstorms, it is likely that the occurrence rate of elves exceeds that of Sprites.
The occurrence of elves apparently does not require the large cloud-to-ground charge
transfers that occur in Sprite-producing lightning discharges. Modeling of the interac-
tion of electromagnetic pulses due to lightning with the ionosphere indicates that the
maximum optical emission rates depend upon the maximum values of the electric field
in the pulse. Therefore, one would anticipate that the peak current of the lightning
flash would play an important role in the production of the optical emissions known
as elves. As expected, elves detected using the Fly’s Eye instrument were associated
with positive and negative CGs which have NLDN-recorded peak currents primarily
exceeding 75 kA [Barrington-Leigh et al., 1997]. Preliminary studies indicate that
those sferics generated by lightning discharges which lead to the production of elves
do not necessarily have large ELF energies, but instead have large peak amplitudes
in the VLF frequency range (here 1.5-22 kHz). The peak VLF amplitude tends to
increase with increasing NLDN-recorded peak current, but the two measurements are
not linearly related, especially for high NLDN-recorded peak currents. Consequently,
VLF sferics are expected to provide substantially more information on the occurrence

of elves than the NLDN-recorded peak current does.

5.2.3 Multistation Measurements of Global Lightning Flash
Rates

A multistation network of broadband ELF/VLF sferics receivers has the potential
to document thunderstorm locations and flash rates on a global basis. To find the
precision of lightning location using multiple receivers, we envision four equidistant
stations as an “ideal” four-station global sferics network. Any lightning flash would be
within ~6,700 km of at least one station in the ideal network. For two stations with
orthogonal great circle paths to a source at ~6,700 km from each station, the location
of the source could be determined within 110 km in each direction, which is ~1° in
latitude and ~1.5° in longitude, at middle latitudes. In most cases, one station would
be further than 6,700 km from the source lightning, and the other station would be

closer. Consequently, the location determination would be substantially better along
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one axis than the other. The average error ellipse would have an area similar to a
rectangle ~1° in latitude by ~1.5° in longitude, at middle latitudes. Implementation
of the ideal four-station global network would require five or six stations due to
practical considerations limiting possible receiver locations.

A multistation network for continuous detection of global or even Western Hemi-
sphere lightning has the potential to greatly improve our current knowledge of the
occurrence properties of lightning. A few of the myriad applications of continuous
detection and location of lightning are the following: (1) validation and application of
a continuous proxy indicator for convective rainfall with applications in climatology
and hydrology; (2) formation of a proxy indicator for convective available potential
energy, which may be a sensitive indicator for global climate change; and (3) as-
sessment of the contribution of lightning to the production of nitrogen oxides (NOy)
in the troposphere and lower stratosphere. These applications are explained in the
following three paragraphs.

There is extensive evidence indicating a spatial and temporal relationship between
flash rates and rainfall rates [Goodman and Christian, 1993|. Petersen and Rutledge
[1996] found quantitative relationships between convective rainfall and CG lightning,
differing with storm type and land/ocean differences. These relationships are useful
in estimating total rainfall using CG lightning data on 1° latitude by 1° longitude
spatial scales and one-month time scales. Recent observations using an East Coast
sferics network implemented by NASA Goddard Space Flight Center and Resolution
Displays, Inc., show that areas of high lightning activity coincide with areas of heavy
rain, based on Defense Meteorological Satellite Program passive microwave radiome-
try data [Morales et al., 1997]. A continuous proxy indicator for convective rainfall is
needed to fill temporal gaps between the overpasses of the Tropical Rainfall Measuring
Mission satellite, launched in November 1997, and other satellites in low earth orbit.
Infrared brightness data on cloud top temperature from the geostationary satellites
is insufficient for quantitative derivation of the distribution and intensity of precip-
itation because identification of areas of rainfall is often obscured by residual cirrus
clouds [Arkin and Xie, 1994].

Continuous lightning location and flash rate data provided by a multistation sferics
network and analyzed in conjunction with satellite-based radar, passive microwave
and infrared brightness temperature measurements, can yield new climatic insights.

Williams [1992] showed that lightning flash rates were a strong function of convective



CHAPTER 5. SUMMARY AND SUGGESTIONS FOR FUTURE WORK 71

available potential energy, which he suggested could be a sensitive indicator of global
temperature. Lightning measurements in the tropics have revealed up to a factor of
ten increase in lightning flash rates when surface wet bulb temperature increased by
only 1-2°C [Williams et al., 1992]. Similarly, Goodman and Christian [1993] noted
that global lightning activity provides a signature of tropical moisture and convective
updraft velocity and is a proxy indicator for convective available potential energy
(CAPE). Additionally, quantitative measurement of lightning activity on a global
scale is needed as an input to and for verification of global circulation models [Price
and Rind, 1994].

The need for continuous large-scale lightning observations has been emphasized
by recent work on assessment of the contribution of lightning to the production of
tropospheric nitrogen oxides (NO,). Continuous lightning monitoring is needed for
verification of global models of lightning as a source of tropospheric nitrogen oxides
[Levy et al., 1996]. Due to the importance of the concentration of nitrogen oxides
in chemical processes affecting the concentration of stratospheric ozone, NASA has
implemented programs such as the Subsonic Assessment, Ozone and Nitrogen Oxide
Experiment in order to assess the relative contributions of jet aircraft, boreal fires,
lightning and other sources of nitrogen oxides in the upper troposphere [Thompson
et al., 1996]. Because they occur in the proximity of the tropopause, intracloud
flashes are believed to have a greater contribution to stratospheric chemistry than CG
flashes. Intracloud lightning produces sferics with different waveform characteristics
than those produced by CG lightning, but further analysis of sferics measurements is
needed to enable continuous monitoring of intracloud lightning flash rates.

In summary, an envisioned global network of sferics receivers would document
all lightning using five or six receiving stations and identify location within ~1° in
latitude and ~1.5° in longitude, at middle latitudes. The continuous monitoring
of global lightning has myriad applications in fields such as meteorology, hydrology,

atmospheric chemistry and climatology.
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