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Preface

The 11" International Conference on Atmospheric Electricity (ICAE), held in 1999 at
Lake Guntersville, Alabama, USA, builds on the traditions established by a long line of
preceding conferences. Since 1954, conferences have typically been held every four
years. They have been hosted by research groups active in the field of Atmospheric
Electricity from around the world. Host countries have included the United States,
Switzerland, Japan, Germany, United Kingdom, Sweden, and Russia. The prime
objective for each conference has been to provide a forum for discussions of current
research and challenging problems in Atmospheric Electricity.

We are presently in an era where Atmospheric Electricity is becoming important to wide
ranging disciplines. Recent advances in remote sensing have provided researchers with
the ability to make high quality lightning measurements around the globe, both from
space and on the ground. These new measurements provide a global perspective that has
heretofore been unavailable. Using these new data sets of the distribution and intensity of
lightning, we are now identifying relationships between lightning activity and the
variability of large-scale weather systems. Consequently, a measure of lightning activity
could become an important remote sensing variable for global change research.

On a smaller scale, techniques are rapidly evolving for in-cloud lightning mapping, in situ
microphysical and electrical measurements, cloud dynamics, modeling, laboratory
measurements, and in fair weather ions and chemistry. We are truly undergoing a
renaissance in Atmospheric Electricity.

The unique organization of the 11" ICAE was intended to foster individual and group
discussion rather than extensive formal presentations. We had hoped that this would
maximize interactions between the participants and thus build global collaborations to
pursue the many new and exciting scientific developments. Indeed almost 300 abstracts
were received from scientists living in 28 different countries. Of these, over 200 were
selected by the Conference referees for presentation and 194 extended abstracts are
published in these Proceedings.

The local organizing committee has prepared the Proceedings. The Conference owes its
success to the organizing committee, the referees, the International Commission on
Atmospheric Electricity and to NASA and the National Science Foundation for providing
valuable financial support. Of course, the key to the success of any conference is the
quality of the invited and contributed papers and the quality of the participating scientists.
The 11" ICAE has been truly blessed.

Hugh J. Christian, Jr.
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Broadband Interferometer and 3D Observations

R. Mardiana, Y. Ota, Z-1 Kawasaki, M. Murakami, K. Matsuura
Osaka University, JAPAN

ABSTRACT: Lightning observations to image lightning channel progression in 3D by means of
broadband radio interferometer is performed. Using two sets of broadband system at two different
sites, we observed many lightning discharges during a field campaign in Darwin Australia in 1998.
We carried out the data processing to investigate the development of lightning discharges. The system
shows that for several tens kilometers, lightning discharges can be detected, their progression can be
reconstructed and their positions can be mapped into three-dimensionally spatial format and in time
sequence.

INTRODUCTION

Lightning breakdown processes emit electromagnetic radiation with broadband spectrum in the
frequency range of VHF/UHF. Several techniques have been developed for locating 3D lightning
radiation sources. Narrow-band interferometer has showed its great capability for imaging lightning
channel in 3D and explained the lightning progression for ground and cloud flashes. Laroche
et.al.[1996] has employed this technique operated at the center frequency of 110-118 MHz, Onuki
et.al.[1996] used the same technique but using a center frequency of 327 MHz.. Different technique
based on time of arrival also was used by Proctor at.al.[1988] and LDAR system to observe a 3D
electromagnetic sources emitted from lightning [Maier, 1996]. Recently, the broadband
interferometer has been manufactured and its capability to locate and reconstruct the lightning
progression in 2D or azimuth-elevation format has been demonstrated by Ushio et.al.[1997] and
Mardiana et.al.[1998]. This paper presents the three-dimensional observations of broadband system
and an experimental result will be discussed.

MEASUREMENT SYSTEM

To realize 3D lightning channel reconstruction, a field campaign was conducted with two
observation sites in Darwin, Australia in 1998. The distance between two sites was 23.1 km, site |
was named Middle Point (latitude 12.581S and longitude 131.10{E) and site 2 was Humpty Doo
(latitude 12.579S and longitude 131.314E). Each site employed three broadband flat plane antennas
having logarithmic amplifier, those were separated horizontally with the baseline’s length of 10
meters and aligned at three apexes of a square. The broadband lightning signals were digitized at 500
MHz sampling rate. The digitizer was divided into 1500 segments, and one segment can record one
broadband electromagnetic pulse for 1 microsecond. Once the electromagnetic pulse from lightning
flash is detected, the triggering circuit is turned on to record a waveform and save it as one segment
(referred to as an EM source). The minimum time between two consecutive EM sources is about 70
us due to instrumentally dead time. The system was operated to record radiation sources from 10 to
200 MHz. A slow antenna having a time constant of 10s, sampling rate 1 MHz and 12-bit resolution
was equipped at each site to record electrostatic field changes for 1 second. A GPS at each site was
also setup to get time-synchronization to confirm that the radiation sources captured at both sites are
from the same lightning flash. A triangulation scheme was used to image 3D lightning progression
and to map lightning radiation positions. For each EM source, both sites provide data in azimuth-
elevation format that are required to participate in the x-y-z solution. If the EM source is saturated
and if its timing from both sites are not consistent with a location solution, the location is not
available. A successful EM source into location solution is referred to as an event. The system
succeeded to locate a number of events along the lightning channel, depicting flashes in 3D spatial
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location and temporal progression. No comparison result was done with other lightning position
system.

RESULTS

A four-stroke negative ground flash will be discussed. This flash occurred on November 27,
1998 at 04:54:53 (UTC) as recorded by the GPS installed at both sites. During this flash period, the
system at site 1 detected 1500 EM sources or reached the maximum memory size of digitizer and site
2 detected 802 EM sources. During post analysis, first, the data from each site is processed to have an
azimuth-elevation position, any data having saturated EM source will be not be considered. Next each
EM source of both sites, whose the difference of incident time does not exceed 76 ps, can be
candidate to be paired. The 76 pus is the maximum arrival time delay of an EM source to travel for one
site to another. Using these criteria, of those EM sources detected, 510 events can be mapped into 3D-
image. Figure | shows the angular position of this flash in hemispherical parabolic projection as
recorded at two sites. Approximate lightning strike in azimuth direction is 225 degrees from site | and
340 degrees from site 2. We chose east as zero degree of azimuth direction and rotated
counterclockwise. Full scale of electric field waveform at both sites for this lightning is shown in
Figure 2. The classic atmospheric electricity convention was applied for explanation of electric field
change. Electric field change of both sites, figure 2a and 2b, are identical and four return strokes can
be recognized as indicated by the abrupt positive change of electric field, but only the first-three has
emitted very strong radiation during leader progression as shown in time-altitude plot in figure 2c.

Figure 3 shows the extended scale of
time-altitude plot of lightning progression in
figure 2c. The system mapped the initial
stepped leader L1, in figure 3a, from an altitude
of 6.5 km downward to 2 km. Using the time
and altitude of the first located event and the
time of the ground strike, the first leader
velocity was ~1.9x10° m/s, typical of initial
leaders. The leader culminated with an abrupt
change of electric field change caused by a
return stroke. This initial leader was followed
after 20-25 ms quiet intervals by the second
leader L2 in figure 3b. The second leader was
mapped from approximately 6.5 km downward
to 2.5 km, with a relative slow speed of
~1.0x10” mi/s.

Figure 1. Hemispherical parabolic projection of
radiation sources for both sites. A dot or a
triangle represents a position of an EM source.

Radiation likely from “J-change” were detected prior to the third leader L3 in figure 3c, just after 10-
15 ms from last event of stepped leader L2. These radiation J have a tendency to move upward and
emitted approximately from altitude of 5 to 7 km and occurred in nearly the same region as origin of
the initial leader L1. The third leader L3 was detected from approximately 7 km moving downward to
3.5 km, with a corresponding velocity of ~1.1x10° m/s. A 20-25 ms after leader L3, a leader was
detected at a short period of about ~1.8 ms. This leader moved downward from approximately 6.6 km
to 4.2 km but no return stroke signature was detected as shown in figure 3d. The absence of a return
stroke led us to conclude that it is so-called an attempted leader AL [Shao, 1995]. The last leader L4
was likely a dart leader and initiated a continuing current. Not so many events of this leader were
captured and mapped. Coarse approximation of the velocity of this leader was 2. 1x10° m/s.



Figure 4 displays the 3D-plan view of LI, L2 and L3 of this flash in x-y-z format. It is
interesting to note we found the first stroke on ground following L1 has nearly or exactly the same
spatial position with the second stroke, but the third has a different position with previous ones. From
the aspect of the leader velocity, L1 and L2 have a possibility to have a different striking point, but
their spatial positions do not likely support it. In case of L3, since its striking point position is
different with the former strokes, the leader velocity has a typical stepped leader velocity. The
distance of the first stroke can be estimated as indicated by a circle S1 on x-y plot, and it is 8.7 km
and 17.4 km from site | and site 2, respectively. Third stroke point S3 has a distance of 5.5 km from
site 1 and 18.9 km from site 2. The distance between S1 and S3 is 2.8 km and S3 is closer to site 1.
The fourth stroke has not so many events during its leader progression, but we argue that it has the
same leader channel path with L3 and striking point with S3. From x-z and y-z plots the flash has a
vertical channel length of about 8 km, but ~2 km above the ground EM sources could not be detected
due to many trees surrounding observation sites or radiation was too weak. Histogram shows the
group of events based on altitude position. It is clearly seen that between 4.5 to 5.5 km, most
numerous sources were observed. Laroche et.al.[1996] has observed 3D lightning structure in Florida
and the result that 5 to 7 km was the most active zone. Stanley et.al.{1996] used NEXRAD radar scan
to observe lightning radiation position at KSC, Florida and his result displayed that 6 to 9 km was the
most active zone. Qur result needs more lightning data to confirm the altitude position of the most
numerous sources during lightning activity.
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located. The leader progression in time-altitude
plot indicates that the first three leaders emit
very strong radiation.
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Figure 4. Three-dimensionally plan view for the discussed L1, L2 and L3. Circles on x-y plot represent
the position of the striking point on ground of the first stroke S1 and the third stroke S3. We chose x-y
position for site 1 at (43.1, 30) km and site 2 at (20, 30) km. Histogram shows the number of events or
points for every 0.5 km of altitude.

CONCLUSIONS

Observing lightning in 3D and its progression using two sets of broadband systems has been
demonstrated. A negative cloud to ground flash, as an example, has been detected with this system
and it were mapped in either azimuth-elevation or three-dimensionally format. This four-stroke flash
was unusual in that subsequent return strokes were initiated by stepped leaders (L2 and L3) and the
occurrence of multipoint strokes on ground. The first stroke is approximated to have a same position
with the second, but the third has a different position. The system has enough temporal resolution, but
spatial resolution should be compared with other lightning position systems.
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OBSERVATIONS AND INFERRED PHYSICAL CHARACTERISTICS OF
COMPACT INTRACLOUD DISCHARGES

D. A. Smith', R. S. Massey', K. C. Wiens®, K. B. Eack', X. M. Shao', D. N. Holden', P. E. Argo'

'Space and Atmospheric Sciences, Los Alamos National Laboratory
Los Alamos, New Mexico, U.S A.
ZDcpartmem of Physics, New Mexico Institute of Mining and Technology
Socorro, New Mexico, US.A.

ABSTRACT: Compact intracloud discharges (CIDs) represent a distinct class of electrical discharges
that occur within intense regions of thunderstorms. They are singular discharges that produce brief
(typically 3 ps in duration) broadband RF emissions that are 20 to 30 dB more powerful than radiation
from all other recorded lightning processes in the HF and VHF radio spectrum. Far field electric field
change recordings of CIDs consist of a single, large-amplitude, narrow bipolar pulse (NBP) that begins to
risc during the RF-producing phasc of the CID and typically lasts for 20 pus. During the summer of 1998
we operated a 4-station array of electric field change meters in New Mexico to support FORTE satellite
observations of transient RF and optical sources and to learn more about the phenomenology and physical
characteristics of CIDs. Over 800 CIDs were detected and located during the campaign. The events were
identificd on the basis of their unique field change waveforms. CID source heights determined using the
relative delays of ionospherically reflected source emissions were typically between 4 and 11 km above
ground level. Events of both positive and negative polarity were observed with events of initially-
negative polarity (indicative of discharges occurring between underlying positive and overlying negative
charge) occurring at slightly higher altitudes. Within CID field change waveforms the CID pulse was
often followed within a few ms by onc or more smaller-amplitude pulses. We associate these subsequent
pulscs with the initial activity of a “normal” intracloud fiash. the inference being that some fraction of the
time, a CID initiates an intracloud lightning flash.

INTRODUCTION

During the summer of 1996, two ground-based receiver arrays in NM werce used to record the
clectric field change signals and broadband HF emissions from lightning discharges. The arrays were
fielded in support of the satcllite-borne Blackbeard broadband radio receiver to try to identify the sources
of powerful VHF pulse pairs called TIPP (transionospheric pulse pair) events [Holden et al.. 1995;
Massey and Holden, 1995]. A distinct class of thunderstorm cvents was identified as the most likely
source of the powerful TIPP emissions; these cvents were dubbed compact intracloud discharges (CIDs)
[Smith, 1998; Swmith et al.. 1999]. CIDs produced broadband HF radiation bursts that lasted a few
microscconds and were at least 20 dB more powerful than the radiation from other recorded lightning
processes. The clectric field change emissions from CIDs were distinct, large-amplitude bipolar pulses
that closely resembled waveforms previously identified by LeVine [1980] and Willett et al. [1989].
Willett et al. dubbed the field change waveforms narrow bipolar pulses (NBPs).

During the 1996 campaign, differential time of arrival techniques were used to determine the 3-D
locations of CIDs. with accurate altitude determinations made possible by considering the relative delays
of ionospheric reflections from the source. Twenty-four CIDs, which were recorded from three
thunderstorms in New Mexico and West Texas. were studied in detail. The cvents occurred at altitudes
between 8 and 11 km above mean sca level.  Event altitudes, in conjunction with the initially-positive
polaritics of their ficld change waveforms, suggested that the events occurred between the main negative
and upper positive charge regions in their parent thunderstorms. Radar reflectivity data from two of the
storms showced that CIDs occurred in close spatial proximity to thunderstorm cores with peak radar
reflectivities of 47 to 58 dBZ.

Among the conclusions reached by Smirh | 1998] and Swmith er al. [1999] were that the discharges
were vertically oriented. had spatial cxtents of several hundred meters. and consisted of average currents



on the order of 100 kA that lasted for approximately 15 ps. Based on the results of a charge distribution
maodel. it was concluded that the events occurred in thunderstorm regions with charge densitics as high as
several tens of nC/m* and peak clectric ficlds strengths on the order of 1 MV/m. Both of these values arc
an order of magnitude grecater than valucs previously measured or inferred from in site thunderstorm
measurements. The unique radio emissions from CIDs, in combination with their unprecedented physical
characteristics. were concluded to clearly distinguish the cvents from other types of previously observed
thunderstorm clectrical processcs.

1998 OBSERVATIONS

In May of 1998 the Space and Atmospheric Sciences Group at Los Alamos National Laboratory
began continuous operation of a four-station array of clectric ficld change meters in New Mexico to
provide ground-based measurcments in support of RF and optical observations by the FORTE satellite.
The array and FORTE observations are discussed in other papers in these Proceedings (see Massey et al..
Jacobson er al.. Suszcvnsky et al., and Argo ¢t al). During 1998, necarly 128.000 cvents were detected.
recorded. and located by the array. Of thesc events, over 8(X) ((0.7%) were classified as narrow bipolar
pulscs (NBPs). the distinct field change waveforms associated with compact intracloud discharges. Two
representative NPB waveforms arc shown in Figure 1.
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Figurc 1. Electric ficld change recordings of narrow bipolar pulses. The upper waveform features an isolated
narrow ncgative bipolar pulse. The lower waveform features a narrow positive bipolar pulse followed by two sets
of ionospherically reflected pulse pairs and pulses corresponding to the initial activity of an intracloud stroke.

NPBs were identified on the basis of their fast risc and fall times and their isolation in contrast to
other classes of events. W have shown that, in combination, these two traits serve as a good
discriminant for NBPs. Rise plus fall times of NBPs werc typically less than 10 ps. Isolation was
parameterized by computing the ratio of the average power within a 10 us window centered on the peak
absolute amplitude in ficld change records to the average power occurring after the window in the record.
The value of this isolation paramcter (or SNR) was typically greater than 500 for CIDs and less for other
types of events.




During the 1998 campaign. NPBs of both initially-positive and initially-negative polarities were
obscrved: we refer to these cvents as narrow positive and narrow negative bipolar pulses respectively
(NPBPs and NNBPs). Under our polarity convention, NPBPs occur between regions of underlying
negative and overlying positive charge. The reverse is true for NNBPs. NPBPs were recorded three
times as often as NNBPs, The upper waveform of Figure 1 features a NNBP and illustrates the fast rise
and fall times characteristic of the cvents, in addition to their isolation. The lower waveform of the figure
featurcs a NPBP followed by a coda of additional waveform features, described below.

Although gquantitatively more isolated than other classes of recorded waveforms (e.g. waveforms
from positive and negative cloud-to-ground return strokes), two notable classes of post-trigger features
werce often discernable in NBP waveforms (post-trigger times were 4 or 12 ms). The lower waveform of
Figurc I illustrates both of these classes. The first features to note are the two pulse pairs (the sccond is
quitec weak) that occur at delays of 210 and 660 us from the groundwave signal. Thesc pairs are 1-hop
and 2-hop reflections of the CID emissions from the ionosphere and ground. Within each pair. the first
pulsc is the direct ionospheric reflection, and the second is the ionospheric reflection of a ground
reflection.  The sccond feature 1o note in the lower waveform are the weak, initially-positive pulses that
begin after 1800 ps. These pulses resemble normal intracloud (IC) pulses and suggest that some fraction
of the time NBPs initiate, or at least serve as a precursor to, an IC flash. Owur attention was drawn to the
subscquent, smaller amplitude pulses as a result of collaboration with the New Mexico Tech (NMT)
rescarch group. Their Lightning Mapping System imaged IC strokes that occurred immediately following
NBPs identified by the array and made clear an association between NBPs and “normal”™ intracloud
lightning strokes [Rison e al.. these Proccedings]. The data indicate that not all IC flashes begin with a
NBP. It has yet to be determined whether all, or even most, NBPs are followed by an IC flash.

CID LOCATIONS
40— = T T T " The locations of CIDs recorded
30} * NPBPs { | during 1998 are shown in Figure 2. Massey
¢ NNBPs . .
28l - | et al. [these Procecdmgs] describe  the
.+ o method used to determine 2-D source
7 PG o ® | | locations. In the figurc, NPBPs and NNBPs
s oy 1',4 .ﬁ %"W’ .d . o o® : arec represented by plus symbols  and
gas o o ; R I J diamonds respectively (the four array
=5 “NAL e e + . | | stations are shown as shaded circles). It is
- * ‘ir, ' . interesting to note that the negative events
33r NP PO v o] exhibited clustering 1o a larger degrec than
32f > R + . the positive events. That is. the ncgative
31F N . ) events were produced during a relatively
ol ¢ 0 small number of storms, most of which
/“\ produced many negativc events.
270 108 106 104 102 100 98 %6 Over half of the NBPs recorded
Longitude featured ionospheric reflections that we were
Figure 2. Location's of positive and negativc narrow bipolar able to identify and time tag. Source heights
pulses recorded during 1998. and ionosphere virtual heights were

computed for these events using the
differential times of arrival between the groundwave signal and the reflected skwave signals. Histograms
of source heights above ground level for both NPBPs and NNBPs are shown in Figure 3. As of this
writing, we have not yet converted the heights to altitudes above mean sca level. Note that in general, the
negative-polarity cvents occurred at higher altitudes. This observation was also true for individual storms
that produced NBPs of both polarities. Because events of opposite polarity indicate a reversed charge
structure, it is thought that that NNBEs occur between the upper positive thunderstorm charge region and
an overlying region of negative charge. or that the events occur in thunderstorms with inverted charge

r
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structures. The fact that negative events occur higher than positive events provides some support for the
former hypothesis, as does the fact that events of both polarities were observed in some storms.

SUMMARY AND DISCUSSION [ 120 — _— . - ]
During 1998. we recorded and located
over 800 narrow bipolar pulses associated

with CIDs. Most of the events occurred at 0
altitudes between 4 and 12 km above ground

level. Events of both positive and negative 8or
polaritics were observed with the negatives | _
occurring less often and in temporal clusters. 2 oo}
Negatives also occurred at higher altitudes ©
than positives, both in general and within ol
individual storms. We also found that NBPs

often initiate or serve as a precursor to regular

intracloud discharges. It is not yet known 201
whether this is always the case.

Thq ] rcmarkahlc‘ physical % r3 10 15 20
characteristics of NBPs continuc stand out Source Altitude [km AGL]

from those of other lightning processcs. Their
breakdown RF radiation is over 20 dB more
powerful than that from other lightning. Their
inferred discharge current moments are an order of magnitude greater . Among our planned activities for
1999 arc the implementation of a sccond array in Florida to increase the likelihood of coincident
detections with FORTE and utilize lightning research assets located there: the addition of at least one
broadband RF channel (50 MHz to 1 GHz bandwidth) at a station in New Mcxico to attempt to discern
intra-CID temporal structure: and further collaboration with NMT and their Lightning Mapping System to
study CIDs and their relationship to intracloud strokes.

Figure 3. Altitudes (above ground level) of positive and
negative bipolar pulses recorded during 1998.
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HEIGHT OF RADIATION SOURCES ASSOCIATED WITH LIGHTNING DISCHARGES
M. Ishii', J. Hojo', K. Shimizu', K. Sato', and K. Shinjo®

, 'The University of Tokyo, Tokyo, Japan
“Hokuriku Electric Power Co., Toyama, Japan

ABSTRACT: Radiation sources of in-cloud discharges are located three-dimensionally by the TOA technique
using data from a network of fast antennas and VHF receivers. The location accuracy of most of the analyzed
radiation sources was within 0.5 km in the z-direction. The sources of VHF pulses, radiated within 50
microseconds of a bipolar pulse observed by a fast antenna, were located mostly within 0.5 km from the source
of the bipolar pulse. The distributions of the height of the origins of bipolar pulses are clearly separated
depending on the initial polarity of a bipolar pulse, regardless of the seasons or the kinds of flashes. The
polarity of the bipolar pulses is consistent with the hypothesis that there is a negative charge center at the
temperature height of about -5 to —10°C. The peaks of the two distributions correspond to the peaks of the
reported bimodal distribution of VHF sources in the beginning of flashes.

INTRODUCTION

Location of in-cloud discharges of lightning flashes has been observed by VHF radiation, and the results
were discussed in conjunction with the electric field changes observed by fast and slow antennas [Proctor,
1981; Shao and Krehbiel, 1994]. Electric field observed by a fast antenna contain narrow pulses, which also
can be located by the time-of-arrival (TOA) technique with reasonable accuracy. In addition, a bipolar pulse
has information on its polarity, which may be related to the direction of the pulse current as the source of
radiation observed by a fast antenna. Thus, the distributions of the heights of the radiation sources of bipolar
pulses are examined for lightning flashes in summer and winter. The relationship between the positions of a
bipolar pulse and VHF pulses occurred within a short period is also examined.

INSTRUMENTATION

An eight-station network of fast antennas and VHF receivers was constructed on the coast of the Sea of
Japan at about 36°E and 136°N for three-dimensional location of electromagnetic radiation sources associated
with lightning discharges. The spacings between the stations are between 5 to 10 km. Electric field observed
by five fast antennas in the frequency range of 0.32 kHz to 1.2 MHz is digitized every 0.18 microseconds with
12 bit resolution and is recorded for 3.9 ms. The envelope of VHF radiation amplitude at 250MHz observed at
eight stations is similarly recorded. These records are time-stamped with 0.2 microsecond accuracy and
processed later.

Isolated VHF pulses and narrow pulses observed by fast antennas embedded in bipolar pulses are located.
The location accuracy depends on the position relative to the network. Error is within 0.5 km in the horizontal
direction and mostly within 0.5 km in the vertical direction, for the data in this report. Figure 1 shows an
example of a bipolar pulse with narrow pulses in the beginning of a cloud flash. The polarity of the vertical
electric field follows the atmospheric convention, that is, downward electric field is positive. In this report, that
of the initial half cycle defines the polarity of a bipolar pulse. The bipolar pulse in Fig. 1 is an example of a
negative bipolar pulse.

POSITION OF RADIATION SOURCES OF VHF AND BIPOLAR PULSES

Bipolar pulses are frequently seen in the beginning of either cloud-to-ground (C-G) flashes or cloud flashes,
and were attributed to developing lightning channels in the cloud [Villanueva et al., 1994]. VHF pulses are
usually observed at about the same time. These pulses are located three-dimensionally and the relative position
of these pulses is examined. The position of these VHF and bipolar pulses turned out to be close each other.
Figure 2 shows the distribution of the distance between a VHF pulse and a bipolar pulse occurred within 50
microseconds. These data are from 9 lightning flashes including +CG, —CG and cloud flashes through the year,
and about 70% of the distances of the two kinds of pulses were within 1 km. Thus, in the beginning of a flash,
the area in the cloud where discharges take place can be located either by using VHF pulses or bipolar pulses
observed by fast antennas.
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Bipolar Pulse and of VHF Radiation.

HEIGHT OF BIPOLAR PULSES

Bipolar pulses in the beginning of about70 lightning flashes in summer (July — August) and winter
(December — February) are located three-dimensionally. Figure 3 shows distribution of the temperature heights
of the sources of bipolar pulses preceding 23 negative first C-G strokes in summer. Because they are mostly
positive as was reported by Weidman and Krider [1979], there are not many data of negative bipolar pulses
(NBP) (three flashes out of 23). But it is recognized that the distributions of the heights of positive bipolar
pulses (PBP) and NBP are clearly separated. The median height of the distribution of PBP is ~1.3°C, and that
for NBP is -24°C, which correspond to the peaks of the bimodal distribution of the heights of initial VHF
pulses, -3.3°C and —-27.7°C, in the beginning of CG and cloud flashes in summer observed in South Africa
[Proctor, 1991]. If the number of the bipolar pulses only is concerned, the distribution of Fig. 3 resembles that
of the initial VHF pulses for negative ground flashes of South Africa.

In Fig. 4, the distribution of the height of the sources of negative bipolar pulses in the beginning of cloud
flashes in summer is shown. No PBP was found out of the analyzed 6 cloud flashes, and this tendency is
consistent with our previous observation that cloud flashes began with PBP were rare in summer [Ishii et al.,
1994]. The analyzed distribution of NBP resembles that of NBP preceding —CG strokes in summer.

The height of the earliest bipolar pulse located in each flash distributes similarly to the distributions in Figs.
3 and 4. But the distributions for the earliest bipolar pulses are not shown here due to the small sample size.
The initial VHF pulses in the beginning of flashes distributed in a similar manner [Proctor, 1991]. From these
results, it is inferred that the heights of the bipolar pulses in the beginning of a flash distribute around the
height of the initial breakdown. If the polarity of the bipolar pulse is related to the vertical direction of the
pulse current of the source, a PBP corresponds to upward current. Existence of a negative charge center at a
height around the temperature of —=5°C to —10°C accords with this obsgrvation.

Regarding lightning flashes in winter, bipolar pulses associated with +CG flashes and NBP associated with
cloud flashes have been analyzed. Few other types of flashes have been analyzed so far. Figure 5 shows
distributions of the temperature heights of bipolar pulses in the beginning of +CG flashes in winter. Positive
CG strokes preceded by PBP are more frequent in winter than in summer [Ishii et al., 1994]. Here also are
found two distributions having their peaks at different heights depending on the pulse polarity. The
temperature heights of the peaks lie at slightly higher altitudes than, but do not much differ from, those of -CG
flashes in summer seen in Fig. 3. The lower end of the distribution of PBP may be cut off due to the low
temperature on the surface, usually around 0°C in winter.
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Figure 6 shows the distribution of the temperature heights for the bipolar pulses in the beginning of cloud
flashes in winter. Though, different from summer, cloud flashes contain PBP should frequently be observed in
winter [Ishii et al., 1994], only one cloud flash of this kind has been analyzed so far. The distribution of NBP
in Fig. 6 is quite similar to that of NBP in Fig. 5 preceding —CG strokes.
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CONCLUSION

The spatial positions of initial VHF pulses and bipolar pulses observed by a fast antenna in the beginning of
a lightning flash are not much apart. The region of the initial breakdown in the cloud can be studied either by
using the VHF pulses or the bipolar pulses.

The temperature heights of the initial breakdown pulses of lightning flashes are not much affected by the
seasons, except that the high-temperature end of the distribution may be cut off due to the low surface
temperature in winter. Bipolar pulses distribute depending on the polarity of the initial half cycle. Positive
bipolar pulses are most frequent at around the temperature height of -5°C, and negative ones distribute around
the height of about —25°C. These distributions are almost independent of the seasons or of the kinds of
lightning flashes, and the peaks correspond to those of the bimodal distribution of the height of initial VHF
pulses observed in summer in South Africa by Proctor [1991]. If the initial polarity of the bipolar pulses
corresponds to the direction of the source pulse current in the discharge channel in the cloud, the distributions
of the initial bipolar pulses accord with the existence of a negative charge center at the temperature height of
about -5 to -10°C.
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VHF OBSERVATIONS DURING A SPIDER LIGHTNING FLASH
E. Defer, C. Thery, P. Blanchet and P. Laroche

ONERA, Chatillon, France.

ABSTRACT: We have analyzed VHF radiations detected during a spider lightning flash with the ONERA three-
dimensional interferometric mapper. Two states have been identified during this horizontal extended flash. First, a
40 km long horizontally extended event that lasted 130 ms was recorded. Then, few tens of milliseconds later, some
short duration events were recorded. The first event exhibited the same characteristics as observed during a negative
downward stepped leader occurring during a negative cloud-to-ground lightning flash, i.e. a 4 10° m.s™ global
velocity and a continuous radiation recorded on our narrow band interferometer.

INTRODUCTION

Spider lightning flashes occur generally during decaying stage of storm, propagate roughly just above the
cloud base and can be observed from ground (Mazur er al., 1998). Spider events had been already observed with
interferometric instruments (Mazur er al., 1998). They consist in a extended event with a high continuous VHF
radiation. We present observations recorded by the ONERA interferometric mapper during a spider lightning flash
which occurred during the final stage of a Florida storm.

INSTRUMENT

The ONERA lightning mapper uses the
interferometric  technique to retrieve in three-
dimensional locations of VHF radiating sources
(Laroche ef al.,, 1994). This technique provides the
directions of VHF radiations by analyzing the phase
difference of an incident wave on an array of antennas
(Richard et al., 1986; Rhodes er al., 1994). The O Ortan
ONERA lightning mapper consists in two independent )
stations, 40 km distant. Each station retrieves azimuth
of VHF sources. One station, labeled ST1, is equipped 50k
with a second sensor which provides elevation of VHF T o7t
sources. These sets of angles are combined to obtain }@
three-dimensional VHF locations. Each station detected
VHF emission at |14 MHz, with 1 MHz bandwidth and %

4%
o -

23 ps time resolution. VHF records were stored when
VHF magnitude, measured at the receiver inputs,
exceeded an adjustable threshold. Figure I shows the
locations of the VHF sensors in Florida in 1992 and 1 1
1993, 0

OBSERVATION OF THE LIGHTNING FLASH figure 1 : locations of different sensors. Filled

. This flash occurrt?d the I4th August 1992 in circles locate ST1 and ST2 stations. VHF sources
Florida, at 21:41:29 UT with a 1.2 s duration (deduced ) . )
are reconstructed in the gray area. Orlando,

from VHF measurements). Figures 2a and 26 show C y
. . entral Florida.

temporal evolution of VHF magnitude recorded

respectively by the ST1 and ST2 stations. These figures

show a continuous VHF emission during a 130 ms period, followed by short duration emissions. Figures 2¢ and 2d
show measured azimuth of VHF sources (clockwise direction with respect to the North). The continuous emission
was associated with a well defined progressing event. Figure 2¢ shows the temporal evolution of elevation angle,
measured by the ST1 elevation sensor. During the continuous emission, elevation increased and then decreased. It is
explained by a progression toward then forward the ST1 station. Figure 2f shows location of all VHF sources in the
azimuth-elevation ST1 axis. This figure shows that the event propagated from the South to the North with a long part
at a roughly constant elevation. Figures 2¢, 2d and 2e show that short duration emission occurred either at the ending
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extremity of first event or around parts of channel created during the continuous emission. Some sources were
located at low elevation (figure 2f). A low signal to noise ratio and the poor sensitivity of the elevation sensor for
low elevation explain these mislocated sources. We removed all VHF sources with a retrieved elevation lower than 5
degrees during the process of three-dimensional location.

Figures 3a, 3b and 3¢ show the 'three-dimensional locations of the entire flash deduced from angular
measurements. A 50 km long horizontal extension characterizes this flash. Z1, Z2 and Z3 zones correspond to the
continuous emission. No locations were reconstructed between Z1 and Z2 zones. It is explained by a non-storage of
the VHF signal (received at ST2 station) probably due to its magnitude lower than the threshold (see figures 25 and
2d, blanking period at the beginning of the long VHF emission). This flash progressed to the North. It traversed the
baseline and the internal lobe. This explains why no VHF sources have been reconstructed between Z2 and Z3
zones. Note that when the flash crossed the baseline, VHF sources were located at 20° elevation (figure 2f). Figures
3b and 3¢ show an artificial spreading (R1) due to a less accurate location from ST1 station (low signal received at
STI station). Ground projection of VHF sources is deduced from azimuth measurements. Altitude is computed by
using elevation measurements and the distance between ground projection and the ST1 station. If the ground
projection is slightly shifted from its real location, the retrieved altitude of VHF source is slightly erroneous. In our
case, the sources are shifted to the West and their altitudes are retrieved with low values. Note that the measured
elevation is constant during R1 period (figure 2f, ST1 azimuth at 80°). However, figure 3¢ shows that the flash
propagated at roughly 5 km AMSL high between 0°C and -10°C levels. Z4 group shows a more extended lightning
activity associated to VHF angular measurements recorded at the ending extremity of the continuous emission (ST1
azimuth between 0° and 50°).

XY locations of the long VHF emission are plotted in figure 4a. At t=556 ms, VHF sources are located in
the southern part of the flash (figure 4a). The discharge progressed to the North with a 3.5 10° m.s' speed. Between
t=596 and 606 ms, the discharge seems to propagate more rapidly (7.5 10° m.s' speed) while the propagation is
slower between 636 and 656 ms (3.8 10° m.s”' speed). The speed of the discharge increased one more time between
656 and 666 ms (5.4 10° ms"' speed). During the last ten milliseconds of the long discharge, between 666 and
676 ms, the discharge moved to the East with 3 10° m.s' speed.

Short duration events radiated from two distant zones. Part of them developed near the final location of the
long discharge 350 ms after it stopped. Other bursts were located in the vicinity of the starting zone of Z2. Analyzes
of STI station data had shown that burst duration evolved between 23 us (time resolution of each interferometric
station) and 1.7 ms while inter-burst duration evolved between 1.3 ms and 160 ms. Analyzes of ST?2 station data are
more difficult but inter-burst duration is lower than 148 ms.

DISCUSSION

The panels in figure 2 show that ST2 station recorded more samples than ST1 during the second part of the
flash. As angular measurements are combined to retrieve the three-dimensional locations of VHF sources, it is
obvious that the under-sampling of the flash by one station limits the three-dimensional description of this flash.

The first event exhibited the same impulsive process as recorded during a negative downward stepped
leader and propagated at about 4 10° ms™ velocity. These characteristics suggest also that the first event is a
negative intra-cloud stepped leader. Laroche ef al. (1994) and Mazur er al. (1998) have already noted that spider
discharge exhibits characteristics similar to the downward negative stepped leader occurring during a negative cloud-
to-ground flash. Massachusetts Institute of Technology (MIT) corona point ground based sensors, located at the
Orlando Airport and close to the final location of the long discharge, exhibited a positive response indicating the
motion of negative charges above the MIT network (measurements not shown). It is also consistent with a negative
intra-cloud stepped leader process. Mazur (1989) suggests that lightning flash channel is created by a bi-leader
discharge. In the case described here, the positive leader may have propagated in the cloud or connected to the
ground. Unfortunately we have no means to identify any connection to the ground.

The interferometric system did not record any long recoil streamers propagating in the leader channel, but
short duration events were located at two distant zones. Negative charge transfer due to the progression of the intra-
cloud leader has modified the charge structure of the cloud. Negative charge brought by the long negative leader may
have increased the ambient electric field in Z4 area and trigger new lightning discharges.

The origin of the southern short duration events is not clear. These short duration events occurred in the
vicinity of the start of Z2 group. Z2 occurred after a period of low level VHF emission of the propagating leader.
The first recorded event of these short duration discharges occurred about 130 ms after the beginning of the intra-
cloud negative leader, when the leader stopped its progression. May be other events occurred during the leader
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development, but these events may have emitted VHF radiation which was masked by the VHF emission of the
negative leader.

Mazur ef al. (1998) have detailed VHF radiation of spider discharges recorded during lightning flashes. In
the present case, the spider event seems to be the first component of the flash. Further investigations with concurrent
measurements like other interferometric data, ground based E field records, NLDN reports and radar observations
should complete this study by identifying the type of flash (positive cloud-to-ground or intra-cloud flash) and its
successive components, by analyzing cloud characteristics around the path of this lightning flash and by relating
lightning activity to the storm history.
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figure 2 : Observations recorded by the two stations during the studied flash (08/14/92 21:41:29 UT, Florida).
Temporal evolution in STI of magnitude (in an arbitrary unit, (a)), azimuth (c) and elevation (e); temporal
evolution in ST2 of magnitude (in an arbitrary unit, (b)) and azimuth (d) and elevation (e); (f) VHF source locations
in the azimuth-elevation axis (ST1).

16



T T T ' T figure 3 three-dimensional VHF sour-
g 10 - . . ces. (a): XY projection; (b): XZ pro-
NI A ——— W‘“ e jection; (c): YZ projection (08/14/92
—— - - e o 21:41:29 UT, Florida). Long dashed
e - ———— ———r lines plot temperature level (0°C at 4 km
. @ bod AMSL, -10°C at 6 km AMSL and -20°C
i 5 NI ¢ at 8 km AMSL).
. S:" z4 Lo k?l. L )
NI LMy
15 - N 4t
et IRy
Mo 1t | i B
\\\ | ‘
s - . i \
£ S 8T Y AN
> S BRI P
5 I A} P
7 & e - N
L~ e y t i . T
E - 72 | k .
15 Pl . +
r ¢ R
b 1 F ' |1 3
L ; | [
-25 34 @ B e
L ! . . I P O S
-25 15 5 5 15 2% o0 5 10 15
X (krm) Z (km)
15 T j T I T l —__r_T T | T
£10 | . =
i, 5 L (e) v /% B
0 L | L L [ | T N
15 ————————————
€ 10 .
£ © /
N O - 7]
0 ) I VU AU S S T
077 T L e B A I
L ] |
20 - (a) _ _

ST S WSS TR NS VUUNS SN T S T A_J L1
30-30 -20 -10 0 10 20 300 5 10 15

X (km) Z (km)

X (km)
figure 4 : XY views of successive events (08/14/92 21:41:29 UT, Florida). (a) : ground projection of leader sources,
dashed lines indicate time (ms); (b), (¢), (d) and (e) show respectively XY, XZ (Y<OQ km), XZ (Y>0 km) and YZ
projection views of reconstructed (crosses locate reconstructed isolated sources). Successive sources with a
temporal gap lower than 1 ms are joined.

17



Broad Band Interferometric Measurement of Intra-cloud Lightning
in Chinese Inland Plateau Area

Tomo Ushio*, and Z-1. Kawasaki  Dept. of Electrical Eng., Osaka University, Osaka, Japan
(* Now at Global Hydrology and Climate Center, Huntsville, Alabama, USA)
M. Chen, D. Wang, N. Takagi and T. Watanabe Gifu University, Gifu, Japan
X. Liu and Q. Xiushu  Lanzhou Institute of Plateau and Atmospheric Physics, Lanzhou, China
C. Guo Shanghai Meteorological Bureau, Shanghai, China

Abstract We have measured the characteristics of intra-cloud lightning at Pingliang, a plateau area in
north-western China, using a broad band interferometer system developed by Ushio et al. (1997). This system, using
a 500 MHz digitizer with 8 Megabyte memory and operating at the frequencies from 30 to 250 MHz, measures the
two dimensional direction of arrival of the radiation from lightning discharges. A detailed study of two intra-cloud
lightnings has shown that the intra-cloud lightning usually begins with an activity which lasts a few hundred
milliseconds and involves the development of several horizontal streamers at the lower part inside the cloud. Since
the similar initial activity to this has not been observed from the summer storms either in Florida or in New Mexico
by Shao et al.(1996), our results appear to support the unique charge structure of the thunderstorms around Pingliang
area as suggested by Liu et al. (1989). Followed this initial activity, the most active stage was observed to occur
simultaneously in two directions, one tracing the previously-produced horizontal channel and the other connecting
to the upper part of the cloud. From our electric field data which have been simultaneously recorded with the broad
band interferometer data, the latter is inferred to transfer negative charge upward. As a whole, the intra-cloud
lightning studied here exhibits a two-level structure in which the two levels were connected by a single upward
channel as reported by Shao et al. (1996). In addition, in a comparison to the narrow band interferometer and the
time of arrival system, the advantage and the disadvantage of our system are also discussed.

Introduction Thunderstorm in northern part of china is suggested to take the unique charge structure [Liu et
al., 1989]. The experimental results of rocket triggered lightning obtained by Liu et al. [1994] support in part the
features of lower positive charge of Gansu thunderstorms. Even though such experimental results are obtained, only
a few studies have been conducted in the inland plateau area of China to investigate the characteristics of lightning
flashes [Liu et al., 1989; Liu et al., 1994; Takeda et al., 1998]. Recently, Shao et al. [1996] have described the basic
principle of a broad band interferometer[Kawasaki et al., 1991] for lightning observation in one spatial dimension,
and Ushio et al. [1998] have developed two dimensional broad band interferometer using a sequential triggering
method. The broad band interferometer has an advantage to locate the source of each pulse in both the isolated
impulsive radiation events and radiation bursts compared to narrow band interferometry and time-of-arrival system.
On the other hand, broad band interferometry can not record all of the radiation events due to the high digitization
rate such as several hundred MHz. For example, Ushio et al. [1997] can capture only 50 broad band signal emitted
by lightning, which is not sufficient to capture all the pulses from lightning flash.

In this paper we describe radiation location results obtained for intra-cloud lightning in Gansu thunderstorm
by using a broad band interferometric technique which can record 2000 pulses from lightning. In addition, in a
comparison to the narrow band interferometer and the time of arrival system, the advantage and the disadvantage of
our system are also discussed.

Instrumentation The observations were made at Pinglyang near Gansu in the inland plateau area of
People’s Republic of China, at an altitude of [630 m above sea level. The broad band interferometer system is
described by Ushio et al. [1997] and measures the two dimensional direction of arrival of the radiation sources with
submicrosecond resolution, using an array of antennas along two orthogonal baselines. The length of the baseline is
10 meters long in this experiment. The data is digitized at 500 MHz sampling rate. The number of pulses which we
can capture for one flash is changed to two thousand from 50 pulses, and the recording time for one pulse is 1
microsecond. The processing of the broad band signal is similar to that described by Shao et al. [1996], and identical
to that by Ushio et al. [1997]. The electric field change caused by lightning flash is also recorded by using fast
antenna with a recording duration of 1 second. The frequency range of the antenna is from 200 Hz to 500 kHz. No
absolute-amplitude calibration of the recorded E-field change data is obtained. The polarity of the vertical electric
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field pointing downward is defined as positive.

Results Tigure | shows electric field change for an intra-cloud lightning that occurred at 15:41:40 on 27 July,
1997. Vertical lines mark a sequence of occurrence times of the broad band electromagnetic pulses emitted by
lightning flash. This flash occurred in a mature stage of a large storm about one hour after onset of lighting in the
storm. The field change is initially negative going (opposite in polarity to the field change due to a cloud to ground
discharge lowering negative charge to earth). After that, the field change (550 to 680 millisecond) shows large
negative going slope, during which the broad band signal are emitted intensively. In the latter part of the flash, some
abrupt positive field changes attributable to K changes appear in the record. Microsecond-scale pulses do not appear
in the overall flash electric field change shown in Figure |.

I'igure 2 shows an overview of all the radiation sources for the flash in azimuth and elevation format. This
flash exhibited a two-level structure in which the two levels were connected by a single upward channel as reported
by Shao et al. [1996]. During the first 200 millisecond, radiation progressed horizontally from the starting point S
along the path al, and developed along path a2 and b. In the most active stage of the flash (570 to 680 millisecond),
the breakdown progressed upward in elevation to the upper level, where it extends to the channels ¢l and ¢2. In the
latter part of the flash, we have difficulty to locate the radiation sources attributable to K changes due to the
digitizer’s dead time of 70 microseconds.

FFigure 3 shows radiation source locations during the most active period (550 to 680 millisecond), along with
fast electric field change (a), and azimuth and elevation of the broad band pulses versus time (b). During the 590 to
620 millisecond in figure 3, the channel progressed horizontally from the starting point S along the path a2. After
that during the 620 to 650 millisecond, the radiation sources retraced the previously formed channel a2 again, and
developed upward in elevation along the path b simultaneously. From 650 to 680 millisecond the breakdown
progressed to the upper level and extended horizontally along the path cl, and then developed to the channel c2,
whose elevation decreases appeared to result from component away from the observation site. Note that the a2 and b
breakdown occurred simultaneously, showing that the broad band interferometer can locate the simultaneously
on-going radiation sources separate in space.

Discussion

Proctor [1981, 1983] analyzed IC flashes in South Africa using a long base line time-of-arrival system, and
shown that most of flashes he studied were initiated by negative breakdown which propagate horizontally. To the
contrary, Shao et al. [1996] found that IC flash in Florida often had a bilevel structure connected by a single upward
channel and the initial breakdown began at the lower level and propagated upward. Liu and Krehbiel [1985] and
Shao et al. [1996] interpret that the difference comes from the fact that the discharges studied by Proctor occurred in
the dissipating stage of storms and those by Shao occurred in the early stage of storms. The initial breakdown of the
IC flashes analyzed in this experiment were horizontally oriented in three flashes. The polarity of the electric field
change indicates that the initial horizontal breakdown transfers negative charge slightly downward and the activity
would be concerned with the discharge process between major negatively charged region and the minor lower
positively charged region in the cloud. Liu et al. [1989] suggest that the dominant positive charge often exists in the
lower part of Gansu thunderstorms based on the results of multipoint electric field measurement and [Wang et al.,
1990] rocket triggered lightning experiment. The result in this paper is consistent with the unique charge structure of
thunderstorms in Gansu or the stage of the thunderstorm. In the most active part of the flash, negative charge is
transported upward in the cloud, and the overview of all the radiation sources for the flash cleary shows the bilevel
structure reported by Shao et al. [1996].
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ABSTRACT : A self consistent model simulating inception and development of positive leaders has been previously
derived from theoretical studies of laboratory long sparks. The model was successfully tested in the case of positive
leaders in long laboratory gaps and has been extended to the positive leaders in triggered lightning flashes by
including channel thermalization processes. In this last case, full testing and validation of the model requires
measurement of the vertical profile of ambient electric field prior to the triggering of the flash. A recent experiment
has provided ambient field profiles a few seconds before nine lightning flashes triggered by the rocket-and-wire
technique. This paper presents a comparison between calculated and measured features of the positive leader during
its inception and first few milliseconds of propagation in one of these cases. Relationships between average ambient
field and wire length at inception are analyzed over the whole set of data and the concept of a « leader stabilization
field » is presented.

I. INTRODUCTION

Triggered lightning flashes allow a detailed study of the positive leader properties and therefore provide a valuable
opportunity to test self-consistent physical models that simulate the discharge inception and development. In the
present paper, comparisons between experimental and theoretical results are made from a set of triggered lightning
flashes performed in measured ambient field profiles. The purpose of this paper is to use these measured profiles as
model inputs to perform numerical simulations of the successive phases of the positive leader inception and
propagation. A detailed analysis of the model outputs will be given here in a single case. The same model may be
used to derive a simple criterion giving the minimum electrical conditions for actual positive leader inception : this
criterion will be compared to the experimental results.

2. EXPERIMENTAL SET-UP AND MEASUREMENTS

A major field experiment was conducted during the summer of 1996 to obtain simultaneous, collocated
measurements of ambient, electrostatic-field profiles and rocket-triggered-lightning phenomenology beneath Florida
thunderstorms [Willett ef al., in press]. First, nearly vertical profiles of the ambient electrostatic field were measured
with sounding rockets very similar to those described by Marshall er al. [1995]. A few seconds later triggering
rockets were fired, towing grounded conducting wires aloft [e.g., Laroche er al., 1989]. The phenomenology of the
triggered lightning was documented with still and video cameras, and the currents and field changes produced by the
positive leaders that initiated these discharges were recorded.

One event from this experiment (Flight 13) will be examined in detail here. The measured ambient-field and
potential profiles for this flight can be found in Willett ef al. [in press, Figure 18]. Briefly, the field aloft in this case
was nearly vertical up to cloud base, starting from about 7 kV/m at the surface and increasing monotonically to a
relatively uniform value of about 23 kV/m above 500 m altitude. The potential at the observed triggering altitude of
230 m was -3.6 MV relative to ground.

3. SELF-CONSISTENT MODELING OF A POSITIVE LEADER

The model is originally based on experimental and theoretical studies of positive leaders in laboratory long gaps.
These studies have shown that the discharge develops through complex mechanisms that lead to a basic structure
made of a corona region at the discharge head, followed by the leader filamentary channel. This leader channel
includes a cold, moderately conductive part and, if high currents are flowing, a hot thermalized part of high
conductivity[Gallimberti, 1979]. The self consistent, time dependent simulation of all these processes is based on the
solution of classical equations for conservation of mass, momentum and energy, together with Poisson’s equation for
the electric field distribution along the propagation axis. These equations are simplified according to the dominant
processes in each discharge region, leading to a set of coupled equations for leader and corona front velocities,
leader current, deposited space charge, channel temperature and conductivity, etc. The resulting model is essentially
self-consistent using as its main input the initial electric field distribution prior to the discharge inception. As the
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model is one dimensional (along the propagation axis), all processes that occur in the radial direction are not
simulated : as a consequence, the corona width and its number of filaments have to be provided as inputs of the
calculation. Under laboratory conditions, these parameters can be derived from experimental results over a large set
of experiments.
Depending on the electric field distribution, thls self-consistent model indicates that the dynamic behavior of the
coupled leader filament/corona head system may be different, leading to continuous or discontinuous propagation
modes. In laboratory long gaps, with average ambient fields usually around 200 kV/m, the model predicts a stable
continuous propagation of the positive leader discharge, consistent with experimental results [Bondiou and
Gallimberti, 1994, Goelian et al, 1997]. On the contrary, in much lower external ambient fields, the modeling of the
leader/corona system shows that the propagation is mainly discontinuous, being made of successive « restrikes »
[Bondiou et al, 1994]. This is consistent with the observed behavior of positive leaders in triggered lightning flashes
and with the discontinuous propagation of laboratory discharges in point to plane gaps subjected to very slow rise-
time voltages [Les Renardieres, 19731,
Adaptation of the model to the triggered lightning leader case: Efeld calculation method
In the case of laboratory discharge modeling, the calculation of field and potential distributions can be performed
using an analytical solution of Poisson’s equation within an ellipsoidal-hyperboloidal coordinate system [Bondiou
and Gallimberti, 1994]. In this case, the electrode and the leader are represented as semi-infinite hyperboloids, while
the corona region is represented as a frustum of ellipsoid. When successive restrikes are involved, however, it is
necessary to develop specific methods in order to take into account the different E-field components (see Figure 1).
At a given time t of the positive leader development the electrostatic configuration is made of conductors and space
charge regions that modify the initial ambient field distribution:

corona head —,

I ) - a corona/cold leader system at its head

cold leader | - a hot leader section in which temperature has exceeded
CUAS the threshold for thermalization during the previous
space charge - AN o N ) .
: . \ : restrikes. Its internal field is assumed here to be
(previous restrikes) ) -
TN : negligible.
i , - the space charge left by the preceeding restrikes
hot leader . ; equivalent - the electrode (wire+rocket)
*\*)1 b hyperboloidal
R X electrode The E-field distribution due to the last 3 items can be
K calculated periodically using a numerical method derived
conductor > from the classical « Charge Simulation Method ». The
curvature radius and potential of a conductive semi-

infinite hyperboloid giving the same E-field distribution

are then calculated by a  best-fit method. This
@ « equivalent electrode »; whose tip is located at the hot

leader head, is then used to perform an analytical
calculation of the total driving electric field along the
corona/cold leader system every 500ns during its
development between 2 restrikes. After each restrike, a
new equivalent electrode is calculated taking into account
the new corona charge and a new section of hot leader.

Positive upward leader ~ Equivalent electrode
structure at time t configuration for
E-field calcufation

Figure | : Discharge structure and E-field approximation

Stable or unstable propagation

Whatever the propagation mode may be, the model is also able to predict the existence of arrest or instability
conditions for the discharge. Under laboratory conditions, for a given gap length, it is possible to calculate the
critical voltage under which the positive leader stops before reaching the cathode. Similarly, under triggered
lightning conditions, the model predicts the existence of «attempted leaders » that develop and stop for rocket
altitudes well below the one of the stable leader onset. It has been demonstrated in [P. Lalande, 1996] that the self-
consistent model described above may be also used to derive a « stabilization field » criteria that gives in a simple
formula, the conditions for stable propagation of a positive leader discharge.

4. COMPARISONS BETWEEN MODEL AND EXPERIMENT
4.1. Detailed study of flash n°13
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The results presented here are obtained by introducing the measured vertical ambient field profile as an input of the
calculation. For a given rocket altitude, the calculation of initial field distribution is made by representing the rocket
and wire using the conventional Charge Simulation Method. It is important to note that the space-charge clouds left
behind by permanent « glow » corona and previous attempted leaders are not taken into account in the calculation of
initial field distribution. Under these assumptions, it is not possible to calculate accurately the inception altitudes of
all the successive attempted leaders, or « precursors ». Numerical simulations are then performed for different rocket
altitudes regularly spaced between H;, -minimum altitude for inception of a precursor- and H,,, -altitude for
inception of the stable leader.

Figure 2 shows the results of the simulation performed for the rocket at H=140m. The representation of the discharge
tip position versus time indicates that the discharge propagation mode is discontinuous, i.e. made of 4 successive
restrikes. The detailed interpretation for this behavior has been given in [Bondiou er al, 1994]. For altitudes H<H ;.
the discharge stops after several restrikes because the field at the tip of the leader channel is not sufficient to generate
a new corona discharge initiating a new restrike. This is due to the effect of the corona space charge accumulated
during the restrikes : it creates a space charge field that exceeds the driving field, the latter being due to the ambient
field amplified by the presence of the wire plus the leader conductive channel.
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Figure 2a '« Streak » representation of the calculated Figure 2b : Calculation of the discharge current. H=
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For altitudes H 2 H,,,,, this ambient field amplification remains sufficient to balance the corona space charge effect :
the discharge is then stabilized and may propagate over very long distances. The corresponding model outputs for
H=H,,,,=230m for the flash #13 are given on Figure 3. Note that these results are obtained for the following
parameters setting : the number of filaments is set to 1500, instead of 1000 under laboratory conditions, and the
width of the corona envelope was set around lm. These parameters have a noticeable influence only on the
calculated values of charges, currents and propagation velocities; the choice is done in order to maximize the
agreement between model and experimental results.
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A quantitative comparison between model-predicted

Experiment Model and measured values is shown in the adjacent table.
Precursors (mean + std.) Relative uncertainties in the experimental values are
Charge per pulse | 19+ 10 uC 20 to 35 uC estimated at 50% for charge and peak current, 30%
Peak current 16+ 11 A 10to 30 A for average current and 5% for the onset altitude,.
At between pulses |29 = 7 ps 20 to 25 pis Inter-pulse intervals are accurate to ~1lus. Although

Actual leader good agreement exists among the listed parameters,

Onset altitude 230 m 230m the model predicts precursors of regularly increasing

pulse number, peak current, and charge with
increasing height, whereas the observed increase in
these quantities is irregular. Further, the number of

Chargeperpulse |52 <+ 11 uC{375uC
(averaged over the | (averaged over the
first 15 pulses) first 4 pulses)

Peak current 1S+ 18 A Gd) 38.5 A (id) pulses within a predicted precursor at a given altitude

exceeds that observed. These discrepancies are

Average current | 1.5A (first 875us) likely due to the model’s neglect of glow corona and

Atbetween pulses |32 = Sus (first 15|29 ps prior precursor space charge, and to the assumption
pulses) of purely vertical propagation.
4.2. Study of inception conditions
The mode! can be used to calculate the minimum ambient 200 - * i N
field necessary to initiate a stable leader from a vertical
. . . . . —— Siabilisation field
linear structure of height H (in this calculation, the 150 | li ... W §

ambient field is supposed to be uniform along the
propagation axis). Using the set of parameters validated
above, this « stabilization field » is plotted in figure 4 as
a function of height. On the same figure, averages
between ground and leader-onset height of the ambient 50 | ]
field measured prior to the different flashes triggered in
the reported experiment are given as function of the

100 ¢ 1

(KV/m)

—

. pfpas, | g
) N

— 4

. , . . O - 2 [
altitude of the actual leader onse’t, from Willett et al. [in 0 100 200 300 400 500
press, Table 2]. Although the data set corresponds to a .
limited range of the whole curve, this comparison shows Height (m)

that the calculated stabilization field is in good agreement

¢ ! Figure 5 : Stabilization field as function of structure
with experimental results.

height. Comparison with measurements.

5. CONCLUSION

This study represents the first attempt to validate quantitatively a self-consistent model simulating the inception and
development of the positive upward leader in triggered lightning. In spite of some simplifying assumptions, it is
shown that the model is in good agreement with the reported data. The stabilization field criteria seems to be a
valuable tool that can be easily used to predict inception conditions from a grounded structure.
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COMPUTER SIMULATION OF A DOWNWARD NEGATIVE STEPPED LEADER

V.Mazur!, L. H. Ruhnke?, A. Bondiou-Clergerie®, and P. Lalande®
'"NOAA/National Severe Storms Laboratory, Norman, OK 73069, U.S.A.
*Reston, VA, 20190, U.S.A.
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INTRODUCTION

In a realistic computer simulation (model) of
interaction between a downward negative stepped
leader and a ground structure, the results will depend
heavily upon the assumptions made about the manner
of propagation of both the downward and upward
induced leaders. It is important to base these
assumptions on descriptions that are physically sound
and which have emerged from theoretical modeling of
negative and positive leaders, as well as laboratory
experiments on long sparks [Bacchiega et al, 1994,
Bondiou and Gallimberti, 1994]. The objective of this
study is twofold: (1) to develop a scheme of computer
simulation for negative lightning leader interaction with
a ground structure that reflects known physical
concepts, and which is reasonably simple to model;
and, (2) to determine the dominant factors aftecting
interception of the downward negative leader with a
ground structure.

PHYSICAL DESCRIPTION OF THE NEGATIVE
LEADER PHASES'

The negative filament breakdown starts near the tip
of the leader when the E-field exceeds the breakdown
ficld of 2.6 MV/m. The length of the corona avalanche
is determined by the ambicent potential profile ahead of
the lecader and by a constant E-field maintained inside
the established negative corona region, which is 750
kV/m (“Gallimberti criterion”). To determine the length
of the negative corona avalanche (“Gallimberti
length™), one should (1) draw a line from the tip of the
negative leader with a slope of 750 kV/m on the graph
of the ambient potential profile, and (2) determine the
abscissa, L, of the crossing point of this line with the
ambient potential profile (Fig. 1). The process of the
negative corona avalanche is very fast in comparison
with other processes in negative leader propagation.
The avalanche region has a nel negative charge that
migrates in the corona process from the tip of the
negative leader.

! Based on studies of the laboratory-produced positive
and negative leaders [Bacchicga et al, 1994; Bondiou
and Gallimberti,1994].
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Following the end of the avalanche, space charges
in the negative corona region begin to redistribute
according to the distribution of the conductivity and
dielectric constant in the zone (the so called “relaxation
process”). In addition, a current will flow into the zone
from the tip, due to the existing conductivity and
electric field. The tendency of this relaxation process is
to increase the potential at the outer corona region; this
makes the electric field beyond the end of the corona
zone increase, and also produces an electric field of the
opposite polarity. This process will lead to the
breakdown conditions of, first, a new negative corona at
the end of the corona zone, and then, a positive corona
toward the leader. These events start a single cycle of
the bipolar corona process (also called a “pilot
system”). There may be as many as several such cycles
of bipolar corona formation, with relaxation processes
in between. At the starting point of this bipolar corona
region, thermalization sets in to create a conducting
“space” leader. The bi-directional development of this
space leader occurs with unequal speed toward and
away from the leader; the speed toward the leader is
twice that of the movement away from the leader. There
is also unidirectional development of the thermalized
stem from the tip of the negative leader. The interstep
process ends with the junction of the space and negalive
leaders.

v

-750 kv/m line

Ambient potential distribution

—

L Range from the leader tip, X

Figure 1. Determining the length L of the negative
corona avalanche.



ASSUMPTIONS FOR COMPUTER SIMULATION

In the clectrostatic model we employ in computer
simulation of 4 negative leader, the diameter of the
leader’s corona shell is the diameter of the leader in our
model. Channels of several meters in diameter are
required if the surface clectric field on the channel is 10
be below the breakdown valuc [Schonland, 1953;
Uman, 1969]. Although, generally, the leader potential
changes during leader progression, for the last 200
melers one may assume it to be constant. In our model,
we considered a leader of 10 m diameter® with - 40 MV
potential at a height of 200 m above the ground,
propagating downward with an average speed of 10°m
s*". Numerical solutions for 3-dimensional potential
distributions were obtained using the charge simulation
method [e.g., Malik, 1989].

RESULTS OF COMPUTER SIMULATIONS
Modeling of the Stepping Process

In modeling of the stepping process, we simplified
the scquence of processes described carlier, with an
cmphasis on the dominant features of these processes,
namely, development of the space leader. The space
leader is represented by an clectrically floating
conducting element of the same diameter as the leader
that starts at the distance 1. ahead of the leader channel,
and grows toward the leader tip with a constant speed
of 1x10°m s, The potential of the floating ¢lement is
determined by the ambicnt potential distribution, and is
changing throughout its development. The junction
occurs al the very end of this development®. Figure 2
shows the waveform of the E-field on the ground
during the single interstep development of the negative
leader, normalized to the highest value of the clectric
field at the end of the step cycle and to the duration of
the interstep period. The normalized curve is shown (o
be independent of the height of the leader tip above the
ground, as well as independent of the leader potential,

* The diameters of luminous stepped leaders have been
measured photographically 1o be between 1 and 10 m
[Schonland, 1953].

' The speed in the range of 6x10° and 15x105 m ™!
was reported by Schonland et al.[1935).

* The arc during the junction illuminates the entire
region of length L, so it produces a bright step
propagating outward with a velocity similar to that of a
return stroke.
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Figure 2. Standardized wavetorm of the surface E-field
change during the interstep period.

w he Groun

Two scenarios for the negative leader’s interaction
with a ground structure were selected for modeling,
plus one without a ground structure (for comparison):
(1) a ground with a 20-m high metal mast placed 20 m
away from the leader axis, assuming no upward leader
development; (2) the metal mast with an upward leader
developing; and (3) a ground without any structure,
The numerical solution for the 3-dimensional potential
and clectric ficld distribution was obtained for the
sequence of leader steps starting from a height of 200 m
above the ground and continuing untill the final “jump”
to the ground. The variation of the E-field between
steps was calculated by applying the normalized curve
from the single step simulation Lo the actual length of
cach individual step. The direction of negative leader
propagation was determined by the direction of the
longest Gallimberti length. A similar process was used
to determine the direction of the positive leader.

The leader makes 6 steps before the jump-over o
the ground in Case 3 or to the mast in Case 1 at the
height of 33.7 m and 41 m above the ground (Fig 3),
respectively.  In Case 2, the initiation of the upward
positive leader at the tip of the mast occurs when the
downward leader is 162 m above the ground. Both the
negative and upward positive leaders are propagating
on a straight line until the final jump after 4 steps (Fig.
4). For Case 1, we plotted for the last step  the
sequence of the boundaries for the negative corona
region from the tip ot the space leader (Fig. 5). There is
a clear indication that the influence of the mast became
noticeable only at the very close proximity of the leader
tip to it. The surface electric field under the leader, prior
to the jump, (- 306 kV/m) is the highest in Case 3 (the



flat ground) and is only about 45% of this value in Case
2 of the upward leader from the mast (see Fig. 6).

Figure 3. Negative leader prior to the final jump to the
mast in Case 1 (no upward emitted leader from the
mast).
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Figure 4. Negative leader prior to the final jump too the
mast with upward positive leader (Case 2).
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Figure 5. Development of the corona wavefront during
the final jump to the tower (Case 1).
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Figure 6. Electric field wavetorms on the ground
surface, under the leader, during the downward
progression of the negative leader for Case 1 (a), Case 2
(b), and Case 3 (¢).

SUMMARY AND DISCUSSION

In an interaction between a downward moving
negative leader and a mast, the leader does not react to
the mast until the final jump, regardless of the emission
of the upward positive leader. Our results (1) do not
support the assumption that both the negative



downward and positive upward leaders gradually
converge toward each other, and (2) do show the
critical role of the final jump. Thus, the dominant
factor in the interaction of a leader with a ground
structure is the leader’s potential that determines the
length of the leader step. This also means that the
height of the mast is not the critical factor in the mast’s
effectiveness as a prolecting device.

Our results show that under the assumption of a
constant potential of the leader and a constant velocity
of the space leader development, the step length
increases with the leader tip approaching the ground.
This trend is also observed in laboratory-produced
negative stepped leaders [Bacchiega et al, 1994].
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ABSTRACT: This paper presents main results oftriggered lightning experiment conducted in 1997 in the inland plateau
of China, with the emphases on the characteristics of an altitude triggered lightning. The bi-directional leader propagation
was identified by simuitaneous electrical and photographic observation. After initiation the downward moving positive
leader, which produced at the lower end of aloft steel wire under the action of dominated lower positive charge of
thundercloud, connected in the period of 0.7 ms to the upward moving attachment negative leader and occurred a junction
process, similar to in some respects but actually different from in the strict sense return stroke of natural lightning
discharges.

INTRODUCTION

In the summer of 1997, Chinese and Japanese scientists conducted jointly a comprehensive observation of positive
lightning in Pingliang, Gansu province which is located on the east verge of Qinghai-Tibet Plateau. The main objective
of the experiment was to investigate the mechanism of positive lightning discharges which often take a considerable
percentage in winter storms in Japan and in summer storms in northern China. During the experiment the technique of
lightning artificial triggering was used and two cases of triggered lightning were obtained. Among them the so-called
"altitude triggering technique’ was used in one case, i.e., the lower end of still wire trailed by ascending rocket was
artached to the ground not directly but through a length of nylon line. This paper describes the field experiment.
measuring technique and main results obtained.

EXPERIMENT ARRANGEMENT AND MEASURING SYSTEM

The experiment site was located in a relatively even terrain with the height of 1797 ms! on the east side of Liupan
Mountain, also the east verge of Qinghai-Tibet Plateau. Local thunderstorms in summer season are quite frequent in this
region and appear often to have special electrical structure. Lower positive charge large in amount and spread in
dimension often exists in the bottom of thundercloud during its development. Triggered lightning technique in this
condition provides an effective means to investigate the mechanism of positive lightning discharge.

Lightning triggering facilities and measuring system in 1997 experiment were similar to those used in previous
years in China (Liu and Zhang, 1998), but added more advanced measuring instruments. Both 'classical' and 'altitude’
triggering technique were used in the experiment, for the latter the lower end of still wire trailed by ascending rocket
attached through a length of isolated nylon line to the ground. In this way the initiation of downward step leader of natural
lightning can be simulated more truly. Lightning current was measured with a shunt(5.47 m Q), fiber optical link and
8 channel DL708 digital recorder system operating at 10 MHz sampling rate, 12 bit resolution and 8 Mb/channel
memory. The digital recorder was placed in the rocket igniting and instrumentation room located 80m away from the
rocket launcher. Besides coaxial shunt a Hall effect device and Rogowski coil were also used for current measurement.
In the instrumentation room also placed were instruments for measuring E-field, field change and step voltage caused
by triggered lightning discharge. The electric field change was measured by a slow antenna system with 100 ms
integrator time constant. The signal was recorded also in the DL708 digital recorder synchronized with lightning current.
At a distance of 780m away from rocket launcher there were automatic lightning discharge progressing feature
observation system(ALPS), streak camera, slow antenna and a wide bandwidth interferometer system. In addition an
EG&G Reticon CCD high speed digital camera systemn was placed at a distance of 3.5 km away from the rocket launcher.
The camera is operating ina256 <256 CCD array in synchronous mode with 1000 {/s framing rate and 0.08 shutter time.
The total recording period of the high speed digital camera can be as long as 2s.
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DATA AND ANALYSIS
A multi-cell thunderstorm, identified by a Scm weather radar located 15 km away from the experiment site,

developed on the northwest in the afternoon on July 26, 1997. The storm was approaching the site around 15:40
BT( Beijing Time). Evolution of ground E-field measured by a field mill near the triggered lightning channel showed
that the ground E-field was dominated by bottom positive charge of thundercloud during active stage of storm
development. Total of fourrockets were launched in attempting to trigger lightning. Among them 9703 at 16:02:21 BT
and 9704 at 16:09:49 BT were successful respectively.

Altitude triggering technique was used in the case of 9703, in which the still wire in a length of 486m trailed by
rocket was connected via a length of 86m nylon line and another piece of 30m still wire to the shunt and current
measuring system, The triggering height 0of 9703 event was 550m (the altitude of rocket lifted when triggering occurred).
Fig. 1 shows the record of base channel current , relative step voltage and relative luminosity, the latter was obtained
by the high speed digital camera at the distance of 3.5 km away from triggered lightning channel. It can be seen that there
was good correlation between current, step voltage and relative luminosity.

2 700 - % T ; 2
et 52 T : T
= < - . t r
5 I = I oo i M o :
E 350 g ﬁ‘_ _..*i_f [
© L o : i i 1
80 .= | . . e pee] —
0 S5 L % i
EE’ T ,
. S ; v s 3
o X PP JUP U S B &
%= = 9 N
:%: e e aEaa
E 2 2 ° 2 4 ] s 10 12 u 18
>_1 ]
é‘?% Time (ms)
=0 23! L NN bl |
5-0 e 1
‘ E S ~B o er .
£ S g+ A e e e +
g 3 - i . . - L ]__
£ 0 > e di e o lr
: o ) Q-
S 53 L A L
21 > ATy L
3 T8 - =T ; =t
2 0 N I N B 1
10 20 ~1ec0 800 -0 -0 -0
Time (ms) Time(us)

Fig. 2 Current and electric field change records of altitude-
triggered lightning flash 9703 (a) and their expanded scale
view before the time origin “0” (b)

Fig.1 Record of current, step voltage
and relative luminosity for triggered
lightning 9703

A sharp peak appears at the beginning of current record with the amplitude of over 1 kA. The peak consists of
oscillating pulses as viewed from the expanded time scale which lasted only several tens microsecond. The high speed
digital camera operating at the time resolution of 1 ms was not able to capture those pulses. The current starts to increase
after the initial peak and reaches the main peak in 3-4 ms with the amplitude of 600 A. The triggered lightning lasted
only about 15 ms and appeared to be a small continuously discharging process without return strokes. In fig.2 shown
are a simultaneous records of current and E-field change measured at the distance of 70 m from lightning channel (a)
and its expanded time scale view before the time origin 'o' (b) respectively. The downward positive leader was inferred
to start from the lower end of aloft steel wire at the moment'A’ asshown inthe fig. 2(b). This fact can be easily understood
because that positive streamer can produce and self-sustaining propagation at lower ambient field compared with that
of negative streamer. The negative leader should produce at the upper end of elevated steel wire thereafter and propagate
towards the thundercloud simultaneously with downward positive leader. An attached negative leader produces at the
moment 'B', which lagged 160 ps of the moment 'A’, from the upper end of the grounded steel wire under the action of
downward positive leader. The attachment process lasted about 700 ps and followed a junction process which caused
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a surge current when both the downward positive leader and upward negative leader met together at the moment "o’ as
shown in the fig. 2(b). The junction process, also identified as initial peak of current record in the fig. | and fig. 2(a),
was regarded asreturn stroke by Uman etal (Uman etal, 1997). Its characteristic is similar in some respects to but actually
different from in the strict sense that of natural lightning, because the dowmward positive leader originated not from
thundercloud.

The initiation ot both downward positive leader and upward negative leader and their bi-directional propagation
can be easily seen in the high speed digital camera record. Fig. 3 shows the high speed camera pictures in the initial two
frames with the vertical visual field about 1200 m and time interval of 1 ms. The distinct luminescence can be seen
emerged from both end of aloft steel wire[fig. 3 (a)]. The luminescent part aloft was the upward-going negative leader
initiated from upper end of the wire which had reached at the height of 550 m, while the lower one was the
downward-moving leader which already attached to the upward-going negative leader initiated from upper end of
grounded wire. There was no detectable luminosity in most part of aloft wire between the luminous segments, indicating
that the current flowing through this portion of the wire at the moment was not large enough to vaporize it. This fact
implied that the current density along the channel was not uniform at the moment when downward leader touched the
ground. To the best of our knowledge, this is the only picture up to date showing the simultaneous propagation of
bi-directional leader. However the duration of bi-directional leader propagation was less than | ms. Fig. 3(b) shows the
nextpicture of the flash which was taken 1 ms later. The luminosity of the leader channel increased significantly implying
that the negative leader current flowing upward along the aloft wire had been large enough at this moment and the
physical process thereafter was similar to that of classical triggering. The top front of the negative leader had reached
the altitude of 1000 m and a branch appeared at the height of 625 m. The successive pictures exhibit (not shown here)
that the leader propagated upward continuously thereafter (Wang et al, 1998).

Fig. 3 High speed digital camera pic- Fig. 4 Same as fig. 4 but for the grounded-
tures of initial leader of triggered triggered lightning flash 9704 (a), (b), (¢).
lightning flash 9703 (a), (b).

The 9704 event was a traditional grounded triggered lightning flash. Fig. 4(a)-(c) are pictures of its initial leader.
In the fig. 4(a) shown was the onset of the upward-going negative leader which was originated from the top of grounded
wire in the height about 300 m and was very dim in luminosity. One ms later its front reached 600 m and a branch
appeared[fig. 4(b}]. The wire was not luminous due to low current. Fig. 4(c) is the picture of the next millisecond, the
leader progressed upwards formore than 300 m and the third branch occurred. The leader current at that time was already
strong enough to vaporize the wire and make it luminous brilliantly. The record of current (not shown here) reveals that
the event 9704 was also a small lightning flash with the characteristics similar to those in the northern China (Liu et al,
1994).

CONCLUSION AND DISCUSSION

The main results of 1997 triggered lightning experiment have been presented and analyzed in this paper, with the
emphasis on the characteristics of an altitude triggered lightning flash. The bi-directional propagation of both the positive
and negative leader was identified by the simultaneous electric and photographic observation. The results of this paper
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differ from that conceptualized by Mazurand Ruhnke (Mazurand Ruhnke, 1993). They emphasized the 'screening effect’
of leader branches in the upper level on the lower parts of lightning channel, which results in current cutoff and the
accumulation of charges with opposite polarity and finally leads to the occurrénce of bi-directional leader. In our case,
the upward-going leader did produce a lot of branches on its way to cloud, but there was no evidence showing the current
cutoff in the lower parts of the channel and the production of bi-directional leader in this way. The concept of bi-
directional leader of altitude triggered lightning is different from that of natural lightning, which should be verified by
further observation.
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Yamada-Oka 2-1, Suita Osaka 565 0871, JAPAN

Abstract. Bi-directional leader concept is discussed from the aspects of field observations. For
this purpose field observations are conducted during winter and summer thunderstorm seasons at
Hokuriku in Japan and Darwin in Australia respectively. The main instrument presented in this
paper is UHF interferometers, and 2D and 3D lightning channel images are shown in terms of UHF
radiation sources. Currents of lightning discharges triggered from a tip of a high artificial construction
are measured to confirm the polarity of upward initiating leaders, and features of UHF radiation
depending on the polarity are given. Three-dimensional UHF radiation source images during leader
progression for "negative” and "positive” cloud-to-gronnd flashes are shown, and the correctness of
the bi-directional leader concept is shown.

1 Introduction

Figure 1 shows a lightning strike that is triggered by an ascending airplane. It is noticed that
there are branches both above and below the airplane. This means both the upward and downward
propagating leaders are initiated by the airplane sumultaniously. Since a flying airplane is not grounded
to the earth, original charges on the airplane should be conserved during leader development phase. To
concerve the charges it is required that negative and positive leaders are initiated simultaniously and
propagated to opposite directions. It is believed to be " Bi-directional leader concept”. To evaluate the
Bi-directional leader concept field observations are carried out during summer and winter thunderstorm
seasons. The campaign sites for summer observations are at Darwin in Australia, and for winter at
Hokurikn Coast in Japan.The discussion is mainly based on the interpretation of 2D and 3D images
of UHF radiation sources by means of interferometers. The lightning current measurements on a top
of a tower are used to confirin the polarity of upward initiating leaders and features of UHF radiaion.
Radiation source images during "negative” and "positive” leader developing stages are given to support
the correctness of the bi-directional leader concept.

R

Fig. 1 A lightning strike that is triggered by an ascending airplane
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Fig. 3 DPositive upward leader

2 UHF radiation of upward initiated discharges

The currents, electric field changes and UHF radiation of upward initiating lightning discharges
from the tower tip toward thunderclouds are shown in Figure2 and 3. We apply the traditional
atmospheric convention to present electric field changes in this paper, and the negative field change
means the lowering positive charges toward the ground. The event of Figure 2 corresponds to the
positive charges lowered and the event of Figure 3 negative charges lowered.

The UHF radiation for the positive upward leader shows the features of shorter duration than
those of the negative one. The maximum amplitudes of the currents for positive and negative upward
leaders are -7.0 kA and 4.5kA respectively. Though the amplitude of the current for the positive leader
are larger than that of the negative one, UHF radiation intensity for the former is 10dBin weaker than
that of the latter.

We know that the UHF radiations associated with negative leader progressions are stronger than
those of positive leader through our experiences, and the results presented here show no contradictions
at all. During the laser triggered lightning experiment we obtained the upward positive leader, and
the features are the consistent with the above presented results.

3 Result of Interferometer observations

3.1 Negative cloud-to-ground strike An image of a lightning chaunel in three-dimension
{3D) is realized by observations using two sets of UHF interferometers. As one of examples of obser-
vations for negative CG strikes during summer thunderstorms is shown in Figure 4(a) and (b). Figure
4(a) shows the electric field change and the UHF radiation intensity. It is obvious that the features of
UHF radiation which we can see in Figure 4(a) are typical for negative CG. Figure 4(b) shows the 3D
channel image of the leader. It is clear that we can see the propagation of the leader channel, time
sequence and a touch down to the gronnd. We can conclude that these are the same to the previous
observations by othier investigators.
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3.2 Positive cloud-to-ground strike The electric field change and UHF radiation associated
with positive CG flashes during summer and winter thunderstorm are shown in Figure 5(a) and (b).
It is noticed that the UHF radiation intensity increases immeadiately after retrun strokes, and this
phenomenon is discovered by authors. Figure 6(a) and (b) show the mapping of UHF radiation sources
corresponds to the leader progression phase. It is interesting that the performance of UHF radiation
source location and time sequence during positive leader propagation is completely different from those
of the negative leader that we can see in Figure 4(b). If we think about the traditional senario of leader
progressions, it should be uni-directional. That means in case of the negative CG we have the negative
leader progression, and in case of positive CG we have the positive leader progression and/or time
sequence. If this is true, we can see only UHF radiation sources for negative CG, because we know the
intensity associated with the positive leader is rather weak as shown in the previous section. However
we can still see the UHF radiation sources even during leader progression for positive CG.It is noticed
that the time sequence is quite different between negative and positive leaders as we can see in Figure
4 (b) and Figure 6. To interpret above mentioned discrepancy we have no way except accepting the
concep of the bi-directional leader progression. During the positive downward leader development the
upward negative leader may exist to conserve the charge at the point where the initiation of the leader
occures. According to our model both positive and negative leaders should exist, but the intensity
of UHF radiation by negative leader is stronger than that of positive one. That is why we can see
only the radiation sources associated with negative leader progression. Figure 7 shows a model of
the positive leader progression to interpret the concept the bi-directional progression. Moreover it is
noticed that the veloicty of the negative leader progression is ten times faster than that of the positive
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Fig. 7 A model of the positive leader progression

leader. This feature explains that the negative leader is more visible than the positive leader.

4 Conclusions
This paper presented characteristics of UHF radiation of upward initiating lightning strikes from

the tower tip toward the thundercloud, and showed UHF radiation source mapping during leader
progression for positive and negative CG strikes by interferometers in three dimensions. For negative
CG we see the ordinary leader development, and for positive CG we see rather stationary and scattered
racliation sources. We imagine UHF radiation sources are due to negative leader in both cases, and we
can not see the tip of a positive leader. We can conclude that the concept of the bi-directional leader

is correct from the aspects of observations by interferometers.
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ON LIGHTNING CURRENT PROBABILITY DISTRIBUTION
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ABSTRACT: The estimated peak-current amplitude of brazilian southeastern lightning occurrences
measured by LPATS, from 1988 to 1995, is analysed here. So the Log-Normal and the three
parameter Weibull Probability Density Functions are used to investigate this data set. This work
identified ~62% of negative, ~37% of positive and ~1%. of bipolar lightning flashes. The mode
of negative flashes is higher than the mode of positive ones. All lightning current distributions are
leptokurtic distributions. The Log-Normal PDF fits better this current data set than the three
parameter Weibull PDF. However, in consequence of its representative behaviour, the last one could
be very usefull as an index for classification of thunderstorm events.

INTRODUCTION

In a few words, lightning consists basically of a high current (~ kA), transient atmospheric
electric discharge with a path length of about several kilometers, It is a consequence of a great
amount of electric charge (~ 10 — 100(") accumulated in the thunderclouds (cumulonimbus)
and it occurs when the electric field exceeds locally the electric air insulation (> 400kV/m) —
(Uman, 1987). Most of the fundamental physical processes of lightning are not well known yet.
However a great amount of natural phenomena seem to follow a probability distribution function
(PDT’). So sometimes when an adequate PDF can be achieved, hidden physical mechanisms could
be investigated or specific features could be quantified.

Adding a contribution to this understanding, this paper aims to examine two distribution
functions: the more commonly used Log-Normal PDFEF (Wilks, 1995) and the recently improved
three parameter Weibull PDF (Qiao and Tsokos, 1994, 1995). They are used to analyze the
estimated peak-current amplitude of lightning flashes measured in the period from 1988 to 1995 in
a wide region of the Southeastern Brazil. Thus concerning to the current distribution a result from
the PDF comparison and some features of lightning are presented here.

DATA

During the last two decades, detection and location systems have been used in different parts
of the world to determine the characteristics of cloud -to-ground lightning flashes. One of these
systems, the Lightning Positioning and Tracking System (LPATS), is based on time-of-arrival of
lightning electric signature (Bent and Lyons, 1984). This system records data of return stroke,
which consist of date, time, sensors used to resolve stroke, latitude, longitude and estimated peak-
current amplitude.

The data set used in this work, October-~March (warm season) from 1988 — 1989 to 1994 — 1995,
are from the Companhia Energética de Minas Gerais (CEMIG), Minas Gerais, Brazil. In this period
the system worked with four sensors under the same technical condition (Diniz et al., 1996). In this
work the region of strokes was limited to 14 — 23°S and 39 — 52°W to take advantage of estimated
global efliciency of LPATS (> 50%).

Lightning phenomena should be analysed as a whole because strokes are not an isolated element
in the physical processes. For these analyses it was necessary to recuperate lightning flashes from
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stroke records through a numerical process, named lightning classification (Mendes and Domingues,
1998). So the following empirical criteria were adopted for the time and distance between strokes:
subsequent strokes in a flash were considered 1o be within 500ms of the previous stroke and within
25 and 10km of the first stroke (Cook and Casper, 1992; Pinto et al., 1996). In this classification no
restriction was imposed on the polarity of subsequent strokes, allowing to join strokes with different
polarities in the same lightning (the so called bipolar lightning). For positive lightning perhaps a
contamination by non-cloud-to-ground lightning occurs below 15k A (Zaima et al., 1997). However,
no correction for this effect is made here.

METHODOLOGY

PDFs are abstract mathematical tools used to represent feature distribution of elements or
events in a set of occurrences. Scveral PDFs have the properties of nonnegativity and positive
skewness, that provide the adequate shape for the representation of lightning distributions. Among
them there are: (1) the commonly used Log-normal PDT and (2) the flexible but laborious three
parameter Weibull PDF.

The Log-Normal PDF is written as:

glziop) = R {—M] : (1)

T2 202

where z is the variable, 4 and o are the mean and standard deviation, respectively, of the variable
log(z). It is often used in lightning research in order to provide distributions of some lightning
measurements (Cianos and Pierce, 1972; Uman, 1987).

The other function is the Weibull PDI" written as:

flas 2o, a0, B) = a,(i__rf)a__l exp [_ (a’ —31‘0) 0] | o)

5 ,
where z is the variable, rg, o and 3 are the location, shape and scale parameters, respectively, and
(¢ — 29) > 0,a>0,3>0. It has the advantage of having threc adjustable parameters which

allow to model satisfactorily several sets of measured data; but fitting parameters for the Weibull
distribution requires interative methods. Recently this PDF was improved by new techninques of
parameter estimation (Qiao and Tsokos, 1994, 1995).

So this work uses a large data set and does a lightning classification before any stroke distribution
analysis. Next, using this adequate approach, it takes into account the single stroke flashes and
the first to the fifth stroke of multiple stroke flashes for both positive and negative lightning.
Finally, concerning to the estimated peak-current distribution this work examines those distribution
functions, analysing the performances and some characteristics, and also allows to obtain some
features of these brazilian lightning.

RESULTS AND DISCUSSIONS

This eigth year analysis identified 4,951,480 flashes: ~ 62% of negative polarity, ~ 37% of
positive polarity and ~ 1% of bipolar polarity lightning. Due to the ambiguity and small percentage
of bipolar lightning, only the negative and positive lightning are considered in this study.

Lightning flashes can be formed by multiple strokes. Figure 1 presents the distribution of strokes
per flash. The ~ 69% of lightning flashes consist of only one stroke (single stroke). Negative
flashes present more multiple events than the positive ones. Although the multiplicity distribution
for negative flashes seems to obey a discrete exponential-kind PDF, a fitting for multiplicity was
not found yet.
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Figures 2 and 3 present the current distribution for negative and positive flashes, respectively.
According to the importance of the multiplicity discussed earlier, from the identified lightning
flashes the first five strokes in multiple flashes and the single stroke are analysed. All distribution
are leptokurtic, although the shapes of higher order strokes scem to be platykurtic due to the
figure scale. The mode of higher order strokes presents a tendency to shift slightly to low values of
current. For all order of stroke in negative lightning the mode (~ 20 %.4) is higher than the mode
for positive lightning (~ 10kA4).

Table 1 shows the calculated distribution parameters of Log Normal and three parameter
Weibull PDF for negative flashes. For positive flashes there is a similar result. A calculation
is made for negative and positive flashes taking into account the first five and three strokes, respec-
tively. The Log-Normal PDI gives a better fit to the analysed data set than the three parameter
Weibull (an example is shown in Figure 4).
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TABLE 1. Parameters of Probability Density Function from Negative Flashes,
Oct.~Mar., 1988- 1995.

“Stroke  Log Normal 3p Weibull
Ji o Ty a 3
Single 153 0.292 ~5 1.127 38.713
st 1178 0.286 ~5 1.9 10.896
o 1413 0.212 ~5 1.768 33.196
3rd- 1104 0.217 ~5 1.721 32.668
qth. 1.393  0.256 ~5 1.651 32.241
5tk 1.379  0.257 ~5 1.635 31.201
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CONCLUSIONS

The data distribution shows that for all order of stroke the mode of negative ligthning is higher
than the mode for positive lightning and the mode of higher order strokes shift slightly to lower
values of current. All strokes present leptokurtic distribution.

The Log-Normal PDF fits better this current data set than the three parameters Weibull PDF.
However, in consequence of its representative behaviour, the last one could be very usefull as an
index for classification of thunderstorm events.

So this work motivates the investigation of other physical features of lightning and also con-
tributes to a preliminary picture of climatology of lightning in brazilian region.
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ABSTRACT: This paper presents an analysis of negative descendent cloud to ground lightning captured by a 60 m
metalic tower between 1985 and 1994 in the “Morro do Cachimbo”, research station (43° 587 26™ W, 20° 00°39” S)
of the Companhia Energética de Minas Gerais (CEMIG). Brazil. From the comparison of return strokes with those
of another station in Switzerland. it was noted that electric current wave forms are similar in both countries.
although the mean peak current in Brazil (41 kA) is greater than that in Switzerland (30 kA) and the time to peak is
greater in Brazil (22 us) than in Switzerland (13 ps). Differences in subsequent strokes were observed too. It was
found that the time to peak current is correlated to the time to peak of derivative current with a linear correlation
coeficient of about 94%.The mean third return stroke current was found to be stronger than the second and an
explanation for that was suggested. M-components recorded at about 200 ps (geometric mean peak current of 2.37
kA) had time to peak lower than those obtained after 1 ms in Florida and Alabama.

INTRODUCTION

We analvze electric current waveform of 22 negative downward lightning obtained in the CEMIG LIGHTNING
RESEARCH STATION (CLRS) in Brazil, between 25/Nov/1985 and 26/Feb/1994. To analyze that. we repeat the
same method used for Berger et al (1975) in Switzerland to obtain average curves and then compare both results.
The CLRS was acquired from the National Electric Engineering Research Institute (NEERI), Pretoria, South Africa.
and installed under orientation of Dr. A. J. Eriksson, and allow to record: a) lightning ground flash activity; b)
atmospheric electric field: ¢) photographic records and video images of lightning within view of two video cameras;
d) current waveform and current wavefront to a metallic tower. A 60 m metallic tower is located on the top of a
mountain about 1600 m above sea level and 200 m above any other mountain in the region. It captures the discharge
and conductes the electric current through a transformer that generates a voltage proportional to the current, before
to dissipate it on ground. (NEERI. 1985). The precision in measurements of current and time was initiallv 760 A and
1 ps and now is 116 A and 0.2 us, respectively. The data are digitized and stored in a 32 bit HP computer. The
collected discharges were summarized by Diniz et al. (1995): 63 discharges (mean number of discharge for year, 7)
with 27 (43%) of the negative downward tvpe; there were 17 (63%) negative discharge with only one stroke and 10
(37%) with more than one: median peak current for first and subsequent strokes were 41.3 kA and 16,0 kA
respectivly; the mean density of dischage in the region was 3,5 disc./km-/vear.

RESULTS

A) Average curves. To obtain average curves we considered 22 descendent negative discharge, corresponding to 22
first strokes and 50 subsequent strokes. In figures la and 2a we show average curves without normalization for
CLRS first and subsequent strokes. respectively. We compared the shape of waveform and three parameters were
used to characterize these differences: peak current (Ipe.y), time to peak (Tpea) and time to half value (Tipeax, the time
when [ = 0.5*L.,, decreasing). Differences are shown in figures 1b and 2b, where normalized curves are presented.
For first strokes the inclination of the tail in a mono-log paper are different, although in both cases (Switzerland and
Brasil) they are closed to straight lines. In figure 2a we present average curves for all subsequent strokes (full line,
50 strokes). for second (10 strokes) and third strokes (10 strokes). There was no significative difference in shape
between curves 1a and 2a when normalized compared with curves 1b and 2b. respectively, obtained using Berger’s
method of pre-normalize curves before averaging them. Strokes in CLRS showed higher I and Tp. than
Switzerland data for first and subsequent strokes. The values obtained for first strokes were. respectiviey:41 kA, 22
HS {Thpeax - 88 ps) in Brazil versus 30 kA, 13 s (Tipear =112 ps) for Switzerland and for subsequent 14 kA and 4 us
{Tipeax =60 ws) in Brazil versus 12 kA and ! ps (Typea= 37 18) in Switzerland. The third strokes average waveform
presented itself more intense than second in CLRS (Lacerda et al. 1997a, and Lacerda. 1998).

B) Derivative current for first and subsequent strokes. In figures 3a and 3b we show the normalized average
derivative current (di/dt) for first and subsequent strokes. respectively. The dashed line is the average normalized
current. Peak values used for normalizing curves were around 5.76 kA/us and 4.92 kA/us for first and subsquent
strokes. respectively. As we used the worst time scale precision for obtaining the derivative current pattern showed
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Figure | a) Average waveform for first return strokes of CLRS: b) Comparison of CLRS normalized waveform (full
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Figure 2 a) Average waveform for subsequent return strokes of CLRS data; the numbers instde brackets are total of
analvzed data and outside brackets refer to the order of stroke: b) Comparison with Berger’s data (dashed line) for
subsequent normalized waveform.

in figures 3a and 3b. the absolute values of di/dt before normalization are probably underestimated. Mean value for
maximum di/dt in subsequent strokes calculated using individual curves is around 32.82 kA/ups (Lacerda et al
1997b). This means that these values may be at least 7 times bigger. Even so. we believe that the normalized pattern
obtained is still representative of an average pattern.
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Figure 3 a) Average denivative electric current for first stroke: b) Average derivative electric cutrent for subsequent
strokes: in both cases (a) and (b) dashed lines are curves 1a and 2a normalized.

¢) Correlation between T and Ty, m-components. The figure 4a shows the correlation between Tpeq and the time
when occurs the maximum derivative current for subsequent strokes (Tqm,). The fit equation is Toeu=1.1397*T g+
0.51. and the coefficient of determination, R-squared is 93.66% (Lacerda et al, 1997b).In 11 return stroke
waveforms of subsequent strokes of order higher than 2 we found 13 m-component like those shown in figure 4b,

43



where two strokes. 4004. and 4003 are presented. A detailed studv of all m-component can be found in Lacerda et al
(1997¢) and Lacerda (1998). In table 3 we summanze the parameters studied and compare them with the same
parameters obtained in Florida and Alabama (Fisher et al. 1993). The elapsed time At,,. is the instant of time when
the M-component starts after the beginning of return stroke. I is the continuing current level. [, is the magnitude of
m component (peak value) (Thottappillil ¢t al. 1995) with mean value of 308.09 us. 5.03 kA and 3.22 kA
respectively.

Toesh {microasec §

2o v 3 e 1500 (211 4w 1600
time (microseconds)

(b)
Figure 4 a)Correlation between the time to peak current (T ) and maximum derivative current (Tym). b) Four m-
component in 2 strokes. The first two numbers beside the curve represent the discharge and the last two. the stroke.
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Geometrical means (GM) are 237.56 ps. 3.69 kA and 2.37 kKA, respectively. These differences occur because CLRS
m-components are near m-components, while those of Florida and Alabama are far m-components (Lacerda et al
1997¢). Near m-components are faster and stronger than the far m-components. The total analyzed data are
presented between brackets.

TABLE 1. Parameters of m-component in CLRS compared with Florida and Alabama.

m-component Aty lee T i
CLRS 237.57us (13) JEOKA (1) 2.37kA (13) 120 us(13)
Florida 11 ms (80) 195 A (53) 84 A (62) 874 us (59)

Alabama 7ms(78) 159 A (66) 164 A (62) 757 ps (34)
DISCUSSION

Differences between CLRS and Switzerland data presented in this paper are important because thev put several
questions: a)are these differences due to systems of measurement used to capture and record data. or they are related
to the lightning discharge itself? b) are lightning discharge waveform latitude dependent? c)Will differences remain
when we extend data analysis of CLRS to cover the period between 1994 to 19997The answer to the these questions
includes to examine normalized average waveform of other set of data obtained in different conditions (Eriksson.
1979: Garbagnati and Lo Piparo, 1970: Fisher et al. 1993; Zundl. 1994. Montandon and Beyeler, 1994) in order to
note the similarities or differences between them and increase data set of CLRS with data collected between 1994
and 1999.Trying to solve the second question, Pinto et al (1997) have argued that peak current may be latitude
dependent. Peak current has a value of 40 kA from the equador to the latitude of 30° and a value of 30 kA for higher
latitudes (Pinto et al. 1997). Third strokes were more intense than second. Rakov and Uman (1990) found similar
result analyzing geometrical mean of electric-field peak. In CLRS all the average curve of third stroke are bigger
than second. This fact suggests that may be there is a possible new mechanism not well understood between second
and third strokes.The CLRS has collected waveforms in a better precision (116 A x 200 ns) after 1994 and will
allow to improve the calculus of di/dt. This result could be used to establish voltage across indutive path in direct
strokes. and calculate distant radiation in some particular cases. The instant of time of maximum derivative current is
correlated to the instant of peak current. This fact may indicate that the current waveform presentes approximatly the
same shape, for all discharges (Lacerda et al, 1997b). Near m-component could be better understood from analysis
of current waveform in other research stations. M-components introduce a large variety of rate of increase in current
waveform which could difficult the performance of electronic devices used in surge protection systems.

CONCLUSION

In this paper is presented an analysis of negative descendent cloud to ground lightning captured bv a 60 m metalic
tower between 1985 and 1994 in the “Morro do Cachimbo™, research station. The main conclusions of this analysis
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arc:1) Strokes in CLRS showed higher T, and I, than Switzerland data for first and subsequent strokes average
normalized waveforms. The values found are 22 ps. 41 kA. for first strokes. respectivelv and 4 us. 14 kA for
subsequent strokes. respectively: Thyea Were smaller (88 ps) in first and higher (60 us) in subsequent strokes than in
Switzerland. 2) The third strokes average waveform presented itself more intense than second. 3) The obtained
normalized pattern for di/dt was established and even considering that calculated values are underestimated. this
average pattern is still representative: 4) Near m-components registered in CLRS are faster and stronger than far m-
components registered in Florida and Alabama.
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LIGHTNING SUBSEQUENT STROKES PRODUCING NEW TERMINATIONS TO GROUND

Stephen M. Davis and Ewen M. Thomson
University of Florida, Gainesville, FL

ABSTRACT: We analyze results from 16 flashes to ground containing dE/dt pulse trains prior to subsequent strokes
in new terminations. Strokes in new terminations were preceded by leaders that were dart-stepped in nature,
producing the observed pulse trains, prior to adopting a new path to ground via a stepped leader. Locations of
individual sources in the trains were obtained using the time of arrival method from dE/dt measured at five ground
stations. Point-to-point source velocities in trains ranged from 1.0 x 10° m/s to 1.2 x 107 m/s. All dE/dt waveforms
from strokes creating a new termination to ground contained fine structure after the return stroke peak, similar to that
seen in first strokes. However, fine structure accompanying new terminations to ground was shorter, with a median
duration of 37 us, than that of first strokes, median value 141 ps. Sources of fine structure were located in the
channel apparently formed by the stepped leader portion of the leader.

1. INTRODUCTION

Subsequent leaders in a discharge may adopt a new path to ground (via a stepped leader) and form a new channel
near ground [Schonland et al., 1938b; Schonland, 1956]. We call this new channel a “new termination”. A possible
explanation for the observation of multiple channels below cloud base has been proposed by Thomson et al. [1984].
Thomson et al. suggested that multiple channels may be due to a subsequent leader following an old channel in the
cloud and then branching before reaching cloud base.

Willett et al. [1995] found that both first strokes and new terminations to ground exhibit fine structure after the return
stroke peak in the dE/dt waveform. Subsequent strokes following the same channel as an earlier stroke were
associated with a “quiet” dE/dt waveform after the return stroke peak. In one case, an “anomalous” waveform was
recorded in which the dE/dt waveform was initially noisy after the return stroke peak but became quiet 12 s
afterwards. Willetr et al. [1995] suggest that fine structure in the dE/dt signature arises from new channels to ground
while old channels produce a quiet dE/dt signature. They suggest a critical test of this hypothesis may come from the
“anomalous” type signature they record.

2. INSTRUMENTATION AND DATA

The measurement system comprised five flat plate antennas in a 15 km x15 km network at Kennedy Space Center,
Fl. [Thomson et al., 1994]. The time derivative of the electric field (dE/dt) was measured at each station by sensing
the displacement current through the antenna. Signals were digitized at the rate of 20 MHz for 4096 samples,
yielding 204.8 ps records. There was a 30 us dead time between consecutive trigger records. The upper 6-dB cutoff
frequency for sites 2 - 5 was 4 MHz while the central recording site had a 6-dB cutoff frequency of 2 MHz owing to
an additional antialiasing filter. The lower 6 dB cutoff frequency was a few hertz for all sites. Locations of
individual pulse sources were found using the time-of-arrival method described by Thomson et al. [1994]. Typical
pulse timing errors were 30 ns and errors in spatial locations were 30-45 meters in X, y, and z for sources at altitudes
of several kilometers and near the network. Sources below 1 km had height errors on the order of several hundred
meters.

3. RESULTS AND DISCUSSION

The dE/dt traces of three of six strokes to ground of flash 1403 are shown in Figure 1. Stroke ! was the first of the
flash sequence and contained fine structure that persisted for at least 83 ps. The second stroke in the sequence
occurred in a new termination, displaced 1.1 km from the first stroke. Fine structure following this stroke lasted for
just 33 us. Strokes 3 through 6 followed the channel of the second stroke and were not accompanied by fine
structure as evidenced by the dE/dt waveform of stroke 5.
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Figure 1. dE/dt traces for three of the six strokes in flash 1403. Time from the beginning of the flash
is shown on each trace. The second stroke occurred in a new termination while the fifth occurred in
the channel established by the second. Return stroke peak is marked “RS” and fine structure “FS”.

The second stroke of the flash was preceded by the leader shown in Figure 2. Individual pulse sources were located
between 2.6 and 0.9 km high and progressed downward. The average point-to-point speed calculated over each
record was between 1.5 x 10° m/s and 2.5 x 10°® m/s, consistent with that of a dart-stepped leader. Pulse amplitudes
became smaller during the sixth record of the leader and fell below our triggering threshold four milliseconds prior
to the second stroke. The time interval and distance between the last pulse in Figure 2 and the second stroke yield a
speed of 2.3 x 10’ m/s, consistent with that of a stepped leader.

The locations of all dE/dt sources in flash 2541403 are depicted in Figure 3. Source locations prior to and including
the first stroke are marked as “O™ while strokes 2-6 were co-located and are marked as “0”. Three sources during the
fine structure after the first stroke (see Figure 1) were located to a height of 2.6 km and are represented by “X".
Locations of leader sources preceding the second stroke (see Figure 2) are represented by “+” and span heights
between 2.6 and 0.9 km. Several sources were located during the fine structure following the second stroke and are
indicated by “ " in Figure 3. Notice the concentration of these sources between ground and the last sources of the
leader. These are consistent with originating from the region of the stepped portion of the leader creating the new
termination to ground.

A total of seventeen strokes occurring in new terminations to ground in 16 flashes were preceded by a dE/dt pulse
train. Point-to-point speeds in trains were between 1.0 x 10° m/s and 1.2 x 10" m/s, in good agreement with those of
dart-stepped leaders. In each case, however, pulse amplitudes near the end of trains fell below the trigger threshold
of the system several milliseconds prior to the following return stroke. The average velocity between the last
recorded pulse in the train and the following return stroke was between 0.8 — 5.8 x 10° m/s, consistent with that of a
stepped leader. Final sources in pulse trains were located between 0.7 km and 3.4 km high with a median value of
1.1 km.
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Figure 2. dE/dt trace of the leader recorded at station 5 preceding the second stroke of flash 2541403. Time at
start of each trace is shown to the right.

(a) 1 @ T (b) I @ T T

E .
2 + §
N 1

2F 4 Naf -

X
%
2~6\\ /1
ot & g o ofF o
1 1 1 I L |
14 12 -10 -8 © -I8 -16 -14 -12 -10
X (km) Y (km)

Figure 3. Locations of dE/dt sources in flash 2541403. (a) Zvs. X and (b) Z vs. Y . X and Y are oriented east and
north respectively with reference to the central recording stations. See Thomson et al. [1994] for station layout.
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Fine structure was present in waveforms of both first strokes of a flash and in strokes in new terminations, but its
duration was shorter for new terminations (median value 37 us in 17 strokes) than in first strokes of a flash (median
value 141 ps in 17 strokes). Source locations during the fine structure in new terminations were consistent with
inferred stepped leader sources between ground and the lowest sources in pulse trains.

4. CONCLUSIONS

We find evidence to support the hypothesis of Thomson et al. [1984] that multiple channels below cloud base may be
due to a leader following an old path in the cloud and later adopting a new path to ground creating a new
termination. Strokes occurring in new terminations were associated with a shorter fine structure duration, 37 s
(median), than first strokes in flashes, 141 us (median). The shorter duration fine structure is a result of the small
stepped leader path between the end of the dart-stepped leader portion of the leader and the following return stroke.
Sources of fine structure were located in the channel apparently formed by the stepped leader portion of the leader.
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PHOTOGRAPHIC DOCUMENTATION OF TWO RETURN STROKES ALONG THE SAME
CHANNEL SEPARATED BY ABOUT A MILLISECOND

Vincent P. Idone and Daniel A. Davis

Department of Earth and Atmospheric Sciences
University at Albany, SUNY
Albany, New York, USA

ABSTRACT: Two strokes in a triggered lightning flash initiated in 1996 at Camp Blanding, Florida, were recorded
with a time-resolved photographic system that unequivocally documents the occurrence of these strokes along the
same channel with an interstroke interval of only 1.09 ms. Each stroke has a distinct downward leader phase. This
observation appears to confirm effectively the hypothesis of Rakov and Uman [1994] that such stroke couplets,
consisting of a primary and secondary stroke, can occur with an interval of a millisecond or less. We reproduce
these records and provide analyses of the leader propagation speeds of the primary and secondary stroke: 0.96 x 10’
m/s and 1.4 x 107 m/s, respectively. We also present qualitative analyses of the difference in optical characteristics
of the two strokes, which may be typical of such short interstroke interval events.

INTRODUCTION

Recently, Rakov and Uman [1994] have presented evidence for the occurrence of two strokes along the same
channel with the time interval between the strokes being a millisecond or less. Their observations were based upon
simultaneous single-station electric field and multiple-station video records from 76 negative cloud-to-ground flashes
in Florida. A total of 15 such double-field waveforms were recorded, with six of these showing only a single channel
in the video records. This latter observation led Rakov and Uman to conclude that two full stroke sequences
(consisting of a downward leader and an upward return) could propagate along the same channel at such short
interstroke intervals. This further implies that the channel can decay to a condition suitable to support a leader
process much more quickly than previously thought. Though their hypothesis seemed credible based upon the
available evidence, Rakov and Uman admitted that .. .further observations are needed before it can be positively
proven.”

Here we present time-resolved photographic records of a pair of strokes along the same channel, these strokes
having an interstroke interval of just 1.09 ms with both strokes imaging a distinct downward leader. Although this
separation interval is technically not less than 1 ms, the observed interval is effectively within the regime of intervals
discussed by Rakov and Uman [1994] and is certainly likely to be eclipsed by still shorter intervals given the
miniscule fraction of events we have sampled in obtaining this example from the parent population. Hence, our
principal objective here is to present the fundamental photographic evidence for the occurrence of this stroke
“couplet” along with associated characteristics of the strokes as derived from analysis of the streak records.

OBSERVATIONS

The recordings presented here were made during the summer of 1996 when the authors participated in a triggered
lightning experiment carried out at Camp Blanding, Florida, under the direction of Dr. J. Willett of the Air Force
Geophysics Directorate. This particular field study was located on a. different part of the Camp Blanding facility,
several kilometers distant from the University of Florida lightning research facility which was in simultaneous but
independent operation.

The particular pair of consecutive strokes of interest occurred in the seventh trigger attempt, flash 9607, which was
initiated at 18:35 GMT on August 11. Highly time-resolved photography of this flash was obtained from a distance
of 1.97 km using a Hycam II 16-mm high-speed framing camera modified to run in streak mode. The film used was
Kodak SO-078 (a 400 ASA T-grain emulsion) which was run through the camera at a writing rate of 21.5 m/s. The
camera was equipped with a conventional 24-mm Pentax [ens. The strokes of interest were the third and fourth
strokes in the flash, the flash having been triggered in the “classical” manner via the rocket-trailing wire technique.

The time-resolved records of this stroke couplet (the primary and immediately following secondary) are shown in
Figures 1 and 2, respectively. These arc positive renditions of the film negative as digitized with a Xillix
Microimager camera at 100 pixels/mm. The Xillix camera scanned the images at 1344x1047 pixels at 12 bits/pixel.
However, we cropped the images to a size of 1300x950 pixels. Further, our image analysis software necessarily
converted the original 12-bit values to 8-bit output (256 levels). Though not optimal, this conversion is adequate for
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Figure 1. Time-resolved image of the third stroke (primary) in triggered flash 9607. Time increases to the
right with 140 ps (300 pixels) between the inner limits of the dashes at levels L1 and L2; level heights above
ground as indicated.

Secondary

Figure 2. Time-resolved image of the fourth stroke (secondary) in triggered flash 9607 that occurs 1.09 ms
after the primary stroke above. Time increases to the right with 140 us (300 pixels) between the inner limits
of the dashes at levels 1.1 and L2; level heights above ground as indicated.
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the objectives of this work. The renditions of Figures 1 and 2 have been contrast enhanced to bring out the fainter
image features.

RESULTS

Image Scan Profiles: Level L2 . . . .
Examination of Figures 1 and 2 indicates that
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and retum phase onset [ and 2 is the foremost example of this.

To further examine these events, we have

measured the propagation speeds of the primary

and secondary leaders. To do this, we used the return-stroke image edge as representative of the true channel

geometry; this is an excellent approximation, as the relative displacement of the return stroke images (assuming a

return-stroke propagation speed of 10® m/s or higher) would be negligible compared with that of the two leaders.

The primary leader, a classic continuous dart, propagates at 0.96x10’ m/s between level L2 of Figure 1 and ground.

The secondary leader, over the same channel section, propagates at a noticeably higher speed of 1.4x10” m/s. These

speeds are accurate to better than 10%. Note that we cannot accurately measure return stroke speeds with this

record; however, had there been a significant difference in return stroke speed, the return stroke channel edges would

not have been parallel. Indeed, they were very nearly parallel, implying the return stroke speeds were very nearly
equal.

Since there were no current or field measurements available for these strokes, the photographic record represents
the only available information on these strokes. Fortunately, the intense streak line just above level L2 provides
particularly useful information. Imaging at this level persisted for 0.56 ms after initiation of the primary return
stroke. As this intense streak line implies a considerable amplification of the normal channel light level on film, the
cessation of imaging for 0.53 ms prior to the secondary stroke suggests that the channel was devoid of current flow
for only this short period before the ensuing secondary stroke. (We cannot be absolutely certain that the lack of
imaging necessarily means that no current was flowing in the channel. Even with the presumed light level
amplification implied by the heavy streak line, it is possible that a small current still flowed in the channel and the
net light level presented to the film remained below the image threshold. However, we think this is unlikely.)

We use the streak line just below level L2 to examine and compare qualitatively the image intensity profile across
the primary and secondary stroke records. These profiles appear in Figure 3 and correspond to the image portions
between the inner limits of the dashes of Figures 1 and 2. (We did not choose the intense streak line just above level
L2, as the obvious significant horizontal channel section there would necessarily have yielded a convolved light
profile.) Note that here we are presenting the light level in arbitrary umits (output level) as seen by the Xillix camera
in scanning the original film negative; this output has not been converted to true relative intensity at the source.
Nonetheless, it is clear that the dart leader of the primary stroke has an abrupt rise in light level and then a fall,
consistent with imaging the dart leader head; however, the leader to the secondary stroke shows no clear head
structure, and the light level consistently increases (i.e., higher output levels) until the onset of the return stroke. The
same type of profile is presented in Figure 4 for a lower level (L1), this being at a vertical height of 295 m and
corresponding to a faint streak line. Here again, the leader to the secondary stroke shows a generally increasing light
level after onset until initiation of the return stroke. In comparing the profiles of Figures 3 and 4, it is also clear that
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the risetime (here, simply onset to peak) of the return stroke light level is longer by at least a factor of two or three
relative to that of the secondary stroke. Finally, as is likely apparent even in Figures 1 and 2, the image profiles for
levels L1 and L2 indicate that the peak light B

level for the secondary stroke is less than that

for the primary stroke. (Note that the arrow Image Scan Profiles: Level L1
indicators of leader and return onset are ,
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appears almost certain that some fraction of and return phase onset

natural lightning strokes occurs with sub-
millisecond intervals.

Rakov and Uman [1994] also speculated that a secondary leader-return sequence would likely have different
characteristics than that of the primary stroke. The observation presented here would appear to confirm their
speculation with regard to a higher propagation speed for the secondary leader as well as the suggestion that such
leader-return sequences might be more akin to M components than normal leader-return events. Indeed, the light
profiles shown earlier show a luminous variation with time approaching what we typically see on film for strong M
components. Indeed, the initial assessment of this event by the senior author was that this was a very vigorous M
component — until closer examination revealed the distinct downward propagating leader.

It 1s unfortunate that no relevant ancillary records exist to allow estimation of the peak currents in these strokes.
We may be able to estimate a ratio of peak currents based upon the optical signal, pending future detailed analyses
using the film calibration curve for relative exposure. Under the assumption of a roughly linear relationship between
peak current and peak luminous emission, past experience with this type of analysis suggests that the secondary
stroke had a smaller peak current than the primary stroke by probably at least a factor of 1.4 to 2. A better estimate
must await the actual analysis.

CONCLUSION

We have presented unequivocal evidence for the occurrence of two complete leader-return sequences separated by
only 1.09 ms, these occurring along the same channel. Documentation of this event represents effective confirmation
of the hypothesis of Rakov and Uman [1994] that such short interstroke intervals are possible. It is likely that that
some small fraction of all natural lightning strokes occurs at such short intervals. Clear differences in the optical
characteristics of the primary and secondary strokes are evident in this particular set of records. Whether such
differences are typical of this type of stroke couplet awaits further observations on this subset of lightning strokes.
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3D Imaging of Lightning Channel and Leader Progression Velocity
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Abstract. Three dimensional imaging of lightning channels, especially for leader progression, by
means of UHF interferometers has been achieved. A field campaign with two observation sites is
conducted at Darwin Australia for further study. The distance between two sites is 14.2 km, and the
triangulation scheme is applied to locate UHF radiation sources in three dimensions. Since the UHF
radiation during the leader progression is more expected than the return stroke, images of lightning
channels are given mainly for downward leaders. Velocities of downward leaders are calculated, and
statistics are derived for the first and subsequent strokes. The comparison of the mean velocity of
the early phase of leaders inside thunderclond with the final phase of leaders below a thundercloud is
conducted. Since the optical measurement of invisible leader progression velocity inside thundercloud
is impossible, the presented results are concluded to be unique and significant.

1 Introduction

The investigation of lightning channels has been conducted by optical observations, thunder ob-
servations, and electromagnetic wave observations. The optical observations own the advantage of
high time and spatial resolution, and contribute to the intensive comprehension for leader propaga-
tion mechanism below thunderclouds. On the other hand the optical observations are not suitable
to understand the development of leader inside the clouds. The thunder observations are rather easy
techniques, but we can not expect the sufficient time and spatial resolution. Electromagnetic wave
observations maintain the high possibility to image the lightning channel including inside the invis-
ible clouds, and related scientists have been paying their attention. In terms of recently developed
techniques TOA and Interferometer for VHF /UHF radiation are noticeable. Lighting Research Group
of Osaka University has been engaged in the developing Interferometer, and has evaluated the per-
formance of their interferometer. For this purpose the field campaigns were conducted at Darwin
Australia in 1996 and 1997, and in 1996 3D imaging of lightning channels were established. In this
paper 3D images of leader channels are given and the discussion on the feature of leader progression
is presented.

2 Observations by UHF Interferometer and 3D imaging of Lightning Channels

The field campaigns were conducted during the developing stages of the monsoon for one month
both in 1996 and 1997. The interferometers are operated at the center frequency of 327 MHz with 350
kHz bandwidth during the campaign. Figure 1 shows the anfennas arrangement for observations, and
we can see two pairs of monopole antennas, which are arranged perpendicular each other. Two pairs
of antennas enable us to estimate the azimuth and elevation of radiation sources. Figure 1 includes
the additionally arranged antenna pairs and those have longer baselines than the former pairs. The
combination of long(9/2A) and short(X) baselines operation gives us more accurate location of radiation
sources. We operated two sets of interferometers at different sites, and by applying triangulation
scheme we obtain 3D image of lightning channels in terms of UHF pulse radiation sources. The
systems are operated at Darwin, Northern Australia, and distance between two site is about 14.2km.
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Fig.3 Electric field change and UHF radiation

Figure 2 shows an idea about applied triangulation scheme. A x-y coordinate, which is the pro-
jection of a UHF radiation source on the ground, is given as the intersection of azimuth for two sites
as shown in Figure 2. This is because we kuow that it is nearly impossible to expect an intersection
of two lines of sight of incident UHF EM pulses to two sites. If we get the X-Y coordinate, we can
estimate two possible altitudes for a UHF radiation source as intersections of a perpendicular on x-y
coordinate and lines of incident angles to two sites. In this paper we determine radiation source lo-
cation by taking mean of these two candidate altitudes. Since we operate the slow antennas at two
sites, we can discriminate the characteristics of captured lightuing flashes, like CC and CG.

Figure 3 shows one of observed lightning flashes recorded at two sites simultaneously, and the
electric field change and UHF radiation for one second are shown. The data were captured at 6:54°55”
(UTC) on December 2, 1997. The capital letter "R”s denotes return strokes, and it is obvious that
this events consists of at least six strokes of negative polarity. It is also obvious that each stroke
follows the strong UHF radiation. This feature is consistent with the previously published papers,
and it is believed that these radiation is due to stepped leader progressions. The leader progression
marked L1 in Figure 3 is given as 3D imaging in Figure 4. Here L and R mean leaders and return
strokes respectively. Figure 5 shows the tine expanded signature of electric field change and UHF
radiation. In Figure 4, X axis corresponds to the direction of east-to-west, and Y axis corresponds to
the direction of north-to-south. Z axis is the altitude axis. The two observation sites are Robertson
and Kowandi, and their coordinates are respectively origin of this Cartesian coordinate and (9.4, 10.6,
0) (km). It is noticed that this stike is initiated at (11.3, -1.1, 6.6) (km) and propagates to the ground.
Figure 6 shows the 3D image of the leader progression for the second stroke marked L2 in Figure 3.
Figure 7 shows the time expanded signature of the electric field change and UHF radiation for L2. Tt
is interesting that the initiation poiut of the leader for the second stroke is (11.7 -1.1, 6.6) (km) and
it 1s nearly the same for the first stroke.

3 Discussions
Figure 8 shows the distribution of leader propagating velocity for 16 first strokes and 25 subsequent
strokes. Figure 8 shows that thie most probable velocity for the first strike is in the order of 10°m/s with
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the average of 5.3x10°m/s. For subsequent strokes the most probable leader propagating velocity is
in the range of 10°m/second and 107m/s with the average of 2.4x107m/s. These results are consistent
with the previous observation results optically, but it is noticed that the optcal observations baisically
presented 2D velocities.

Figure 9 shows the 3D image of the leader progression for the event at 2:25°55” (UTC) on De-
cember 13. Figure 10 shows the electric field change, UHF radiation intensity, altitude of sources and
propagating velocity as functions of time. It is noticed that at the very beginning of the leader it
propagates eastward almost horizontally, and changes the direction at 230 milliseconds finally towards
the ground. It is interesting that the averages of leader propagating velocity horizontally and verti-
cally are respectively 2.1x10°m/s and 2.3x10%°m/s. We can not recognize the significant defference of
leader velocity between horizontal and vertical propagation.

4 Conclusions
This paper presented the 3D images of lightning channels, especially leader channels, in terms of
observations by UHF interferometers. Observations were conducted at Darwin, Australia from the
middle of November to the middle of December 1996 and 1997.The observation periods corresponds
to the developing stage of the monsoon and we have frequently thunderstorm occurrence. Through
the observations and data analysis we obtained the following conclusions.

1. Three dimensional imaging of leader progressions for negative cloud-to-fround flashes during
summer thunderstorm were achieved by interferometers, and the capability of interferometers
were shown. It is also shown that leader progression preceeding subsequent strikes of multiple
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strikes took the same channel of previous strike with several hundred meters accuracy, and this
evidence can contribute the confirmation of the capability of interferometer observations.

The leader propagation velocity of first and subsequent strikes are estimated in the order of
10°m/s and 107m/s respectively. This results are consistent with the previously observed statis-
tics by means of optical streak camera, This means we can confirm the interpretation of " UHF
EM pulses are mainly emitted by the tip of negative leader propagation.”

In case of negative cloud-to-ground flashes the velocity of the horizontally propagating leader
inside the cloud is nearly the same of its vertically propagating leader from the aspect of interfer-
ometer observations. Interferometer enables us the observations for invisible leader progression
insider the thunderclouds.
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PROPAGATION VELOCITY FROM MEASURED CURRENT AND AMBIENT-FIELD PROFILE
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ABSTRACT: A recent field experiment has provided ambient-field profiles a few seconds before nine rocket-
triggered lightning flashes. Currents flowing in the grounded triggering wires were recorded during most of the
positive leaders that initiated these flashes. We present deductions of leader velocity from the measured data for one
of these events, based on three simple electrostatic models. Deduced velocities range from 1 - 5 x10* m/s.

INTRODUCTION

"Classical” rocket-triggered lightning flashes allow detailed study of the very long positive leaders that initiate
these discharges. Thus, the rocket-triggering technique provides a valuable opportunity to extend experimental work
on long laboratory sparks to kilometer length scales. The present paper develops a method of deducing leader-
propagation velocity from triggering experiments. This method is applied to leader-current and ambient-field-profile
data from a recent field experiment in which direct measurements of leader velocities were not available. The
method could equally well be used, however, to deduce ambient-field profiles from leader current and velocity
measurements in other experiments. The details of the calculations are described here, and results are presented for
one case from our experiment.

The main purposes of this work are to permit the leader-propagation velocity to be compared with the measured
ambient field that is driving the discharge, and to enable more detailed comparisons between the observations and
the predictions of a self-consistent, numerical model of rocket-triggered positive leaders [e.g., Bondiou er al., this
conference]. Davis and Laroche [this conference] also compare the present results with others from the same
experiment, obtained by a different method.

EXPERIMENTAL SET-UP AND MEASUREMENTS

A major field experiment was conducted during the summer of 1996 to obtain simultaneous, collocated
measurements of ambient, electrostatic-field profiles and rocket-triggered-lightning phenomenology beneath Florida
thunderstorms [Willett e al., in press]. First, nearly vertical profiles of the ambient electrostatic field were measured
with sounding rockets very similar to those described by Marshall er al. [1995]. A few seconds later triggering
rockets were fired, towing grounded conducting wires aloft [e.g., Laroche er al.,, 1989]. The lightning
phenomenology was documented with still, video, and streak cameras, and the currents and field changes produced
by the positive leaders that initiated these discharges were recorded. Unfortunately, however, neither visible nor
near-ultraviolet streak photographs showed any positive leaders [V.P. Idone, personal communication], so the leader
velocities were not directly measured.

Nine lightning discharges were triggered during this experiment, one of which (Flight 6) will be examined in this
paper. The measured data for this flight are presented in detail by Willett et al. [in press).

DEDUCTION OF LEADER-PROPAGATION VELOCITY
Building on previous work by Kasemir [1960], Heckman and Williams {1989] have presented calculations of
the charge-per-unit-length, A(z), on thin, straight, vertical lightning channels. Strictly, their result,

Azy= 1) 1)
In(L/R)

applies only to the dependence on channel radius, and not to the absolute value, of this linear charge density. Here,

V(z) is the ambient electrostatic potential (relative to the uniform potential of the channel, assumed to be a

conductor) at the relevant height, z, R is the radius of the channel, including its corona sheath, and L is 1/2 the

channel length (or the entire length, if the channel is attached to ground). The comparable result for a thin, prolate,

conducting ellipsoid in a uniform longitudinal field is
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where and & and ¢ are the semi-minor and semi-major axes, respectively, and b/c << 1. This result can be seen to
have identical form and very similar magnitude to (1). Evidently, the linear charge density is predicted to be directly
proportional to the channel-vs.-ambient potential difference. Either of the above formulae could be used as a
relation among leader current, feader velocity, and ambient potential distribution.

We wanted to avoid the thin-conductor assumption implicit in (1) and (2), which does not apply well to a rocket-
triggered leader having most of its charge distributed in a diffuse corona sheath several meters in diameter.
Therefore, we have developed two simple, electrostatic models of the leader channel from which to compute the
charge per unit leader extension. Our first model assumes that the corona sheath is in equilibrium with the ambient
potential distribution, as follows:

Equilibrium Model

A grounded, vertical, wire/leader extends to height, H, above a conducting ground plane into a one-dimensional
ambient-potential distribution, U,(z), prescribed by the rocket sounding. Everything is in cylindrical coordinates, {R,
z}, centered on the wire/leader. We assume a potential distribution, Uy(z), taken here as zero everywhere, along the
wire/leader channel of radius, Ry(z), taken here as a constant | cm. Two significant approximations yield a
simplified model: 1) The field around the wire/leader is purely radial out to the boundary of the space-charge sheath
at Ry(z). This turns out to be a good approximation everywhere except near the leader tip because the aspect ratio of
the sheath, R|/z, remains small and varies slowly with height. 2) Following Goelian et al. [1997], we assume the
field intensity everywhere within the corona sheath to be uniform, Eg, taken here as the "stability field" for positive
streamers of roughly 440 kV/m [e.g., Phelps and Griffiths, 1976]. The details of the "cap” on the space-charge
plume around the leader tip are ignored, so the charge-per-unit-length there will not be very accurate. Another
implicit assumption is that the entire wire/leader is in corona, which is not unreasonable in high ambient fields.

Uniform and radial field within the corona region implies that the linear charge density along the entire
wire/leader is simply

A(z2) =27 E\R (2) . (3)

Thus, there are no "conductors” in the model (except the ground plane), deviations from the ambient potential
distribution being caused solely by the above linear charge density. (For purposes of calculating the potential
distribution inside the corona region, this charge is taken to be distributed as p(R) = g,Ey/R, plus some small surface
charge on the conducting wire/leader itself that is negligible when Ry << R,.)
We can write the potential at the boundary of the corona region in terms of the assumed potential of the
wire/leader as
U(R,2)=U, - E,(R —R,) . G

To compute the potential anywhere ourside the corona region, it is sufficient to assume that the charge density, A,(2),
is concentrated at R = 0. Thus, we can also write,

" o _ B
UR2)=U, () +] A . A(2)

dz” . (5
o |ane R + (2= 2y Ame R +(z+2)

Using (3) in (5) at R = R, we recognize that the only remaining unknown is R((z). Using (4) as a matching
condition between the corona plume and the environment, we find the following non-linear integral equation, to be
solved for R (z): :

R(Z’). + - R(z)

dz’ . (6)
\/Rll(z) +(z—2)’ \/R.z(z) +(z+2)

E "
Uy(z) - E,[R (2) - Ro(z>1:U,,(z)+—2ﬂj
[}

One result of this formulation is that the radius of the corona sheath decreases rapidly with decreasing height, from
the leader tip to the ground (shown below in Figure 1).
Frozen-Charge Model
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Our second model attempts to recognize that the corona sheath is not actually in equilibrium with the ambient
potential distribution as envisioned above. Instead, we expect the corona space charge emitted from the leader tip to
remain approximately fixed in space as the leader advances past it. Thus, the diameter of the corona sheath at any
given height will not decrease with time as predicted by our equilibrium model (see Figure 1).

Here we use the same assumptions and formalism as above, but we freeze the charge-per-unit-length of the
corona sheath at the leader tip, expressed above by R|(H) through (3}, as the leader progresses. Since this space
charge is no longer allowed to adjust to the potential distribution below the wire tip, we must now permit surface
charge to build up on the wire/leader itself to hold it at the prescribed potential, Uy(z). This is accomplished by
including a second linear charge density, Ax(z), in the model. The only other change from above is that another term
must be included in the matching equation, (4), to account for the additional potential drop between Ry and R, due to
A;. The new model equation becomes

Ual2) = EflR () - Ry(2)] - 222 { ()} U,,()+j i, ”50 d .
27E, | Ro(2) JR () +(z-2) JR (D+(z

This equation is solved for R, at z = H, where A; is set equal to zero, and it is simultaneously solved for A; atall 23

v ' t (0, H). The solution must be done progressively as the
5 E leader ascends, in order to determine the function,
R(2).
4 1 RESULTS

/ The measured ambient field in Flight 6 was
approximately vertical and close to 15 kV/m from just
above the surface to about 400 m altitude [Willett ef al.,
. in press, Figure 14]. Thus, the ambient electrostatic
potential decreased almost linearly with increasing
altitude from Q at the ground to about -6 MV at 400 m.
The average leader current increased irregularly from
roughly 1 A to almost 3 A over the first 3 ms of
0 100 200 300 400 p'ropagation [Wi!lelt etal., ir? press, Figure 10]. (Our '
sign convention is that negative charge aloft produces a
HEIGHT (m) positive vertical field, corresponding to an electrostatic
potential that decreases with increasing height, and
Figure 1. R, vs. H for the Equilibrium Model induces a positive current in the developing leader.) In

this case the upward positive leader was triggered

CORONA RADIUS (m)
[ ]

when the rocket reached an altitude of 307 m. E 4T ' T T

Figure 1 shows a family of curves of corona g ’//”
radius, R, (proportional to charge-per-unit-length), = 3 Ri - -
along the wire/leader for successive tip heights from § L
307 to 395 m, calculated for Flight 6 using the « -
equilibrium model. Notice that the model assumptions (ZD 2 1
are violated near the leader tip, where R, increases ("4
rapidly with height. Elsewhere, the model is validated 8 1 3
quite well by direct computation of the potential w ;
distribution in and around the calculated space charge. 2
Figure 2 shows R, and A/(2megEy), also in length units '5 0 —
for direct comparison, for a tip height of 390 m, ™ AZ T
calculated for the same case with the frozen-charge hl] -1 . ' )

0 100 200 300 400

model. Notice that the charge in the corona sheath
increases almost linearly with height along this leader,

in agreement with the Heckman-Williams model of HEIGHT (m)

Equation [, but in marked contrast to the equilibrium Figure 2. R, and A4)/(27&kE,) for Frozen-Charge Model
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model of Figure 1. Notice further that the surface charge on the wire/leader channel itself is significant. The radial
field at the channel surface is computed to exceed the breakdown field (3 MV/m) by roughly an order of magnitude
over most of its length. Thus, an inner layer of negative corona (not simulated here) would be expected to grow
inside the positive corona sheath, starting just below the leader tip.

Figure 3 compares the leader-propagation speeds deduced for Flight 6 from the three models discussed in this
paper. These velocities have been obtained by equating the integral of the measured leader current as a function of
time to the net charge on the model leaders as functions of tip height. Evidently, Equation 1 and the frozen-charge
model behave very much the same, whereas the equilibrium model predicts a smaller charge per unit leader

5 ' ' o ]  extension and, hence, a somewhat higher velocity. The
Equilibrium velocities shown in Figure 3 are comparable to those
w 4l i measured optically during the onset of positive leaders
€ in other rocket-triggering experiments [e.g., Kito et al.,
bl 1985].
2 3 .
; . CONCLUSIONS
= ! Leader velocities have been computed from the
8 2f Frozen-Charge - ambient-potential profile and the current record for one
u_.ll Heckman-Williams rqckct-tnggered hghtmng flash (Flight 6), using three
> 1 s different electrostatic leader models. The results range
from 1 - 5 x10* m/s over the first 100 m of propagation.
0 : | . . . The equilibrium model predicts somewhat higher
velocities than the other two, but the charge-per-unit-
300 320 340 360 380 400 length that it manifests is probably under-estimated
TIP HEIGHT (m) because of the assumption that the field intensity

throughout the corona sheath is clamped at the positive-
Figure 3. Leader Velocity vs. H for the Three Models  streamer stability field. On the other hand, the charge-
per-unit-length predicted by the frozen-charge model is probably over-estimated because of the neglect of reverse
corona behind the leader tip. The main weakness in the two new models developed here is their rather crude
treatment of the space-charge distribution in the immediate vicinity of the leader tip. Nevertheless the deduced
values of velocity are not greatly different among these three models and probably represent reasonable estimates of
the actual leader speed.
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LIGHTNING LOCATION METHODOLOGY

Osmar Pinto Jr.! , Iara R. C. A. Pinto' , José H. Diniz® , Andre M. Carvalho? , and Armando
Cazetta Filho® .

! Instituto Nacional de Pesquisas Espaciais — INPE, Sio José dos Campos, SP, Brazil
2 Companhia Energética de Minas Gerais — CEMIG, Belo Horizonte, MG, Brazil

ABSTRACT: Cloud-to-ground lightning flash characteristics in the southeastern Brazil were
determined during two months based on data obtained by two different lightning location
systems. In December 1995, the data were obtained by a lightning positioning and tracking
system (LPATS), version III, and in December 1997, by a new hybrid lightning location
methodology combining time-of-arrival (LPATS) and direction-finding techniques (Impact
sensors). The results indicate that the flash characteristics are quite different from 1995 to 1997,
mainly for positive flashes. Although limited to the small data sample, we believe that the most
differences are mainly due to differences in the systems. We suggest that other independent
techniques should be used in order to evaluate the performance of such systems.

INTRODUCTION

In the last decade cloud-to-ground lightning flash characteristics have been obtained by
lightning location networks in several regions throughout the world (e.g., Fournier and Pyle,
1998; Matsui et al., 1998; Pinto et al., 1998 a, b). In part, these characteristics may be a result of
geographical and meteorological conditions prevailing in each region. However, they may also be
a result of the characteristics of the lightning location networks, such as efficiency, location
accuracy and discrimination criteria adopted. How do to distinguish between natural and
technical aspects is a subject of intense research at present.

In order to investigate this problem, the lightning flash characteristics obtained in the
southeastern region of Brazil in December 1995 are compared with those obtained in the same
region in December 1997. In 1995, the lightning data were obtained by a 6 LPATS-III network,
while in 1997 the data were obtained by a hybrid network consisting of 6 LPATS-III and 2
Impact sensors. Due to the different number of sensors and the intrinsic differences in the
lightning activity in each year, only relative flash numbers are compared. The differences in the
flash characteristics of positive flashes are attributed to differences in the network. Such
assumption is based on our analysis of the lightning data collected between 1988 and 1995 in the
same region. Besides the network reconfiguration and sensor modifications, the network in 1997
has undergone central processing modifications, from which the most relevant to this study is
concern to the criteria of discrimination between cloud-to-ground flashes and intracloud flashes.
In 1995, in fact, no discrimination criteria to distinguish between cloud-to-ground and intracloud
flashes existed. The intracloud flashes were supposed to be no detected by the system,
considering that they could not produced a radiation field above a given threshold in three sensor
if they were distant by 200 km or more to each other. In 1997, in turn, the intracloud flashes were
supposed to be eliminated by considering only flash-related pulses with time width larger than 11
microseconds. The possible consequences associated with these assumptions are discussed.
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RESULTS
Table 1 presents the flash characteristics for negative single and multiple flashes and positive
single flashes in December 1995 and 1997.

1995 1997
Percentage Pos. Flashes (%) 28.5 2.3
Percentage Neg. Single Flashes (%) 74.8 75.3
Percentage Pos. Single Flashes (%) 100 93.8
Average Neg. Peak Current (kA) 53.5 34.2
Average Pos. Peak Current (kA) 26.5 46.2.
Local Time Max. Flash Activity 15-16 15-16
Average Neg. Peak Current (Single 53.1 344
Flashes)
Average Neg. Peak Current (Mult. 55.3 335
Flashes)

DISCUSSION AND CONCLUSIONS

In terms of negative flashes, the results presented in Table 1 indicates that: the percentage of
single flashes is almost the same in both years; the average peak current for single and multiple
flashes is also almost the same; however, the average peak current for 1995 is significantly larger
than that for 1997. Based on the variability of the peak current values measured between 1988
and 1995, we think that this last result is probably associated with such natural variability, being
not influenced by the change in the configuration of the network.

For positive flashes, however, the results appear to be influenced by the change in the
configuration of the network. In 1995, the percentage of positive flashes is significantly higher
than that in 1997, whereas the average peak current is significantly lower. Both differences can
be explained by assuming that in 1995 the positive cloud-to-ground flashes were contaminated
by intracloud flashes. The value obtained in 1997, however, may not be representative of the
region studied. Fig. | shows the peak current distribution of positive flashes for the whole year of
1995, compared with the NLDN distribution in the southeastern U.S. in 1994 and 1995
(Cummins et al., 1998). The data were obtained, respectively, before and after the upgrade of the
NLDN network. Among other differences, in 1994 the NLDN rejected pulses below 11
microseconds width, whereas in 1995 this threshold was changed to 7.4 microseconds. Assuming
that the criteria adopted by the NLDN network in 1995 (which, as far as we know, remains the
same up to the present) is more realistic, the close similarity between our 1995 curve with the
NLDN 1995 curve apparently indicates that the real percentage of positive flashes in southeastern
Brazil is more close to the 1995 value than that in 1997 (whose configuration corresponds to the
NLDN 1994 curve). Note that the differences in the NLDN curves in Fig. 1 are consistent with
the differences in the average positive peak current shown in Table 1.

Clearly more data and research at different parts of the world are necessary before confident
criteria to discriminate cloud-to-ground and intracloud flashes based on field waveforms can be
defined. Some researchers have suggested that a peak current threshold for positive cloud-to-
ground lightning should be used (Zaima et al.,, 1997; Zajac and Rutledge, 1998). It is even
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possible that such criteria may
be different at different regions,
due to differences in the
thunderstorm formation.

O Brazil9s
NLDNS4
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CONDITIONS OF PLASMA CHANNELS REQUIRED FOR TRIGGERED LIGHTNING
Megumu Miki, Atsushi Wada, Hisashi Goshima and Takatoshi Shindo
Central Research Institute of Electric Power Industry, Tokyo, JAPAN

ABSTRACT: The conditions of a plasma channel required for the triggering of lightning have been
estimated by comparison of observations of the actual lightning phenomenon and experiments on laser-
produced plasma. The decay of the parameters of the plasma channel produced by the CO, laser was
measured with microwave interferometry. From our observations on multi stroke flashes, we estimated
the state of the discharge channel required to guide upward lightning discharges. Our results show that the
electrical conductivity of more than 2 S/m is required for the triggering of lightning.

INTRODUCTION

Laser—triggered lightning has been studied by many researchers. However, most of the studies have
been conducted inside a laboratory. Some researchers have argued that the characteristics of actual
lightning discharges are different from those of the discharges in laboratories. Recently, Kawasaki et al.,
succeeded in triggering the upward leader from a tower using a 2 k] CO, laser pulse in Japan [Uchida,
1987]. However, their laser-produced plasma channel could not guide the upward negative leader from
the tower for triggering lightning. In the laboratory, the negative leader could be guided by the plasma
channel under any condition. Their results show that the effect of the plasma channel on the discharge is
different from the effect of the plasma channel on the actual lightning discharge.

Thus, we used our observations of actual lightning discharges to estimate the conditions of the plasma
channel required to guide the lightning. Based on our results, we discuss the relationship between the
discharge path of the subsequent strokes, and the interval between each stroke in multiple-stroke flashes.
Thereafter, based on this relationship and our experimental results on laser—produced plasma, we estimated

the conditions required for the triggering of upward lightning discharges.

OBSERVATION SYSTEM

There are lightning strokes on the 200 m-high stack on the coast of the Sea of Japan. The stations for
lightning observation are located 630 m from the stack. The time variation of the lightning discharge path
was observed with a high~speed video camera (Fastcam Ultima-UV, PHOTRON). The speed of the video
camera was 4500 frames/s and the exposure time of the frame was 100 ns. The camera can record 3000
frames as digital data. The electric field changes accompanied with lightning discharge were measured by

a plate antenna. The magnetic fields produced by the lightning current were measured by a loop antenna.

OBSERVATION RESULTS AND DISCUSSIONS

We selected an event of multi-stroke flashes to evaluate the parameters of the plasma channel required
for guiding of a lightning discharge. Figure 1 shows the observation results of the magnetic field with a loop
antenna, electric field change with a plate antenna and images of the lightning discharge path with a high
speed video camera. In this event, the first stroke(® in figure 1) occurred at 0.2 ms. The peak current
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of the first stroke was estimated to be about =7 kA by the peak value of the magnetic Held. The second
stroke on the stack occurred arter the interval of abour 30 ms (& in tigure 1}. The peak current of the
second stroke was about -6 k. The discharge path of the second stroke fitted that of the tirst one near
the stack. After the first stroke. the discharge channel continued to be luminous for more than 20 ms as
shown in figure | (3. This suggests that the current of less than a few hundred amperes tlowed
continuously, along the discharge channel tor more than 20 ms. The luminosity of the discharge channel
disappeared after 22 ms (L' in figure 1). Thus, the interval of the light intensity from the lightning channel
hetween the first stroke and the second stroke was about 10 ms. The third stroke appeared at 531 ms (&
in tfigure 1}. The video frame shows that the third stroke did not strike the stack. The interval between
the end of the second stroke and beginning of the third was about 15 ms. Although this is shorter than the
interval between the first and the second strokes, the discharge path of the second stroke was different
from that of the third. A possible reason is that the region of the charges corresponding to the third stroke
in thunderclouds are far from the stack.

The discharge path of the subsequent stroke was the same as that of the first stroke in the event
examined. The region of the charges of the first stroke are different from the region of the charges of the
second stroke in thunderclouds, because the polarity of the first stroke was different from that of the
second stroke. Thus, this shows that the discharge of the second stroke was guided by the rest of the
discharge channel of the first stroke. The interval between the first stroke and the second stroke was
estimated to be 10 ms by light intensity of the lightning channe! and 30 ms by magnetic field. We
considered that the actual interval was more than 10 ms and less than 30 ms. From this, the conditions
of the plasma channel required for guiding lightning can be obtained by the decay of the parameters of the

discharge channel.

Many researchers have reported

measurements of a lightning 2000000
] 1000000
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=

! . N 100000 . . .
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lightning channel were shown in figure 2. In the evaluation of the conductivity, we assumed that the
radius of the lightning channel was 2 cm. When the electrical conductivity of the lightning channel has
decayed for 10 ms, it was 2 S/m. Further, the conductivity of the lightning channel which has decayed

for 30 ms, was 0.1 S/m.

EXPERIMENT OF LASER-PRODUCED PLASMA
The electrical conductivities of laser—-produced plasma channels were measured with microwave
interferometry (frequency = 35 GHz). A CO, laser (wave length=10.3 m) was used in the experiment
Plasma channels were produced by focusing a 50J-CQ, laser pulse with a concave mirror (focal length=10
m). Figure 2 shows the electrical conductivity of the plasma channels with those of the lightning channel.

The conductivity decreases by 2 S/m for 30 s and by 0.1 S/m for about 100 us. The electrical

conductivities of the plasma channels up to 10 us, were evaluated by electron density and temperature
[Miki, 1996].

SUMMARY

Based on our observations and experiments, the plasma parameters for guiding lightning were estimated.
The rest of the first stroke with a peak current of more than 7 kA, could guide the subsequent strokes up
to 10 ms~30 ms. From the study on the decay of the lightning discharge channel, we predicted the
electrical conductivity of the rest of the first stroke. From these results, we estimated that the discharge
channel which has the electrical conductivity of more than 2 S/m, can guide subsequent strokes. Our
experiments show that the electrical conductivity of the plasma channel produced by the laser decreased
by 0.1 S/m for 100 us and 2 S/m for 50 ps. Thus, CO, laser-produced plasma channels could guide the
lightning discharge 50 ps~ 100 us after the generation of the plasma.

Uchiyama et al., reported that the plasma channel produced by the 2 kJ- CO, laser could not guide the
lightning discharge from the tower [Uchiyama 1997]. There are two possible reasons for this result. One
is that the upward leader was triggered after more than 100 us. Another is the geometric difference
between the laser—produced plasma channel and the lightning discharge channels. Although the laser—
produced plasma channel is discrete, the lightning discharge channel is continuous.

In this paper, the evaluation of the conductivities and the relationships between the discharge path
and the intervals between subsequent strokes are not enough to estimate the conditions of the plasma
channel, accurately. We plan to pursue this objective in a future study.
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CALCULATION OF ELECTRIC FIELD STRENGTH NECESSARY FOR
ALTITUDE DISCHARGE ABOVE THUNDERSTORMS

V' N. Morozov

Voeikov Main Geophysical Observatory, Karbysheva, 7
St.-Petersburg, {94021, Russia

ABSTRACT: Electricai field produced bv the thunderstorm lighting at high altitude atmosphere is caiculated by
solutions of the non-stationary equation ot continuity of the electrical charge and Poisson’s equation. Magnitudes
and electric field strength of the electrical cloud charge necessary for high altitude atmosphere breakdown and
discharges via the run away electron process are estimated.

INTRODUCTION

High altitude discharges above thunderstorms are most mysterious phenomena in atmospheric electricity.
Experimental data concerning lightning features above thunderstorms: red sprites and blue jets were considered by
Winckler {1995) One of hypothesis, explaining the phenomena is related with cloud-cloud and cloud-ground
discharges. The purpose of his work is to calculate the electric field, made by cloud electrical charge after
thunderstorm lightning and to estimate the magnitude of the electrical field strength and electrical cloud charge
necessary for high altitude atmosphere breakdown.

THE MATHEMATICAL MODEL

The main equations, used for the theoretical calculations of the electrical field produced by cloud charge
after thunderstorm lightning at high altitude atmosphere is

5} 3 = .. -

P (iVg)=0, Ap=-dnp, E=-Vo, A=ie= a=02km" n
ot

Where: ¢ is the electrical potential, /- is electrical field strength. A is the conductivity of the atmosphere, p is
the charge density.

Initial and boundary conditions for solution ot‘equations (1) are:
—~——= 3

A@l,_y=—4ap (F ). 9l ..,= 0, (ﬂ‘ 0= 0 F = ()
Where: 0 (r ) is the initial charge density of could. /.x, v, =] - Cartesian coordinates.
The initial distributions of could charge density are:
- (O -
Ps = QlSO{: P = ::5 T/ (3,4

Where: O/ X/ is Dirac's function, { #, -} are cylindrical coordinates.

The equation (3) corresponds to 1-D distribution of cloud charge densitv and the solution of equations (1)
obtained bv Morozov (1695) is:

\ - ! i =T
O z,r) =470 ("I[{ —7 iv( ; )dz.jLLJ' ! ;(e F g ""’}Jro

Lo \#=7) (&) ay «.)I_TL

(5)
’ .
r ! A YOO A
-}J.M ' ‘\lr,\ ﬂ v, \z—e j———-VL—d:
|J Z.f oy ) { \ Ta J z—") 0 [ (g(
) » , . T dn . ,
Where 7z )=(47irz)) t,=1/0) Firx,= j.e "— [7Z) - gamma-tunction. When ¢ — 0. we
‘ n
- . . - __Co
find from (%) the asvmptotic formula for /.. = ——
cz



I
/1([}-—/n L, 6)

=22 < a0
cz /1(/ ) o

For the initial distnbution of cloud charge density (4) solution of equations (1) for time interval: 0 <f<<7, is
(Morozov. 1995):
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Where:  [(a,fB.y~u) is the  Thypergeomewic function, J,(xr) - Bessel's function,
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When the conditions: = )) I, 2ahl't ) )) | are fulfilled. we obtain for vertical component of electrical field

strength /2, when » =0
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Where: u, =(z—2,) 2h(t), u,=(z+z,) 2hft).

THE ESTIMATES OF MAGNITUDES OF ELECTRICAL FIELD STRENGTH AND CLOUD CHARGE
NECESSARY FOR HIGH ALTITUDE BREAKDOWN.

We estimate the magnitudes of the electnical field strength necessary for high altitude breakdown, using the
relation: :

el A, %)

Where: A _ is the electron mean free path. ¢ is the charge of electron. ¥, is ionization energy of molecules of
nitrogen N, (W,,=15.6 eV).
For altitude from 50 to 75 km, we have 0.79 < 4, <7.9 sm and magnitudes of vertical component of electrical field
strength /2. are:
E.x(02=~2)kl" m (10)

Using equation (6), we obtain (g = 0.0041-0.041 for: ¢ =107"s5,r, = 600s,h(t) = 78km.
=, = 10 km. For the charge of c]oud(j =Q SRZ. where R — horizontal characteristic length of cloud, we have for
R=100 km:

O =(1.36-10> = 1.36-10° )C (11)
For the point distribution of cloud charge (4), we estimate cloud charge after cloud-ground lightning, using equation
(8) When z=50 km. z,=10 km, h(t)=78 km, we find () =6.4x 10°C and for z=I5 km, we obtain

0 =22x10°C.
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The condition ot runawav electron breakdown is (Gurevichetal, 1992)
N, 70t mbe

L, = I — {12)

= mi’t W
Where m. \" are electron mass and selocitv .\ 15 number densitv of neutral molecules ot atmosphere.
Z=145 For 2e=ml7 =22.107¢l .2 =70km. NV, =9.4x107sm™ £ =0.1kV/m, i e critical

magnitude of electrical field strength for discharge via runaway process are smaller than the critical magnitude /:.

for atmospheric breakdown ( /2. ~0.2 kV/m). but the electron energy must be larger than ionization energy of air. i
e. Runawav electron breakdown must be produced by cosmic rav electron
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ON THE TEMPORAL EVOLUTION OF RED SPRITES, RUNAWAY THEORY VERSUS DATA
V. Yukhimuk, R. A. Roussel-Dupré, and E. M. D. Symbalisty

Atmospheric and Climate Sciences Group, Los Alamos National Laboratory,
Los Alamos, New Mexico, USA

ABSTRACT: The results of numerical simulations of red sprite discharges, namely the temporal evolutions
of optical emissions, are presented and compared with observations. The simulations are done using the
recently recalculated runaway avalanche rates. The temporal evolution of these simulations is in good
agreement with ground-based photometer and CCD TV camera observations of red sprites. Our model
naturally explains the “hairline” of red sprites as a boundary between the region where the intensity of optical
emissions associated with runaway breakdown has a maximum and the region where the intensity of optical
emissions caused by conventional breakdown and ambient electron heating has a maximum. We also present
for the first time simulations of red sprites with a daytime conductivity profile.

INTRODUCTION

The ground-based and aircraft observations show that sprite duration can vary significantly.
Sentman and Wescott [1993] estimated the duration of a sprite is 17 ms or less. According to Lyons [1994]
the sprite duration is in the range 33 — 283 ms, and the ground-based photometer observations of red sprites
[Winckler et al., 1996] show a sharp maximum of the optical emission intensity with duration of about 3 ms.
In the same time the simultaneous CCD TV camera observations [Winckler et al., 1996] show that optical
emissions persist for several tens of milliseconds.

The authors of the publications devoted to red sprite theories [Bell et al., 1995; Milikh et al., 1995;
Taranenko and Roussel-Dupre, 1996; Pasko et al., 1996; Milikh et al., 1997; Roussel-Dupre et al., 1998;
Yukhimuk et al., 1998] were mostly concemed with explaning red sprite intensity, shape, altitude and
spectra. The temporal evolution of optical emissions from a red sprite was described by Pasko et al., [1996]
on the basis of conventional breakdown model. In the present paper we present an explanation of the red
sprite temporal evolution based on the runaway air breakdown theory. In our simulations we use the recently
recalculated runaway avalanche rates [Symbalisty et al., 1998].

SIMULATION RESULTS
We consider two cases of sprite simulations: 1) the upward discharge is driven by a quasi-

electrostatic field produced by Q. = -280 C of negative charge with a T of 6 ms at an altitude, H = 9.5 km
above sea level; 2) Qo = -400 C, T =20 ms, H = 8 km. The charge Q is built on an exponential time scale:

Q =Q,, (1 —exp( —t/1))

We calculate the optical emissions from red sprites and their attenuation by air using the same
approach and formulas as described in Yukhimuk et al. [1998], but we are now using more accurate electron
- molecule collision cross sections [Trajmar et al., 1983] for our calculations of optical emissions as well as
for the solution of the Boltzmann kinetic equation for a population of low energy eclectrons in an electric
field.

The .temporal evolution of the maximum intensity of optical emissions from the simulated sprite
discharge for case 1,2 is shown in Figure 1(a,b) respectively. The total duration of visible optical emissions
(intensity greater than about 10 kR) is about 40 ms for case I, and about 60 ms for case 2. There is a short
peak with duration of about 1 - 3 ms followed by a much Ionger tail for both cases. The maximum intensity
of the short peak is considerably higher than that of the tail. The intensity of optical emissions calculated for
the first (O - 17 ms) and second (17 - 34 ms) camera fields for case | is shown in Figure 2 (a, b), and the
intensities for the fields 1 — 4 for case 2 is shown in Figure 2(e-h).

The sharp maximum, in our model, results from the abrupt formation of a relativistic electron beam
as soon as the electric field exceeds runaway threshold values [Roussel-Dupré and Gurevich, 1996] over a
large vertical range, i. e. from the top of the cloud to the top of the main body of the sprite. This fast

discharge, with duration Ty, = | — 3.5 ms, enhances the conductivity of the atmosphere above the cloud top
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and reduces the volume of the region where the overvoltage (6o )> 1. The discharge produces significant
ionization at altitude higher than 60 km, that leads to the local lowering of the ionosphere boundary, and,
therefore to downward motion of red sprite.
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Figure 1. Temporal evolution of the maximum intensity of optical emissions from the simulated sprite for case 1
and 2. The time zero corresponds to the beginning of the driving CG stroke.
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Figure 2. Intensity of optical emissions calculated for the first 0 - 17 ms (a,c) and second 17 - 34 ms (b,d) camera
ficlds for the Reid (ab) and Hale (¢,d) nighttime conductivity profiles for case 1. Intensity of optical emissions for
the fields | - 4 (e-h) for case 2 assuming the Reid nighttime conductivity profile.

The dependence of the red sprite duration and intensity on the parameters of driving CG discharge
assuming nighttime conductivity profile [Reid, 1986] is shown in Table 1. Here, Hg denotes the altitude of
the negative charge above sea level, Q is the charge value, T denotes the time scale of the driving discharge,
Ius 1S @ maximum intensity calculated for one camera field (t = 17 ms) for the first field, T, is the total

duration of detectable optical emissions, and Ty, denotes the duration of the sharp peak of optical emissions.

The duration of optical emissions is in broad range 10 — 60 ms for different cases, in the same time the
signature of the temporal evolution is similar for all cases, a sharp peak lasting | to 3 ms followed by a
longer tail.
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TABLE | TABLE 2

Q(C) 180 250 250 280 370 400 Conductivity Iax  Hiop T

T(ms) 6 6 6 6 10 20 _profile (kR) (km) (ms)

Hq(km) 12 12 95 95 8 8 Reid, nighttime 320 77 40

InxkR) 30 910 160 320 86 145 Hale, nighttime 260 84 4]

Toe(ms) 19 10 28 40 46 60 Hale, daytime 380 57 35
_Tsp(ms) 24 1.1 1.1 1.0 32 3.1

The altitude of a red sprite, its shape, and intensity of the optical emissions depend significantly on
the ambient atmosphere conductivity profile. We performed sprite simulations for three different
conductivity profiles. These included: (1) a nighttime conductivity profile [Reid, 1986] which corresponds to
moderate ionization rates; (2) a mid-latitude nighttime conductivity profile which corresponds to low levels
of ionization, [attributed to L. Hale in Holzworth, 1995], and; (3) a daytime conductivity profile [also from L.
Hale in Holzworth, 1995]. We kept all other simulation parameters constant. As one can see the same CG
discharge produces the brightest red sprite for the day time conductivity profile, because of the field focusing
between the cloud top and the ionosphere, but the top of the sprite is at lower altitude. The results are
presented in Table 2 for case 1. Figure 2 (a, b, ¢, d) shows the intensity of optical cmissions calculated for the
first 0 - 17 ms (a,c) and second 17 - 34 ms (b,d) camera fields for the Reid (a,b) and Hale (c,d) nighttime
conductivity profiles for case 1. The Hale profile produces optical emissions extending to higher altitudes
because its conductivity shelf is at a higher altitude than Reid’s.

COMPARISON WITH OBSERVATIONS

The ground-based photometer and CCD TV observations of red sprites [Winckler et al., 1996} show
the presence of a sharp maximum of the optical emission intensity with duration of about 3 ms followed by a
longer lasting but weaker tail. The tail shows appreciable luminosity for three fields (50 ms) after the initial
intense field, and a decrease in luminosity of the camera fields with time. This temporal evolution is very
similar to temporal evolution of the second case of simulations (Q = 400 C, Hg = 8 km, T = 20 ms)
considered in present paper. The calculated duration of the sharp maximum is 3.3 ms, and the total duration
of optical emissions is 60 ms detectable for 4 camera fields, with the brightest second field (Inax = 145 kR),
and the luminosity of the camera fields decreases with time. It should be also mentioned that the simulated
optical emissions for the first camera field for case 2 (Figure 2(e)) have approximately the same shape, size
and altitude as the small symmetrical sprite observed by Winckler et al., (see Figure 11 in [Winckler et al.,
1996]).

According to Sentman et al., [1995] the brightest region of red sprite, the “head”, lies within 66 — 74
(#4) km altitude, above the head there is often a faint red glow (“hair”), separated from the bright head by a
dark line (“hairline”). As one can see in Figure 2(c) for the case of low levels of ionization (Hale nighttime
profile) significant optical emissions are produced at altitude 80 — 84 km as a result of conventional
breakdown and heating of ambient electrons. This region is naturally separated from the region where optical
emissions associated with rupaway air breakdown predominate (lower than 77 km), and total optical
emissions have local minimum at 77 — 80 km altitude where the hairline is usually observed [Sentman et al.,
1995].

CONCLUSIONS

The temporal evolutions of optical emissions from red sprites computed by using new ionization
rates [Symbalisty et al., 1998] are in good agreement with observations. Our new results are in much better
agreement with particular ground based observations [Winckler et al., 1996] than the results of our old
simulations [Yukhimuk et al., 1998] which predicted a maximum duration of detectable optical emissions
from a sprite to be less than one camera ficld. There are three major differences between our old and new
simulations: (1) we use new lower ionization rates which lead to a slower discharge ; (2) we put the driving
discharge at a lower altitude and start the simulations at a lower altitude, and ; (3) we use more accurate
electron — molecule collision cross sections [Trajmar et al., 1983] in our new simulations. The bottom of the
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computational grid, in our old simulations, was at 18 — 20 km. In our new simulations the computational grid
starts at altitude 14 - 16 km, which is more consistent with the average altitude of thunderstorm cloud tops.

The cylindrically symmetric computational grid encompasses a large scale — typically Z = 14 - 90
km and R = 0 - 30 km. With existing computer resources it is virtually impossible to resolve the fine
structure of red sprites, which is of the order of tens of meters, and in the same time, to perform simulations
in the whole region of interest (from the cloud top to the ionosphere). In reality the region of optical
cmissions shown in Figures 2 (a - h) would have rich fine structure because of irregularities in the cosmic ray
flux, in thc ambient conductivity, and in the electric field which is a superposition of driving electrostatic
fields and radiation ficlds from lightning.

Our model naturally explains the “hairline” in red sprites. It delineates a boundary between the
region where the intensity of optical emissions associated with runaway breakdown has a maximum (50 - 76
km altitude) and the region where the intensity of optical emissions caused by conventional breakdown and
ambient electron heating has a maximum (80 — 84 km altitude). Between those two region (at altitudes 76 —
80 km) the runaway clectrons are collisionless and the optical emissions from ambient electrons in an electric
ficld is weak (for rcasonable values of the electric field).
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ON THE NATURE OF MESOSPHERIC ELECTRIC FIELDS
A. M. Zadorozhny
Novosibirsk State University, Pirogova 2, Novosibirsk 630090, Russia

ABSTRACT: A possible mechanism for the generation of large vertical electric fields observed in the mesosphere is
discussed. Simultaneous existence in the mesosphere both the negative and positive multiply charged aerosol
particles of different sizes is assumed for explanation of the fields. More massive charged particles falling with
larger velocities initiate a charge separation. Smaller particles carrying charges of the other sign are needed to
reduce the effective conductivity of the mesospheric dusty plasma. The proposed model can explain the existence of
the V/m electric fields observed both in the lower mesosphere and in the vicinity of noctilucent clouds and PMSE.

INTRODUCTION

The first measurements of the electric fields in the mesosphere were made in the early 1970s by Bragin et al.
[1974] and Tyutin [1976]. Currently, different groups using different instruments have carried out more than fifty
rocket measurements of the mesospheric electric fields. In about half of them a mesospheric maximum of the
vertical electric field on the order of a few V/m has been observed at about 50-70 km [see Zadorozhny and Tyutin,
1997]. An example of these measurements is shown in Figure 1. The

large vertical electric fields were also observed by Zadorozhny et al., O
[1993] at 82.5-84.5 km in the vicinity of noctilucent clouds (NLC) and o [ Indian Ocean (

polar mesosphere summer echoes (PMSE), but they were not detected E

earlier under similar conditions [Goldberg, 1989]. By now, some oF

regularities have been identified concerning electric field behavior in b

the mesosphere [Hale et al,, 1881; Maynard et al., 1981, Hale, 1984; 60 |

Goldberg, 1989; Goldberg and Holzworth, 1991; Zadorozhny et al., .
50

Altitude, km

1994; Zadorozhny and Tyutin, 1997, 1998]. But the nature of the . e
fields has not yet been clarified. There is not currently an adequate L
theory for how such fields are produced. wor
Possible influences of aerosols on electrical properties of the ok onss OB
mesosphere have been frequently discussed [e.g. Bragin, 1973, F  m 05 1089
Chesworth and Hale, 1974; Hale, 1984; Goldberg, 1989; Mitchell, 200L —se— 12108
1990; Goldberg and Holzworth, 1991; Zadorozhny et al, 1994; F _@— 211088
Mitchell et al., 1995]. There are direct evidences for the existence of 101'?u : 110‘ Lo '5 s -0 s ; s *1'0- -

both positively and negatively charged dust particles in the lower and
upper mesosphere [Mitchell, 1990; Mitchell et al., 1995; Havnes et
al, 1996; Gelinas et al., 1998]. Simultaneous measurements of the |Figure 1. Altitude profiles of vertical
electric field strength, positive ion density and aerosols [Zadorozhny |electric field measured in the Southern
et al, 1994} pointed out both an ion-aerosol interaction and a |[Hemisphere at latitudes of 40°-60°S
connection between the mesospheric electric fields and aerosol |[Zadorozhny et al., 1994].
content. The height correlation of the measured electric field
disturbances with the NLC and PMSE positions indicates the importance of the aerosol particles in the generation of
the vertical electric fields in the polar summer mesopause [Goldberg, 1989; Zadorozhny et al., 1993, 1997].

In this paper a possible mechanism of the vertical electric field generation in the mesosphere due to
gravitational sedimentation of multiply charged aerosol particles is discussed.

Electric Field, V/m

ELECTRIC FIELD GENERATION IN MESOSPHERIC DUSTY PLASMA

A mechanism for the generation of the vertical electric fields £ caused by gravitational falling through the

mesosphere of meteoric debris negatively charged in the upper D-region of the ionosphere has been analyzed by
Aikin and Maynard [1990]. The vertical electric field generated by sedimenting aerosol particles with concentration

N p is defined in Aikin and Maynard's [1990] model by the expression obtained from the requirement of a local

current balance between a downward flux of electric charge carried by the particles and a conduction current:
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Here g, is the unit electrical charge; Z p s the number of unit charges on each particle; V is the fall velocity of

the particle; and ; is the electrical conductivity of the atmosphere. The fall velocity for spherical particles is
given by [Jensen and Thomas, 1988]:

y _Pe8l | mT
P 2p \2m,

@)

where P, is the particle specific gravity; g is the acceleration due to gravity; p is the ambient pressure; 7 is the

atmospheric temperature; & is Boltzmann’s constant; and 71, is the mass of a typical atmospheric molecule.

The fields calculated with the use of realistic parameters for the particles in (1) are in the range of only
10 mV/m in the lower mesosphere where the V/m fields are observed [dikin and Maynard, 1990]. Calculations for
NLC/PMSE conditions also show that equation (1) cannot explain the vertical electric fields observed by
Zadorozhny et al., [1993] if the concentration and size of the sedimenting particles as well as atmospheric
conductivity are taken in accordance with the rocket data. These indicate that a more complex mechanism is
required to explain the observed large vertical electric fields. The main obstacle for the formation of the large fields
in this simple model is a high electrical conductivity of the atmosphere, which is defined by diffusivity of the charged
particles:

Z'nq!
o, ==L D, 3)

where n; is the concentration of ions or electrons; D; is the diffusion coefficient

Cho et al. [1992] showed that a presence of multiply charged aerosols in the mesospheric plasma leads to a
drastic decrease of an effective electron diffusivity up to a value equal to about the diffusivity of the aerosol
particles. For large enough aerosols the transition to the reduced electron diffusivity occurs sharply when somewhat
more than half of the charge is tied up in aerosols. The effective ion diffusivity will be obviously decreased to about
the same value under the same conditions.

To explain the V/m vertical electric fields observed in the mesosphere, Zadorozhny and Tyutin [1998] assumed
the simultaneous existence of both negative and positive multiply charged aerosol particles of different sizes. In this
model, more massive charged particles falling with larger velocities initiate a charge separation. Smaller particles
carrying charges of the other sign are needed to reduce the effective conductivity of the atmosphere. If both positive
and negative charges carried by the particles exceed the charges carried by ions and electrons, that is, if the condition

of Cho et al. {1992] is satisfied, the effective conductivity of the atmosphere Oy » which must be used in (1), is

determined by the smaller aerosol particles.

Let us assume that the mesospheric dusty plasma consists of negatively and positively charged aerosol particles
surrounded by clouds of positive ions or negative ions and electrons, respectively. We can describe the plasma as a
two-component system in which the dressed aerosols are considered as single particles carrying the effective charges:

+

Z+ Z+ nl_ +ne d Z— Z— n (4)
&) = —_—_-i—-— arl e = -
77?7 N, - N,

Quasi-neutrality of the plasma requires N ; Z;'ﬁ =N ; Z;ﬁ The flux of the negative charges caused by the falling
particles must be greater than that of the positive ones in order to generate the more frequently observed positive sign
of the vertical electric field. In this case the negative particles must be more massive: m, > m; or m, > m; if

m, > m; An expression for the positive vertical electric field generated by the proposed mode! can be obtained

from (1) by replacing V, >V, - Z N’ p »and O';tf . Then using (2), (3), m; >>m, | the expression

for the diffusion coefficient
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DISCUSSION AND CONCLUDING REMARKS

Electric field measurements in the vicinity of noctilucent clouds are particularly important for understanding the
role of aerosols in electric field generation. During the NLC-91 rocket-radar campaign, electric field perturbations
were detected in a region between the NLC and PMSE layers. The measurements were carried out with the help of
the field mill mounted on the DECIMALS-B rocket payload [Zadorozhny et al. 1993]. The post-flight examination
of the field mill in the laboratory using a supersonic ice particle beam showed that the field mill is also sensitive to
ice microparticle impacts [Zadorozhny et al. 1997]. This means that the perturbations in the field mill signal
observed in the NLC/PMSE vicinity have been caused not only by atmospheric electric fields but also by the impact
of solid particles. The analysis of the rocket data on the basis of the laboratory results led to estimates of the size and
concentration of these particles to be about 24 nm and 370 cm” at 84 km, respectively, if the water content in the ice
phase was equal to ~3 ppmv. The vertical electric field was equal to about 0.9 V/m at this altitude.

Using equation (6) we can estimate the charges which the detected ice particles must carry in order to generate
the vertical electric fields observed during the NLC-91 campaign. Electron and positive ion densities were measured
during the NLC-91 campaign about two hours before the DECIMALS-B flight [Balsiger et al., 1993; Friedrich et

al., 1994; Mitchell et al., 1995]. We assume n;’ =n, = 10* cm™ at 84 km based on these measurements, so that
n; =0. The negative particles must be more massive in order to generate the observed positive sign of the vertical

electric field. We assume 7, =25 nm and N , =300 cm™ [Zadorozhny et al. 1997]. Then the condition of Cho ef
al. [1992] requires Z, >4 we assume Z, =5. If we use r; =15 nm and Z; = 2, then a condition of quasi-

neutrality of the plasma requires N ; =750 cm™. While the concentration of the positive particles is more than that

of the negative ones, the latter cannot contribute to the field mill signal detected in the rocket experiment due to a
strong dependence of the field mill response to the particle impact on their size [Zadorozhny et al., 1997]. Therefore
the assumed sizes and concentration of the positive particles do not contradict the field mill data obtained during the

NLC-91 experiment. For the adopted parameters of the charged particles, equation (6) gives £, = 0.9 V/m, which
is in good agreement with the rocket data. The only disagreement is seen between the calculated and measured
mobility of the positive aerosol particles K; Measurements by Mitchell et al. [1995] during the NLC-91

campaign showed the existence near 84 km of very small mobility values K; » 0.6 m*V''s", which are thought to

indicate the presence of positively charged aerosols. The calculated mobility of the assumed positive particles is ~
0.08 m®-V's!. The calculated effective conductivity of the atmosphere, Oy = 2.2-107*2 S/m, is about three orders
of magnitude less than the positive ion conductivity (~3-10° S/m) measured by Mitchell et al. [1995].

The proposed model can explain the V/m fields observed in the lower mesosphere if we assume parameters for
the more massive negative particles equal to those used by Aikin and Maynard [1990] and parameters for the

positive particles leading to the effective conductivity o, equal to about 10" S/m. This value is about two orders
of magnitude less than the conductivity at 60 km which was measured simultaneously with the V/m vertical electric
fields [Hale et al., 1981; Maynard et al., 1981; Zadorozhny and Tyutin, 1998]. So low effective conductivity can be
produced for example by the particles with a radius of 20 nm and a concentration of 10* em™ if each of them carries
a few unit charges.
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We can see that the proposed model could explain the existence of the large vertical electric fields observed
both in the lower mesosphere and in the vicinity of noctilucent clouds and PMSE in the summer polar mesopause. In

both cases, the predicted effective conductivity of the atmosphere, O o is about 10°'? S/m, which is about two to

three orders of magnitude less than the measured ion conductivity. The difference between the estimated effective
conductivity and the measured conductivity can be explained by assuming the mesospheric dusty plasma consists of
negatively and positively charged aerosol particles surrounded by clouds of positive ions or negative ions and
electrons, respectively. Very weak electric fields that cannot interfere with the interaction of the aerosol particles
with the ions and electrons must be used to measure the effective conductivity. The electric fields usually found in
conductivity probes appear to be too large and the probes cannot measure the effective conductivity. They measure
only the pure ion conductivity.

It is necessary to note that the existence of the highly charged aerosols in the mesosphere, as well as the
mechanisms of the particle charging, are unfortunately not well understood at present. These appear to be some of
the key problems that must be resolved for a complete understanding of the nature of the V/m vertical electric fields
observed in the mesosphere.
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SATELLITE DETECTION OF SPRITES
AND OTHER MIDDLE ATMOSPHERE STORM EFFECTS

Stephen Clodman
Centre for Research in Earth and Space Science, York University, Toronto, Ontario, Canada

ABSTRACT: Satellite measurements of sprites, jets, and elves, and other middle atmosphere storm effects, would
be of great scientific value. These phenomena could be found anywhere in the world that they occur. It would be
possible to obtain data not available any other way. One might even be able to detect some of these phenomena in
daytime. There are significant problems to overcome: signal to noise ratio limitations, false indications such as from
lightning, the need to detect a sufficient number of targets, and the task of obtaining and analyzing a large quantity
of data. Still, it can be done, and in several ways, each having advantages. The instrument may point straight down,
or obliquely, or toward the earth’s limb. The wavelengths sensed might range from ultraviolet to far infrared. Also,
there are possible preliminary studies which could help prepare for a satellite mission.

INTRODUCTION

In the last few years, ground-, and aircraft-based measurements of visible emissions, such as sprites, jets, and
elves [Boeck et al, 1998, Sentman et al, 1995, Wescott et al, 1995], have opened up an important new area for
study of atmospheric electricity of storms and of the middle atmosphere. Middle atmosphere gravity waves are a
related phenomena which may in fact interact with the visible emissions. It is true that satellites have been much
used to study tropospheric features of thunderstorms (including, increasingly, lightning), but they have not been
systematically applied to the middle atmosphere phenomena. There have been successful short-term video tests
using the space shuttle [Boeck et al., 1998], but these give just a hint of what is possible. This paper proposes that
satellite-based measurements of these middle atmosphere storm effects are both useful and feasible, and reviews
different ways such studies may be attempted.

VALUE
Satellite detection of sprites and related emissions, combined with other data, could be scientifically valuable
for the following reasons:
- Emissions could be studied anytime and anywhere in the world, not just at specific times and sites.
Therefore, charts of their giobal climatological distribution could be prepared. It might be possible to find
types of storms and lightning flashes producing these events which were not previously known to do so.
- Some information can only be obtained from satellites. This includes data at ultraviolet and infrared
wavelengths which cannot be used from the ground. Also, the view from above might give knowledge
about their shape not apparent from a side view. In addition, middle atmosphere gravity waves which
may be related to storms could be studied by measuring the wave effect on the airglow (for brevity, this
paper will not discuss this issue further).
- It might ultimately be possible to observe some of these phenomena in daylight, to determine whether
their frequency or features are different then (see further discussion below).

DIFFICULTIES
There are, however, some obstacles that must be overcome to succeed; the main ones are as follows:

- Signal to noise ratio: Despite the large distance from the event to the satellite, enough photons must be
collected from each viewed pixel and time interval to achieve a signal to noise ratio sufficient for
detection. Also, the sprite must be brighter than background airglow and airglow fluctuations
- Rejecting false emissions and verifying: Several types of unwanted light emissions may be mistaken for
desired phenomena if not properly diagnosed. False events must be reliably rejected without eliminating
too many desired events. Probably the most difficult of these problems is the light from lightning strokes.
True events must be verified reliably.
- Number of detections: The number of events which will be detected is roughly proportional to the
product of the field of view by the duration of operation. This number may be increased if the instrument
is pointable. Given that the desired events are more or less rare, the field of view and experiment duration
must be great enough for a reasonable number of events to be found.
- Data handling: A very large amount of data must be handled. A system must be devised to manage and
analyze the data effectively within reasonable time and cost limits.
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FIXED DOWNWARD VIEW

There are several ways of designing the instrument; T will discuss three here: fixed downward view, fixed limb
view, and pointable view. All three use orbiting satellites. A geostationary satellite would be attractive if it could
detect the emissions, but the received light at that altitude would be very weak and so hard to detect.

Fixed downward view — nadir to moderately oblique — is the simplest and lowest in cost. As such, it is suited
to a quick initial experiment to prove the idea of satellite sprite detection, and to report on sprites in different parts of
the earth. (I base this in part on the MESO satellite, a design proposal to study middle atmosphere chemistry, by lan
McDade of York University [personal communication].) This low cost satellite would be in low earth orbit (~600
km). The instrument would detect at two wavelengths, one at which sprite emissions are strong and a neighboring
one at which they are weak. A pair of wavelengths could also be selected for jets. Charge coupled device (CCD)
technology would be used. The pixel [FOV (instantaneous field of view) might be about 3 x 3 km, roughly the
lateral dimension of a small sprite or jet, to collect the full light from the emission with minimum noise. To give a
total [FOV of 700 x 700 km, the pixel array would be 250 x 250. Time resolution would be 0.3 s, a compromise
intended to get adequate detection at minimum cost. A more capable experiment, at some extra cost, could be
designed by decreasing the pixel IFOV and/or increasing the total IFOV and/or decreasing the time interval.

A nadir view — straight down - would give simple navigation, maximum received light from the sprite, and a
direct plan view of the sprite. On the other hand, a moderately oblique view would be effective in separating sprite
from lightning in the view field.

FIXED LIMB VIEW

Limb view provides certain specific advantages, but is more complicated. 1 base this concept on the WINDII
(Wind Imaging Interferometer) instrument mounted on the UARS (Upper Air Research Satellite) [Shepherd et al,
1993]. The present study began as an attempt to find sprites in WINDII data. It was found that the WINDII
instrument would not detect sprites, mainly because its wavelength bands do not provide good signal to noise ratio.
However, the band selection and other parameters could be changed to make a new design.

Limb view has the following advantages over downward view: Lightning and terrestrial lights would not be in
the field of view. The height variation of the emission could be measured. A large area per pixel could be viewed.
Daytime observations might be possible because of the dark background.

Limb view also has some disadvantages: Cost and complexity are greater. The emission is not accurately
located in the radial direction. The distance to the limb is rather large, so the light received is relatively faint. The
emission is being viewed from the side, which (because sprites and jets are usually vertically elongated) would
cause it to appear fainter. Airglow would be brighter relative to the emission. Limb viewing has its own false
indications, such as aurorae or even the moon.

POINTABLE VIEW BY SATELLITE OR SPACE SHUTTLE

If one wants to reduce the time step and the pixel size to better define the emission, one must also reduce the
IFOV to keep the instrument design and data handling manageable. However, if the IFOV is too small, one would
not detect enough events. Therefore, a pointable instrument would be used, with a rather narrow view angle, but
able to turn under control to view optimum locations.

The sprite-finding instrument might be on a satellite already designed to detect lightning, something like the
Lightning Imaging Sensor (LIS), now in operation [Christian et al, 1992]. A sprite instrument gould turn both
autonomously or under ground command. The lightning sensor would help scout for targets; later, the lightning and
sprite data could be analyzed together. The sprite finder could keep tracking a single storm, or be turned toward the
site of a ground-based experiment. The main drawback of a pointable view experiment is that it would be rather
expensive and complex.

An alternate, less complex and costly way of doing a pointable view experiment is to mount it on a space
shuttle (or space station) mission. This would allow results to be obtained sooner than with an unmanned satellite.
It could be a sort of testbed for future satellite missions.

SIGNAL TO NOISE RATIO

In general, a signal to noise ratio is on the order of cne-half times the square root of the number of photons
received in a pixel (after instrument losses). The MESO instrument design is predicted to receive enough light,
looking straight down, for a 3 x 3 km pixel I[FOV, to give a 50 to | signal to noise ratio [based on lan McDade,
personal communication]. This assumes that the sprite is 10 km in diameter, emits 5000 J in the visible (400-700
nm), which [Sentman et al., 1995] is fairly bright, and also that a relatively strong emission band (e.g., the N, Ist
positive 5-2 band at 670 nm) is used. This sprite is estimated to be 10 times as bright as background airglow, for a
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0.3 sec time step, provided a good sprite emission band in a weak airglow band is used. It should be possible, for
some extra cost, to design an instrument which will receive more light and so have better performance.

FALSE EVENT REJECTION AND VERIFICATION

Light from several causes might be mistaken for desired emissions. Among these, are, for downward view:
lightning, artificial lights, volcanoes, fires, aurorae, moon and twilight illumination; for limb view: aurorae, the
moon, dayside light, light scattered from lower altitudes. Fortunately, sprites, etc., have strongly peaked spectral
signatures, so by receiving two or more bands we can compare on-peak with off-peak brightness to diagnose events
not caused by sprites. This would be supplemented by examining the size, duration, and location of the unknown
emission to see if they are reasonable for sprites. Handling aurora may be a little difficult, because their spectra are
rather similar to those of sprites, but aurora can be rejected by other criteria.

The most serious issue is lightning. Bright lightning is a few orders of magnitude brighter than the desired
emissions. Lightning has both broadband and peak emissions. Sprites, jets, and elves occur over severe lightning-
producing storms. Moreover, because strong positive lightning triggers sprites and elves, a flash is generally in
progress when the emission occurs. One must be able to find sprites in the presence of lightning without falsely
diagnosing sprites. Because sprite spectra [Milikh et al, 1998a] are peaked, it should be possible to diagnose the
sprite even if the received light from the lightning is several times as strong. Suszcynsky et al., [1998] discuss some
ways to do this. The overlying cloud will reduce the lightning light to a limited extent.

However, other measures are needed. Using limb view will avoid the problem, or an oblique view can
separate the sprite from the lightning in the field of view. Some sprites may be laterally far enough from the
lightning to be visible in nadir view, but most will be obscured. One remedy for this is to use a very small timestep
(<0.02 s) to try to separate the sprite in time from the initial lightning stroke. Another option is to use an infrared or
ultraviolet light wavelength at which low-altitude light is absorbed.

Detecting other matching events would give further verification. Lightning can be found, either by satellite or
by ground-based detectors. The triggering storm can be observed by satellite, radar, or other means. Gamma rays
may be emitted by sprites; the satellite could find these with a suitable detector. ELF radiation transients are likely
to coincide with sprites [Boccippio et al., 1995].

NUMBER OF EMISSIONS DETECTED

Following is an approximate calculation of the number of sprites detectable by a fixed downward-looking
view. There are very roughly 500,000 sprites and 50,000 elves per year in the world (this number is open to debate,
but should be the right order of magnitude). An IFOV of 700 x 700 km or 500,000 km? covers 1 part in 1000 of the
earth’s surface, bringing about 500 sprites and 50 elves per year in view. Assume that detection occurs only at night
(~40% of flashes) and that there is a 50% probability of detection. Then 100 sprites and 10 elves per year could be
actually detected, enough for a good initial experiment.

The number of jets is more uncertain. Relatively few jets are detected from the ground. However, the instru-
ments so far used are not usually optimized for the jet emission peaks at 391 and 428 nm [Wescott et al., 1995].
Moreover, the lower atmosphere significantly attenuates light of these wavelengths. Jets are usually elongated in the
vertical, making them easier to see from above. Therefore, a satellite detecting at the jet peak bands should see more
jets than ground or aircraft studies, and should be an effective way of estimating the number of jets.

DATA MANAGEMENT

Even the simple downward view experiment described above would process a lot of data. The data quantity
could be reduced by not operating the instrument over areas where conditions are poor for sprites. Another option is
to do preliminary processing on board the satellite, deleting data that clearly show no events. The data transmitted
to the ground would then be more carefully processed to reduce the data to a small set of good candidates, which
would be carefully examined by hand to reach a final conclusion.

DAYTIME MEASUREMENTS
It would be scientifically valuable to measure emissions in daytime, to see if they are different in frequency or
nature from those at night. It may be possible, although difficult, to do this. One must find a way to view the
emission against a reasonably dark background. [f a limb view is used, the background, though brighter than night,
may still allow the brighter emissions to be seen against it. In fact, aurorae have been detected in daytime this way.
A highly speculative possibility for downward view is to use a far IR band (e.g. 4.3 ) or a far UV band to
which the lower atmosphere is opaque and relatively nonreflecting, and at which solar radiation is reduced. Detailed
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analysis with a short time step might identify the signal against the strong background. Although somewhat unlikely
to work, this idea might be worth investigating. (See Christian et al, [1992] for daytime detection of lightning.)

WAVELENGTH CHOICE

One key design decision is the selection of the main detection wavelength band. Desirable features are: strong
emission at the band, transparent atmosphere between the emission and the satellite, airglow weak and relatively
constant, reduced interference from lightning [Orville and Henderson, 1984], possibility of daytime measurements,
and technical simplicity. The preliminary information here is subject to further study.

Jets emit mainly at N," 1st negative peaks 391 and 428 nm [Wescott ef al, 1995]. Lightning light is usually
(not always) less at 391 nm than 428 nm. Lightning light would be slightly attenuated by the atmosphere.

Sprites have groups of main emission peaks [Milikh et al., 1998a]: a number of far IR peaks, the N, Ist
positive peaks in near IR 850-900 and 730-780 nm and in red 640-690 nm, and the N, 2nd positive UV peaks 280-
400 nm. The peaks vary in the amount of interference from lightning light and airglow. The UV peaks would
benefit from attenuation of the lightning light by the atmosphere. Orville and Henderson [1984] do not have data
below 375 nm, but the trend of lightning brightness is decreasing with decreasing wavelength. Below 310 nm
lightning is well screened by the ozone layer, but the sprite emission becomes considerably fainter.

The far IR at 4.3 p has sprite emissions (from CO,), is opaque to lower atmosphere light (CO, absorption), but
has strong background emission [Milikh et al, 1998b]. Another possibility may be the water vapor absorption
region about 1.4 u so lower atmosphere light is blocked. However, spectroscopy becomes more technically difficult
for wavelengths above 1 .

PRELIMINARY STUDIES
Some studies might be done prior to launch which can make the results better. These may include:
- usability of ultraviolet bands
- usability of far infrared bands
- better assessment of jet frequency
- probability of apparent view separation between sprites and lightning for different view angles
- probability of apparent time separation between sprites and lightning for different time resolutions
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ABSTRACT: A six year record of optical observations of lightning-induced mesospheric transient luminous events
(TLEs) is available from the Yucca Ridge Field Station (YRFS) near Ft. Collins, CO. Climatological analyses
reveal sprites and elves occur in a variety of convective storm types, but principally mesoscale convective systems
(MCSs) and squall lines. Severe supercell storms rarely produce TLEs, except during their dissipating stage. Few
TLEs are observed during storms with radar echo areas <7,500 km2. Above this size there is a modest correlation
with radar areal coverage. A typical High Plains storm produces 45 TLEs over a 143 interval. Sprites and most elves
are associated with +CGs. The probability of a TLE increases with peak current. In six storms, 5.1% of +CGs
produced TLEs, the number increasing to 32% of +CGs with >75 kA and 52% of +CGs with >100 kA peak current.

INTRODUCTION

Since the 1989 discovery of tropospheric lightning-induced TLEs in the middle atmosphere, sprites, elves and blue
Jjets have been investigated using a variety of methods. These include RF signatures (Boccippio et al. 1995; Huang
et al. 1999), broadband and multi-color photometry (drmstrong et al. 1998; Suszcynsky et al. 1998), and low-light
television (LLTV) (Lyons, 1994). Each summer since 1993, investigators have gathered at YRFS for intensive
periods of coordinated observations. A constant among these field programs has been the use of LLTV systems
(primarily red sensitive Xybion ISS-255 units) which continuously image the volume above convective storms some
at 100-800 km distance when conditions appeared favorable. While the summer observational periods, typically
lasting 6 to 10 weeks, are not identical from summer to summer; a general climatology has begun to emerge. The
peak period during which storms produce TLEs optically observable from a High Plains ground station extends from
July through mid-August. Currently the dates of TLE observations range from 19 May through 12 October. To date
some 132 storms have been documented to produce | or more TLEs. Figure I shows the locations of storms and the
number of TLEs produced over the three most recent summers. While sprites can be imaged under ideal conditions
for ranges up to 1000 km, most observation periods were constrained to storms at 700 km or less. Figure 2 shows the
climatology of large peak current (>75 kA) +CGs occurring during summer months. It shows a regional
concentration of powerful +CG flashes in a broad belt ranging from New Mexico into Minnesota (Lyons et al.
1998). It is believed that the U.S. High Plains may represent one of the highest TLE producing regions in the world.
On the other hand, TLEs undoubtedly occur, albeit at lower rates, in storms worldwide.

ANALYSES

A database was prepared of the observations from 60 storms during the 1996-1998 seasons with viewing conditions
generally favorable throughout the storm’s life cycle. The TLE event times were obtained from the nightly observer
logs made directly from the LLTV monitors. These storm logs capture about 80% of the total events. Thus, the
following statistics slightly underreport the true values. Sprites have been observed by LLTV at all times when
ambient light conditions permitted their detection (about 45 minutes after sunset and before sunrise). In general,
however, TLEs tend not to occur until at least an hour after darkness, perhaps in response to changes in the
ionosphere after the passage of the terminator. Developing nocturnal storms also are increasing in size during this
period. Figure 3 shows the temporal distribution of TLEs observed from YRFS. There is a broad maximum between
0400 and 0700 UTC (local sunset is typically around 0230 UTC). The fall off towards dawn represents the
weakening of some storm systems and/or their passage beyond LLTV detection range. The number of events from
storms varies from a single sprite or elve to 400 (Figure 4). The highest counts occurred during an intrusion of
Mexican smoke into the central U.S. during the spring of 1998, which resulted in dramatic increases in +CG
percentages and peak currents (Lyons et al. 1998). The mean TLE count per storm is 45. The duration of TLE
production ranges from a single event to almost six hours, with a mean of 143 minutes. TLE rates vary from a few

84



per hour to over 2 per minute (in smoke influenced storms). A long-term mean is one TLE event every 3.2 minutes.
Events often occur at rather fixed periodic intervals for an hour of more.

In addition to the LLTV images, GOES satellite imagery, NEXRAD regional radar reflectivity mosaics, and the
supporting meteorological data were archived. TLEs have been observed above a variety of convective storm types.
In the High Plains, years of forecasting experience have shown they are most likely above large mesoscale
convective systems (MCS) exhibiting horizontally extensive stratiform precipitation regions. The greatest number of
sprites and elves has been associated with the largest mesoscale convective complexes (MCCs). Linearly extensive
squall lines also produce sprites. Intense, compact supercell storms, though often extremely electrically active, rarely
produce many TLEs, with the exception of brief bursts of sprites during their dissipating phase when a sufficiently
large stratiform convective area develops. During the 1998 campaign, 21 storms were tracked throughout most of
their TLE production phase. Hourly TLE rates ranged from 1 to 168. By far the two highest hourly TLE rates were
associated with storms ingesting smoke from Mexican wildfires. The areal coverage of base reflectivity (generally
>15 dBZ) during the hour of peak TLE activity ranged from 10,200 km? to 140,000 km?, with a mean of about
50,000 km?2. Only isolated instances of TLEs have been noted from storms with <10,000 km? radar area. Above a
threshold value of around 7,500 km? for sprite production, the peak number of hourly TLEs is modestly correlated
with echo size (Figure 5). Using data from the 1998 storms, a curve can was fit (dashed line) showing this
relationship. However, the two high TLE rate outliers (associated with smoke-ingesting storms) may represent a
different regime of TLE-echo size relationship. During 1998, the correlation between the peak hourly TLE rate and
radar echo cover has an R? value of 0.60. The peak TLE rate was uncorrelated to the total CG flashing rate (R2 =
0.12), but showed a stronger linkage to the percentage of CG flashes with positive polarity (R? = 0.39) and the total
number of +CGs (R? = 0.52). The 1998 storms producing TLEs had average -CG peak currents of 21 kA and +CG
peak currents of 40 kA, the latter being somewhat higher than the annual U.S. mean of 27 kA. The percent positive
rates during the peak TLE hour for 1998 storms ranged form 6% to 89% with a mean of 30% during the hour of
peak TLE. However, in this sample the 8 potentially smoke influenced storms averaged 63% positive polarity,
versus 3% for the other storms.

Detailed analyses were conducted for six storms in which all TLEs were precisely time-tagged and correlated to
their parent +CG lightning (Lyons 1996). The storms includes smaller MCS systems, two large MCCs and a squall
line. A total of 370 TLEs were detected. During the TLE producing intervals, the NLDN recorded 67,212 -CGs and
7,242 +CGs. Thus the percent positive for active TLE producing storms (9.7%) is only marginally higher than for
most (non-smoke influenced) summer convective systems in the central U.S. The rate of TLEs (roughly 90% of
which are sprites) is approximately 1 event for every 200 CGs reported by the NLDN for active storms. One of
every 20 +CGs produced a sprite. Sprites typically are associated with +CGs with somewhat higher (order 50%)
peak currents than others in the storm. We do note several apparent sub-10 kA +CGs triggering sprites (assuming
the correct attribution was made between the sprite and parent +CG). Elves are associated with the largest peak
current CGs (mostly +CGs but a few ~CG have been recently documented). What is clear is the percentage of +CGs
producing TLEs rises monotonically with peak current (Figure 6). Only 2.5% of +CGs with peak currents <49 kA
produced observable TLEs. By contrast 32% of +CGs >75 kA and 52% >100 kA had TLEs, approaching 100%
above 200 kA. If this sample is representative, then Figure 2 may represent a density map of TLEs (with the contour
values divided by 3).

On a global scale, we note that the regions over which TLEs have been documented from ground observatories,
aircraft and the Space Shuttle very roughly correspond to the regions of high lightning frequency. Figure 7 includes
recent reports of sprites above Hurricane Georges (R. Hood, G. Heymsfield, personal communication) and over the
Sea of Japan snow squalls long known for producing extremely powerful +CG events (Y. Takahashi, personal
communication). It is unlikely, however, given the regional variability of characteristic storm type and size and
frequency of +CG flashes, that a TLE density map would correspond closely to the total lightning density maps
generated from orbiting sensors (the OTD and TRMM missions). Storm types similar to TLE-bearing U.S. High
Plains systems are found in limited regions, including the South American pampas, southern Africa, the Indian
subcontinent, and Australia. (Tropical cyclones and winter storms represent special cases). Many tropical convective
systems are not necessarily TLE producers even given very high lightning rates, due to characteristically smaller
areal coverage and lower numbers of +CGs than mid-latitude MCSs. However, the recent linkage between regional
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biomass smoke plumes and increased +CG percentages and peak currents compounds the difficulty in ascertaining
global TLE distributions and frequency. Since massive biomass smoke palls are occurring with increasing frequency
in tropical regions where deep convection is most common, it is conceivable that TLEs could episodically become
very widespread throughout tropcial regions. Global-scale ELF transient monitoring may help reduce some of the
uncertainties involved in developing a worldwide TLE climatology (Huang et al. 1999).

ACKNOWLDGEMENTS: This work was partially supported by the U.S. Department of Energy and NASA, Office
of Space Science, in conjunction with the University of Houston (Gar Bering).

REFERENCES

Amstrong, R.A.,, J.A. Shorter, M.J. Taylor, D.M. Suszcynsky, W.A. Lyons, and L.S. Jeong, Photometric
measurements in the SPRITES'95 & '96 campaigns: Nitrogen second positive and first negative emission, J.
Atmos. Terr. Phys., 60, 787--799, 1998.

Boccippio, D. J, E.R. Williams, S.J. Heckman, W.A. Lyons, I.T. Baker and R. Boldi, Sprites, ELF transients, and
positive ground strokes, Science, 269, 1088--1091, 1995.

Huang, E., E. Williams, R. Boldi, S. Heckman, W.A. Lyons, M. Taylor, T. E. Nelson and C. Wong, Criteria for
sprites and elves based on Schumann resonance observations. J. Geophys. Res. (in press).

Lyons, W.A., Characteristics of luminous structures in the stratosphere above thunderstorms as imaged by low-light
video, Geophys. Res. Lett. 21, 875--878, 1994,

Lyons, W.A., Sprite observations above the U.S. High Plains in relation to their parent thunderstorm systems, J.
Geophys. Res., 101 (D23), 29641-- 29652, 1996.

Lyons, W.A., T.E. Nelson, E.R. Williams, J.A. Cramer and T.T. Turner, Enhanced positive cloud-to-ground
lightning in thunderstorms ingesting smoke from fires, Science, 282, 77—80, 1998.

Lyons, W.A., M. Uliasz and T.E. Nelson, Large peak current cloud-to-ground lightning flashes during the summer
months in the contiguous United States, Monthly Weather Rev., 126, 2217--2233, 1998.

Suszcynsky, D.M., R.A. Roussel-Dupré, W.A. Lyons, R.A. Armstrong, Blue light imagery and photometry of
sprites, J. Atmos. Terr. Phys., 60, 801-809,1998.

M
554
d

-

X
&

{3

.--
3K
osete!

Yol

¥,
>
&

b

S

*

T mnag !
L.

CENTROIDS OF TLE
NERATING STORMS
% 1996 1997 1988

Figure 1. Locations of storms producing TLEs observed optically from the Yucca Ridge Field Station during the
SPRITES’96, *97 and ‘98 campaigns. Figure 2. Density of +CG flashes with peak currents >75 kA, summed over
14 summer months, in flashe/ km2 (Lyons, Uliasz and Nelson, 1998).
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PARAMETERIZATION OF SPRITES AND THEIR PARENT DISCHARGES

M. Stanley, P. Krehbiel, M. Brook, W. Rison, C. B. Moore, and R. Thomas
New Mexico Institute of Mining and Technology, Socorro, New Mexico, U.S.A.

ABSTRACT: Analysis of a close sprite-producing positive CG indicated that it had a total charge
moment change of 460-740 C-ki. Analysis of high speed video observations have determined that
the initiation altitude of sprites is within the altitude range of 70-85 km with a mean of =75 km.
These results are consistent with a conventional breakdown mechanism for sprite initiation. Once
initiated, corona streamer characteristics are clearly visible in developing sprites.

INTRODUCTION

In spite of measurements of current moments at ELF frequencies [Cummer and Inan, 1997],
very little is known about the parent positive cloud-to-ground (CG) discharges which are responsible
for most sprites. Basic CG parameters such as the height, horizontal extent, rate, and quantity of
charge transported to ground should be determined in order to accurately address the various sprite
theories. There is also a critical lack of knowledge of the initiation altitude, sequence, speed, and
nature of sprite development. This paper will highlight measurements of various sprite parameters
and will briefly discuss the implications for a conventional corona streamer breakdown mechanism.

INSTRUMENTATION

In mid-May through mid-July of 1997, the NMT high-time resolution Interferometer system
was operated from the Kennedy Space Center (KSC). The New Mexico Tech (NMT) Interferometer
acquired 2D radio-frequency interferometry and electric field data simultaneous with 3D lightning
maps obtained by KSC’s Lightning Detection and Ranging (LDAR) system. Sprite-producing
positive CG discharges (some within 100 km range) were observed by both systems on several
nights.

During early October of 1997, a light-intensified high speed video camera system was operated
from Langmuir Laboratory, NM, to observe sprite phenomena. The high speed camera was operated
at frame rates of 1000, 2000, 3000, and 4000 s~'. Image sequences of 42 sprite clusters and several
elves were captured with the camera system.

PARENT DISCHARGE OBSERVATIONS

Figure 1 shows a sprite-producing lightning discharge (1:42:57 UT, June 22nd, 1997) overlaid
onto NEXRAD reflectivity contours at an altitude of 5-8 km MSL. The 20 dbZ region of the anvil is
about 50 km on a side with an estimated area of 2500 km?. Almost all of the discharge is confined
within the 20 dbZ region, but is significantly smaller with an approximate total arca of 1600 km?.

The discharge began as a bi-level intracloud within a main thunderstorm cell. The upper
portion of the discharge propagated up through the cell and then out through the anvil. Figure 2
shows that the upper portion of the discharge dropped several kilometers in altitude as it propagated
into the anvil. A positive CG was produced about 400 ms into the discharge and is evident as an
upward step in the electric field change data. The descent of the positive leader to ground is not
visible in the LDAR data.

A sprite was observed in the same video frame as that of the positive CG. The total electric
field change of the sprite-producing positive CG return stroke and continuing current was about
25 V/m and had a total duration of just under 20 ms with about half of the field change amplitude
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Figure 1: A sprite-producing discharge is overlaid onto NEXRAD reflectivity contours through the
upper portion of the storm. The discharge is almost entirely confined within the 20 dBZ reflectivity
contour.

being reached in the initial millisecond. The total field change can be used to estimate the total
charge moment for the parent discharge by approximating the positive CG to a dipole:

_2AQ7Z

AFE =
4me,r3

where AF is the electric field change, AQ Z is the charge moment change, €, is the permittivity
of free space, and r is the radial distance to the dipole. Ionospheric image charges are ignored in
this calculation since their contribution would be less than that due to the range uncertainty. The
estimated mean radial distance to the charge source for the positive CG (and hence to the dipole)
is 75£6 km. Thus, the total charge moment for the CG was 460-740 C-km. If the charge was
lowered from an altitude of =7.5 km, as indicated by the concentration of points at that altitude
iu Figure 2, then the CG lowered 60-100 C of charge to ground.
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Figure 2: The time development of the 1:42:57 UT lightning discharge is shown with respect to
discharge altitude (top) and electric field at the KSC observation site (bottom). The upward vertical
step in electric field at 57.17 seconds was produced by a sprite-producing positive CG.
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SPRITE OBSERVATIONS

Figure 3 shows a normal speed video image of a sprite cluster (8:43:57 UT, October 3rd, 1997)
along with the first high speed video frame for the same region. The column visible in the first high
speed video frame was at an altitude of 67-77 km and corresponded with the initial development of
the carrot sprite visible in the normal speed image. The height estimate is based on the range to the
associated positive CG determined by National Lightning Detection Network (NLDN) stroke-level
data. The column extended primarily downwards in the second frame (not shown) and branched
downwards into tendrils in the same frame. The tendrils had insignificant persistence between the
2nd and 3rd frames indicating that electrons were rapidly recombining in the region behind the
downward propagating tips. This is consistent with the predictions of Pasko et al. [1998] who
predicted that “corona streamers”, characterized by very short persistence, are present in sprites.
The tendrils were followed by upward developing structures (UDSs) which branched outwards from
the main column to form the carrot shape of the sprite.

Normal Speed High Speed, lst frame

60 5

Height [km]

50

Figure 3: The image on the left was obtained at 60 fields/second while that on the right was
obtained at 1000 frames/second for the same region of the sprite cluster. Both images correspond
with the first one in which sprite luminosity was visible from the cluster. The carrot sprite was
initiated before the columniform sprites and the carrot began as a noncontinuous column. Note
that the “vertex” of the carrot sprite is below the initiation altitude region indicated in the high
speed video image.

All of the sprites observed by the high speed video system started out with a columnar form
(usually noncontinuous) within the first several hundred microseconds. This column appeared to
extend both upwards and downwards in many cases and primarily downwards in a few others. The
downward propagating portion of the column could split into 2 or more tendrils which continued
to propagate downwards. The tendrils had velocities of about 0.01-0.1 ¢, where ¢ is the speed of
light. Based on the altitude extent of the initial column and possible bidirectional development, the
initiation altitude for the sprites analyzed in this study was above =70 km with a mean altitude of
~75 km.

UDSs were visible on all carrot sprites and occasionally on what was otherwise a columniform
sprite. They often could be seen originating from altitudes below that of sprite initiation. These
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structures propagated with velocities of 0.05-0.2 ¢ and were followed by a short and often insignifi-
cant persistence within the upper portion of sprites. This suggests that they have corona streamer
characteristics within that region. However, they could be followed by significant persistence at
lower altitudes within the head region of carrot sprites. It is this persistence which is in large part
responsible for the brightness of the head of carrot sprites.

DISCUSSION

Analysis of high speed video indicates that sprites are initiated at altitudes of 70-85 km.
Fernsler and Rowland [1996] calculated that a minimum charge moment change of 300 C-km would
be needed for conventional breakdown to occur at 80 km altitude. This threshold is less than the
observed charge moment change of the sprite-producing positive CG analyzed in this paper. Thus,
the analyzed discharge should be capable of initiating a conventional brecakdown process at altitudes
where initial sprite development is observed. The corona streamer behavior visible in both tendrils
and UDSs provides further evidence for a conventional breakdown mechanism.

Though the corona streamer nature agrees with predictions of Pasko et al. [1998], the veloci-
ties are significantly higher than theorctical predictions. Additional theorctical work is needed to
acddress this discrepancy.
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ABSTRACT: Observations of transient luminous events (TLEs) above mesoscale convective systems
(MCSs) have been a topic of much research in the last several years. Early VLF and photometric data on
these events suggested the presence of substantial ionization associated with their initiation. Recent time-
resolved multi-color photometric data obtained on one class of TLEs called sprites, has confirmed an
impulsive ionization at the sprite initiation. Although more data is required to quantify the ionization
levels and initiation mechanisms, analysis of this data suggests that for some events, ionization rates are
sufficient to achieve electron densities approaching 10° cm™ at ~65 km. Data has also been obtained
which suggests that some events exhibit little, if any, ionization, indicating that more than one operative
mechanism is responsible for the phenomena. We present the recent data along with the analysis
supporting the level of ionization. Plans for future measurements to quantify the spatial behavior of the
ionization are also presented.

INTRODUCTION AND BACKGROUND:

Although there have been many measurements of the signatures of electrodynamic events above
thunderstorms (e.g., Lyons, 1996), there remains significant controversy concerning the level and
persistence of ionization in these events. Mende, et al (1995) and Hampton, et al (1996) obtained the first
spectral evidence that the red emission in sprites originates from electron impact excitation of the nitrogen
first positive system. The “ambient” electron densities across the altitude region in which sprites occur
are insufficient to excite this emission to the intensities observed, thus requiring some ionization
mechanism. The first indication of ionization in sprites was obtained by Dowden, et al, using VLF
measurements (Dowden, ct al, 1995). In the SPRITES’95 campaign, we obtained the first photometric
evidence of 427.8 nm emission from the N," first negative system, indicating an impulsive ionization in
sprites. In SPRITES’96, in a more comprehensive experiment, we obtained a combination of blue
imagery and blue photometry which again indicated significant ionization in sprites (Armstrong et al,
1998, Suszcynsky et al, 1998). However, the time resolution of these measurements was insufficient to
fully characterize the blue emissions, and the bandpass of the optical filters precluded the unique
assignment of the signature to nitrogen first negative emission because of the close spectral proximity of
nitrogen second positive emission. In SPRITES'98, we obtained new multi-color photometry data
simultaneously with blue, red and high-resolution broad-band video imagery of sprite events which
confirms the presence of the nitrogen first negative radiative emission. indicating significant ionization in
these events (Armstrong, et al, 1998). The associated imagery shows that the ionization is confined to
well-defined channels which contain "hot-spots"” of relatively high energy.

The primary objective of this investigation is to obtain simultaneous measurements of the
emission time-histories of the “blue” 399.8 nm emission (nitrogen second positive). “blue™ 427.8 nm and
470.9 nm emission (nitrogen first negative) and the broad-band “red™ emission (nitrogen first positive).
The time-evolution of the nitrogen first negative emission (391.4 nm, 427.8 nm, 470.9 nm) is a well-
characterized (based on numerous auroral studies) trace of the ionization rate resulting from energy
deposition into the atmosphere. The ratio of this emission to the emission from the second positive (399.8
nm) is a measure of the energy of the excitation process. The simultaneous trace of the red nitrogen first
positive emission yields information on the persistence of the ionization and energy profile.

Analysis of the new results indicates that more than one mechanism can cause sprites and that the
ionization level is variable among them, which partly explains the current controversy. The time-resolved
emissions from the nitrogen first-positive, second positive and first negative systems suggest different
time histories for their emissions. This is suggestive of at least three characteristic energy regimes. We
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also find that the relative time histories are not unique from event-to-event but generally fall into two (or
perhaps three) categories. The time histories can be interpreted to yield estimates of both the ionization
level and the energy accommodation. We present the systematic analysis of the time-histories of the
photometric emission behavior of the sprite events, correlate them with the corresponding imagery and
discuss implications for the chemical and electrodynamic modeling of the phenomena.

INSTRUMENTATION:

The instrumentation used in this investigation consists primarily of an array of co-aligned
photometers covering: (1) 399 nm +/- 5 nm with a 6° FOV, (2) 430 nm +/- 5 nm with both a 4° and 6°
FOV, (3) 472 nm +/- 5 nm with at 6° FOV and (4) 580 nm to 900 nm with a 4° FOV. A supplemental
photometer with a 10° FOV operating wide-band was used to correlate the time-base for the different data
acquisition cards. A broadband photodiode detector with a ~20° FOV was used to obtain the time history
of the light emission from the parent lightning stroke. In addition, a VLF receiver was employed to detect
the parent lightning signature. Data was sampled at 20, 40 and 100 kHz and GPS time-stamped to within
1 microsecond by the data acquisition system.

Video images of the events were obtained with intensified Xybion video cameras (Model ISS-
255), three with 12° FOV, one with a zoom lens to isolate individual regions, and one with a very wide
~50° FOV to act as a patrol camera. Three of the cameras were operated in the “white-light” mode with a
spectral response in the 400 nm to 900 nm range. One camera was operated in the “red-light” mode, with
an effective passband of 600 nm to 900 nm, and one was operated in the “blue-light” mode with an
effective passband of 350 nm to 475 nm. Individual fields (~16.5 mS) were obtainable to maximize video
time-resolution. The video was GPS time-stamped to an accuracy of 1 uS at the video field break.

OBSERVATIONS AND RESULTS:

A review of the photometry data obtained up to the SPRITES’97 campaign appears in Armstrong,
et al (1998) and Suszcynsky et al (1998). Although there is a significant amount of data, this presentation
concentrates on a case study event which occurred on 09August98 (day 221) at 06:12:47.749. This event
exemplifies the energetics found for many sprites and is the first obtained with simultaneous 399.8 nm,
427.8 nm 470.9 nm and broad-band red emission signals. This event was observed from the Yucca Ridge
Field Station, Fort Collins CO, (40.667°N, 104.94°W). The parent lightning stroke for this event (from
NLDN) was 43 kA at 40.057°N, 103.402°W.

The image sequence for this event is shown in Figure 1. There is a likely connected “first stroke”
giving rise to the first two, rather dim, C-sprites in the first field. The second field shows the initiation of
five C-sprites in a cluster, associated with the main (second) parent stroke, which blossom into a highly
structured sprite cluster by the next field. The luminosity of the event persists for at least two fields (~33
mS). The third field shown in figure 1 has a time-offset (different camera) overlapping fields two and
four. This field image shows the approximate FOV of the bore-sighted 6° FOV photometers.

In figure 2, the photometric traces are shown. The first thing to note in figure 2(a) is that the
sprite event is easily differentiated from the forward scatter of the parent lightning. Since the lightning is
approximately a continuum in this spectral region (Orville and Henderson, 1984), the relative signals are
normalized to the scattered lightning signal for analysis. In figure 2(b) the reduced data is shown for the
actual (relative) line intensities of interest. The 399 nm filter, although dominated by the N, 2P(1,4)
transition at 399.8 nm, has some minor contributions from other N, 2P lines. The 430 nm filter, while
dominated by the 427.8 nm N;" IN(0,1) line when the electron energy is >10 eV, has contributions from
the N, 2P(0,4 & 1,5) transitions. In fact, when the electron energy decreases to ~1 eV, the N, 2P(0,4 &
1,5) transitions totally dominate the signal in the 430 nm filter, a point that is critical to the time-resolved
data analysis. The 472 nm filter, when ionization is present, is completely dominated by the 470.9 N,
IN(0,2) line. As the electron energy drops and ionization ceases, the signal from this filter is dominated
by the N2 2P(0,5) transition, again a point critical to the time-resolved data analysis. The time evolution
of the energy of the ionization process is the source of the differential photometric signal waveforms.
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Figure 1. Sequential video images of the case study event occurring on 09August99, Yucca Ridge Field Station.
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Figure 2. Time trace of the photometer signals (a) lightning-normalized and (b) data-analysis-derived relative
intensities of the 399.8 nm, 427.8 nm and 470.9 nm line emissions.

There are two main features to note in figure 2(a). First, the signals from the forward scatter of
the lightning exhibit nearly identical waveforms for the three primary photometers — this is important for
the analysis. Second, there are at least three energy regimes suggested by the relative time traces: (1) an
early high-energy process where all signals rise nearly simultaneously; (2) a “sustaining” energy process
of about 1 eV where the N, 2P emission continues but the N,” IN emission ceases; (3) a longer lasting
low energy process where the N, 1P (red) emission persists but the N, 2P (blue) emission ceases.

In figure 2(b), the relative intensities of the individual lines as derived from the data analysis are
shown. It is clear, from both figure 2(a) and 2(b) that the 470.9 nm line of the N," IN(0,2) transition is
present. It is also important to note that the FWHM of the 470.9 nm signal is ~140 uS, indicating the
time duration of the ionization impulse. Since the 470.9 nm line and the 427.8 nm line originate from the
same energy level, the 427.8 nm emission line must be present in the ratio of the products of the Franck-
Condon factors, the atmospheric transmissions, the filter transmissions and the normalization/calibration
factors. This is shown in figure 2(b) as the “427.8 model” result. However, the data-derived 427.8 signal
appears to be severely truncated. The reason for this is that upon inspection of the 430 nm filter trace in
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figure 2(a), one notes a noise-induced break in the signal at the critical time of ionization (~36.3 mS).
This gives rise to the “bite-out” in the 427.8 nm data in figure 2(b).

The results of this case study can be used to derive an estimate of both the electron number
density and the energy deposition rate. The ion pair production rate is given by

Ratep = Intensity (kR) + effective path + “geometric fill factor” + ion-pair production efficiency

We know from prior investigations (Armstrong, 1998) that the total 430 nm filter signal intensity is
typically 20 kR. Analysis of the data in figures 2(a) and 2(b) show that the actual 427.8 nm line is ~30%
of the filter band emission during the sprite initiation, or about 6 kR. The ion-pair production efficiency
is 0.07 for the 391.4 nm line (Borst and Zipf, 1970). The intensity ratio 391.4nm/427.8nm ~3. Thus the
“equivalent™ 391.4 nm intensity is ~18 kR. The effective path for this case, derived from detailed
analysis of the image in figure 1, is ~3 km. The geometric fill factor, which accounts for the product of
the fraction of the sprite optical path length that is actually emitting (~10%) and the fraction of the
photometer FOV filled (~10%), is ~0.01. The ion pair production efficiency (391.4 nm) is 0.07. Thus the
ion-pair production rate is ~9x10” s cm™. Given this ionization rate, the energy deposition rate is
estimated to be ~ 3x10° eV ¢m™ 5. The FWHM for the ionization pulse (figure 2(b)) is 140 uS. Thus
the ion-pair (electron) production is =1x10* cm™. Dowden (1995) estimates an electron density of 1-
4x10" cm™ using VLF backscatter techniques, in good agreement with our results. An electron density of
this order at approximately 1 eV energy (“average” energy - Green, et al, 1996) also yields several
hundred kR of nitrogen first positive emission, consistent with the results of Hampton, et al (1996).

CONCLUSIONS:

Using time-resolved filter photometer techniques, the ion-pair production in sprites can be derived. The
results so obtained are consistent with independent VLF techniques. The implications of our findings are
important in understanding the transient ionization and conductivity in the middle atmosphere above large
thunderstorms and their importance in the global circuit.
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EM radiation associated with sprites?
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Abstract The mesosphericoptical flashes(sprites) are associated mostly with large positive
cloud-to-ground discharges (+CG). In addition, transient events in ELI" range are observed
often in association with sprites. Several theoretical studies including the numerical compu-
tations have been performed to explain the optical emission, but the EM(electro-magnetic)
radiation during the sprites emission has not been studied intensively.

In this paper we try to derive the generation mechanism of the EM radiation during the
process of the sprites in VLF/ELF range using numerical computations simulating the sprite
triggering discharges. As a result, considerably large amplitude of the EM fields from the
triggering discharge is obtained particularly in the ELT range, which is possibly connected
with the source of the ELF transient observed for distances away from the sprites.

Introduction Recent observation of sprites have shown that there are still many unex-
plained phenomena occurring between the top of a thundercloud and the ionosphere. These
phenomena have renewed the interest of scientists in electrical phenomena between the top
of a thundercloud and the ionosphere.

According to observations, "sprites” mainly occur in the altitude range of 50~90km, have
lateral dimensions of 20~59km, and are associated with positive cloud-to-ground(CGQG) stroke.
The emission spectrum indicates that the N; first positive band dominates the emission
spectrum. Based on a video frame analysis, the duration of a sprite is approximately 3
m-sec.

Several theories have been proposed to explain the mechanism of sprites occurrence.
Pasko et al. explained sprites produced by quasi-electrostatic (QE) thundercloud fields. The
emission intensities were shown to have peaks at altitudes between 70 and 80 km. Rowland et
al. showed that electromagnetic pulses (EMP) driven by lightning can caused the breakdown
of the neutral atmosphere in the lower D-region.

The purpose of this paper is to study the relation between a positive CG, flash, a ELF
transient by means of computer simulations.

Model Formula For simulation, we employ an axisymmetrical two-dimensional cylindrical
coordinate system. We take the z axis in the vertical direction and the r axis in the horizontal
direction. The computational domain is divided into grid size of Ar = Az = 2800m. For
the ES code, before the discharge, we use the following equation;

dp Ipy

po
_9r , P . bl 1
0 0t+e+vaE+6t (1)

96



For the EM code, after the discharge, we use the following equation;

oH

VxE = —pu——k 9

X, T (2)
E

VxH = eaa—t+aE+Js (3)

where J; is the lightning stroke current,and p; is the thundercloud charge. In addition to
these equations, we need the electric conductivity o. The electric conductivity is modeled
by the following equation;

0 = queNe + o (4)

where the first term on the right corresponds to the conductivity due to electrons and second
term due to ions. Tonic conductivity is a function of height only, but electron density N, and
electron mobility p. are depending on the value of electric field at each grid point.

Results We show the spatial variation of conductivity and number of electron density
after the discharge in Fig.l. We can see a small enhancement at the lower ionosphere in each
figure. This enhancement in conductivity is associated with sprites and supports the sprite
current transfer to the ionosphere.
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Figure 1: Spatial variation of conductivity and number of electron density after the discharge.

The EM radiation resulted from this current is possibly expected, and the actual ob-
servation has suggested the presence of EM radiation associated with sprites. We show
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the temporal variation of the vertical electric field at a distance of 500 km from the source
lightning in Fig.2.
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Figure 2: Temporal variation of vertical electric field at 500km

Summary and Discussion Recent experimental findings have elucidated the spatial
structure of sprite and temporal variation of radiation field, but modeling of these structures
and sprite ELF radiation is not computationally possible at present. In this paper, we show
an enhancement area of conductivity and sprite ELF radiation. If the charge distribution is
nonuniform, three dimensional simulations are necessary.
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ABSTRACT: To study the propagation characteristics of return strokes and M-components, a Fourier Transform
analysis has been performed on the light signals of two return strokes and two M-components recorded using a high
speed digital imaging system from flashes triggered at Camp Blanding, Florida in the summer of 1997. For the two
return strokes, the light signals from the higher channel sections exhibit larger phase differences relative to the signal
from the channel bottom over all frequencies investigated, from below ! kHz to more than 500 kHz. This
observation suggests that all frequency waves are moving upward. The waves of different frequencies propagate at
different phase velocities with higher frequency waves usually having larger phase velocities. No apparent relation
has been noted between the phase velocities and the channel heights although the signals from different heights
indeed show different phase velocities. The group velocities show a tendency to decrease at the higher channel
sections. For the two M-components, one shows an upward propagation above 38 m, but a seemingly downward
propagation at the channel bottom. The other, with a better spatial resolution. shows much more complicated phase
differences at the channel bottom, so that we can not determine even the direction of its propagation.

INTRODUCTION

The lightning channel is often modeled as a lossy transmission line. To characterize such a line, phase velocity
and group velocity are commonly used. Some inferences on these two velocities for retumn strokes are made by
Rakov (1998). This paper presents the optical measurements regarding these two velocities for both return strokes
and M-components.

RESULTS

The optical data presented in this paper were acquired using the digital imaging system ALPS (Automatic
Lightning Progressing Feature Observation System) described by Wang et al. (1999a). Two return strokes and two
M-components recorded from the flashes triggered in the summer of 1997 at Camp Blanding, Florida are suitable for
the present study. The recording time resolution was 100 ns for the return strokes, and 2 ps for the M-components.

Figure la shows the light signals as a function of time at various heights for the return stroke triggered on
August 2, at 21:17:15 UTC. From an expansion of this figure (not shown here), the return stroke shows an
appreciable increase in rise time and a decrease in peak value when propagating from ground upward to a height of
some hundred meters. A Fourier Transform analysis has been performed on the light signals in Figure 1a and the
results are shown in Figures 1b to le. Figure 1b shows the phase differences of the signals at various heights relative
to the signal at the bottom as a function of frequency. For all frequencies, from less than | kHz to more than 500
kHz, the higher the channel sections, the larger the phase differences, indicating that all frequency waves are moving
upward, as expected for retum strokes. Figure 1c shows the phase velocities as a function of frequency at different
heights. As evident in this figure, higher frequency waves usually propagate with larger phase velocities, supporting
the frequency dependency of the phase velocities inferred by Rakov (1998). Such frequency dependency of the phase
velocities should produce a decrease in rise time at higher channel sections in the case when no amplitude
attenuation is involved, being contrary to the increase in rise time observed for the return stroke. Figure 1d shows the
frequency dependency of the amplitude ratios of the light waves at different heights relative to the light wave at the
channel bottom. Higher frequency waves usually suffer stronger attenuation, which would yield an increase in rise
time as seen in the light signals of return strokes. Thus we conclude that the degradation of the light signals of the
return stroke with the increase of height is primarily caused by attenuation (Figure 1d) rather than dispersion (Figure
1c). Figure le presents plots of phase constant ( B ) versus angular frequency (w= 2 n f) for four different channel
heights. Although we could estimate the group velocity (dw/ d B ) for each narrow range of frequencies from these
plots, since the phase constant and the angular frequency has a roughly linear relation in a wide range of frequency, a
group velocity (A w/A B ) for a relative wide range of frequencies, as defined by Kawasaki et al. (1987), is used,
and its magnitude is determined by the slope of each best-fitting line with respect to the vertical axis shown in
Figure le. The group velocities at higher channel sections tend to be lower with values around 1x 10° m/s, similar to
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Figure | The results of a retum stroke triggered on August 2. at 21:17:15 UTC, a) the light signals as a function of
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the velocity determined in the time domain by using the onset of the fast rising portion of the retumn stroke waves
(Wang et al., 1999b). The other retum stroke analyzed exhibits results similar to those shown in Figure 1 and they
are not presented here due to lack of space.

Figure 2a shows the light signals as a function of time at various heights for an M-component in a lightning
flash triggered on August 2, at 21:20:19 UTC. As opposed to the return stroke light signals shown in Figure la, the
M-component light signals do not show any appreciable variation either in rise time or in peak value with height.
Since the phase of the signal from the height of about 38 m is found to be the most advanced, its phase is chosen as
reference for comparison. Figure 2b presents the phase differences of the signals at various heights relative to the
signal at 38 m as a function of frequency for the M-component. For all frequencies from 4 kHz to nearly 40 kHz,
except at the very bottom (less than 38 m) the higher the channel section, the larger the phase difference. This
indicates that except for the very bottom of the channel, all frequency waves of the M-component propagate upward
like a return stroke. Figure 2c shows the phase velocities as a function of frequency. As seen in this figure, the phase
velocities at lower heights are very scattered and show larger values than those at higher channel sections. Unlike the
return stroke shown in Figure 1, the phase velocities of the M-component do not exhibit much variation with
frequency. Figure 2d shows the frequency dependency of the amplitude ratios of the light waves at different heights
to the signal at 38 m. M-component waves do not suffer any attenuation while propagating several hundreds of
meters along the channel. Figure 2e shows the group velocities (as explained in the discussion of Figure le) of the
M-component at different heights. The group velocities tend to be smaller at higher channel sections.

As seen in Figure 2b, the phase at 38 m is advanced relative to that at 13 m, suggesting a downward propagation
near the bottom of the M-component, if unidirectional propagation is really involved. This may be very important to
understand the mechanism of M-components. As a matter of fact, data for the second M-component (not shown
here) with a much better spatial resolution than the data shown in Figure 2 allow a more detailed study about the
propagation of M-components near the channel bottom. For that M-component the phase difference at the channel
bottom changes its polarity several times with an increase of height, implying the presence of multiple waves.

Lastly we should point out that the above analysis was based on an implicit assumption that all the light signals
are produced by a single unidirectional traveling wave. For return strokes, the light signals shown in Figure la
actually involve two waves, a downward leader wave and an upward return stroke wave. We did not separate these
two waves in our analysis because the leader signal is much smaller than that of the return stroke and thus is
negligible in its effect. The signals shown in Figure 2a for the M-component may also be composed of two waves,
one traveling upward and one traveling downward, as inferred by Rakov et al. (1995) from correlated close electric
field and channel-base current data. We could not separate these two waves in our analysis. However, we still
obtained regular variation of phase differences with height for one event as shown in Figure 2b. This observation
probably suggests that even if two waves are involved in an M-component, the upward wave can be dominant. At
the channel bottom, the complicated phase difference profile as described above suggests that contributions from the
upward wave and downward wave are comparable. From high-speed photographic records, both upward-propagating
and downward-propagating M-components have been observed. These observations are interpreted, based on the
two-wave M-component mechanism, by Rakov et al.(1995).
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ABSTRACT: In this paper, we present some general features of natural ground lightning discharges in
Chinese inland plateau by using the data from 5-station slow antenna system synchronized by GPS with 1
us time resolution. The result shown that the aititude of the neutralized negative charge is between 2.7 ~
5.4 km above the ground, while that of neutralized positive charge is at about 2.0 km above ground. The
K-changes were initiated from negative charge region in the middle part of the cloud and propagated
downward to the positive charge region at the bottom of the cloud with an average speed of 1.5 X 10’
m/s.

INTRODUCTION

The unusual characteristics of Chinese inland plateau thunderstorms have been wildly noticed in
China Since 1980 s. This result was based originally upon observations made with field mill by noting
the change of the field when the thunderstorm was overhead. It was deduced that a positive charge region
comparable in amount to the upper positive charge region is wildly distributed in the base of northwestern

thundercloud. In 1989, Liu et al. [1989] found, using the recordings of E and AE measured by field mills,
that most of intracloud discharges often took place between the main negative charge region and the
lower positive charge region instead of upper positive charge region. To better understand the charge
structure of thunderstorms and the discharge features in Chinese inland plateau, scientists from China and
Japan conducted jointly a multi-station simultaneous observation on natural lightning in the summer of
1996 in Zhongchuan (Log. 103° 36" E, Lat. 36° 36’ N), Lanzhou which is located in the verge of
Qinghai-Xizang Plateau. Here we present some main results of this experiment.

EXPERIMENT AND ANALYZING METHOD

The altitude of experimental site was about 2 km high above see level. Five stations were set up
during the experiment, and covered an area of 10X 10 km® The data we used here were mainly from slow
antenna system with a time constant of about 5s and a bandwidth of 0.2 Hz to 2 MHz. The signals of slow
antenna were digitized at a sampling frequency of 1 MHz, with an amplitude resolution of 12 bits. The
signals from different stations were synchronized by GPSs with 1 microsecond time resolution.

A nonlinear least-square fitting method as described by Krehbiel et al.[1979] and Krider [1989] has
been employed to calculate the location of charge center for individual strokes of discharges to the ground.

DATA AND RESULTS

The flashes were produced by a storm on August 12, 1996. 29 cloud-to-ground lightning flashes
were produced by the storm during 1 hour and 17 minutes including 9 positive and 20 negative flashes.
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To be analyzed here are flash 11, flash 12, flash 13 and flash 22 including three negative and one positive
discharges.

Figure 1 shows an example of electric field change caused by a negative ground flash. The
magnitude of the total field change ranged from 68.4 V/m at A station to 230.7 V/m at D station. The
flash was consisted of three individual strokes to the ground labeled R1, R2 and R3. The positive electric
field changes before the first return stroke (R1) was produced by a long-duration intracloud discharge
process which lasted about 200 ms. 21 out of 29 cloud-to-ground flashes followed this kind of long-
duration intracloud discharge process which usually lasted for 120 ms - 300 ms with a typical value of
189.7 ms.

Figure 2 shows an example of electric field change caused by a positive ground flash. It also
followed a long-duration intracloud discharge which lasted for about 210 ms. A continuing current
process which lasted more than 300 ms occurred after the return stroke.
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Fig. 1 Electric field change caused by a Fig. 2 Electric field change caused by a
negative ground flash. positive ground flash.

LIGHTNING CHARGE LOCATIONS AND MAGNITUDES

Table 1 is a list of the x, y, z and Q values of 4 ground strokes. The magnitude of charge lowered
to ground by discrete negative strokes ranged from a maximum of 5.44C to a minimum of 2.74C. The
total charge lowered by one negative flash was no more than 11.0C. The centers of the negative charge
neutralized by discrete strokes were located between 2.74 km to 5.41 km above the ground corresponding
an environmental clear air temperature between -2 and -15°C.

The center of charge neutralized by the positive flash was 1.73 km above the ground corresponding
an environmental clear air temperature of +5°C. ‘+¢’ in Table 1 associated with the post-stroke
continuing current event. Since the continuing current flowed to the ground following the return stroke
channel, it can also be fitted with a point charge model. The electric charge lowered to the ground by
positive stroke was 41.67 C which is much greater than that lowered by negative one. The electric charge
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transported by continuing current in 300 ms was 26.46 C, corresponding to an average current of 88.2 A.

TABLE 1 Locations and magnitudes of charges neutralized by return stroke
Flash  Stroke X(km) Y (km) z(km) QO XZ

number

Negative Flash

R1 -23.39+0.01 0.62+0.07 2.74+0.01 3.83£0.01 0.05
12 R2 -21.7240.01 2.02+0.02 3.5110.01 '3.1120.01 0.70
R3 -20.63+0.05 4.30+0.18 3.94+0.04 3.44+0.02 0.55
Total charge (C) 10.4
11 R1 -22.2510.01 0.01£0.01 2.96+0.001 5.44%0.0001 0.62
R2 -23.6410.001 -5.27+£0.02 2.84+0.003 3.15+0.001 1.34
Total charge (C) 8.59
22 -R -17.704£0.03 -30.61£0.01 5.41+0.005 2.74+0.001 4.88
Positive Flash
13 +R -41.9110.01 4.32+0.09 1.73£0.01 41.67+0.02 0.36
+c -32.8410.01 8.86+0.04 1.60+£0.01 26.46+0.02 1.59
Total charge(C) 68.13

Charge sources for the individual strokes of these flashes were superimposed on the radar echoes.
The comparison shows that all negative flashes were initiated in the region greater than 20 dBz or near
the edge of the region with intense echo greater than 40 dBz except the first return stroke in flash 12,
while the location of positive flash was in the echo region with 10 dBz.

LOCATION OF K-TYPE BREAKDOWN PROCESSES

Figure 3 shows an example of time expanded waveforms of K-type breakdown process during the
long-duration Intracloud process just before the ground flash 12 at station A. Other 3 stations recorded
similar waveforms. K-type breakdown process lasted about 0.93ms. According to the sequence of pulses
that can be clearly identified, we named them with al. a2.... al0, separately. 10 pulses were identified
clearly during K process, ana first pulse al occurred about 40us after the initiation of K process.
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Fig.3 Time domain waveforms of K-tvpe Fig. 4 Spatial development of the K-
breakdown process. type breakdown in two-dimension.
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The locations of above series of pulses have been determined by using the time difference of
arriving at different station. According to above analysis, it has been found that the locations of
successive strokes in the vicinity changed little in x-direction. In order to reflect the vertical development
of the discharge in such a far distance, we gave x a certain value first, then fitting the discharge
development in two dimensions (y, z). Figure 4 shows the best result of two-dimensional development of
the K process, corresponding to x = 21 km. The first pulse al occurred at 5.7 km high above ground
which corresponded to negative charge region in the cloud. It reached a6 quickly where was 4.8 km high
above ground. a9 was the lowest point of the discharge and was 3.5km high above the ground. The
discharge extended the channel downward, while the horizontal development was substantially observed.
The duration was 413.3ps from al to a9 with an average speed of 1.4 = 10'm/s.

CONCLUSIONS

The basic conclusions are summarized as follows:

1. The sources of charge for negative strokes of the flashes to the ground in Chinese inland plateau
were confined between 2.74 to 5.41 km above the ground, and the corresponding environmental air
temperature was between -2.0 to -15.0°C, while that for positive ground strokes was at about 2.0 km
above the ground with the corresponding environment temperature of +5C.

2. The magnitude of charge flowed to the ground in a negative ground flash was about -10 C, while
that was 68.31 C for one positive flash.

3. Cloud-to-ground flash was usually preceded by a long-duration intracloud discharge process
which lasted 120 ms to 300 ms for 85% of cloud-to-ground flashes, with a typical duration of 189.7 ms.

4, The comparison with radar echo shows that the negative discharges initiated in the region
greater than 20 dBz or near the verge of the region with intense echoes greater than 40 dBz, while
positive discharges initiated in a relatively weak echo region.

5. The sources of a series of pulses included in K-type breakdown are located by using time
difference of arriving different station. K-type breakdown were initiated at negative charge region and
propagated downward to the lower positive charge region with an average speed of 1.5X 10" m/s.

Above results confirm again that there is a positive charge region which is large in magnitude and
wild in dimension in the base of the Chinese inland plateau thunderstorms. As the reason why such a
large amount of positive charges exist in the base of the cloud and why lower positive charges seems to
be more effective in discharge processes really need to be answered.
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BROAD BAND INTERFEROMETRIC MEASUREMENT OF ROCKET TRIGGERED LIGHTNING
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ABSTRACT: A broad band interferometer for locating lightning radiations in two dimension has been
manufactured and evaluated during the rocket triggered lightning experiment in China in 1997. We have obtained
several data sets of upward leaders for both negative and positive polarity during experiments. Results showed that
the altitude triggered lightning were initiated by bi-directional leaders. The onset of downward moving positive
leader was prior to upward moving negative leader in a altitude triggered lightning under positive charged cloud
base. A numbers of branches occurred during negative leader propagation. The waveforms of broad band
electromagnetic pulses can be divided into two categories: isolated pulses and serial pulses. Isolated pulses refer to
radiation whose duration were less than 35ns, serial pulses refer to radiation with longer duration. For triggered
lightning, the numbers of serial pulses were dominant to isolated ones. Spectral analyses of all these pulses showed
that the average energy spectral densities(ESDs) of the serial pulses were wider, in entire frequency range, the
average ESDs of the isolated pulses were at lower frequencies. The time intervals between successive
electromagnetic pulses were from 65us to 677us, with a mean of 106.4us. The resuits of broad band interferometric
observations agreed well with the video observation.

INTRODUCTION

It is well known that lightning breakdown processes produce a broad and continuous spectrum of RF radiation
ranging from a few kHz through several GHz. Several techniques have been implemented for lightning location
studies in VHF band. Time-of-arrival techniques have been used to locate and study lightning radiation in two and
three spatial dimensions {e.g. Proctor, 1988, Rustan et al., 1980]. These techniques work best for locating isolated,
impulsive radiation events, but cannot map well the continuous pulse train events, which produce images of
lightning which tend to be spatially noisy and difficult to interpret. Much of energy radiated by lightning at radio
frequencies occurs in continuous bursts lasting several tens or hundreds of microseconds or longer. Interferometric
techniques allow the nonimpulsive radiation sources to be located as a function of time, but it cannot resolve two or
many simultaneous radiation separated in space.[Rhodes, et al., 1994; Mazur et al., 1995]

Shao et al..[1996] have illustrated the basic principle of a broad band interferometer and used this technique to
investigate details of the breakdown process in dart leader. It is equivalent to many baselines with respect to a
narrow band interferometer. Lower frequencies correspond to shorter baselines and higher to longer baselines. The
broad band interferometry has an advantage of locating radiation at various frequencies. Since recording is done
with a very high digitization rate, a radio burst can be discriminated as the train of isolated pulse. Consequently, the
broad band interferometry technique enables us to location the source of each pulse in both the isolated impulsive
radiation events and radiation bursts. Meantime, the spectrum of radiation from various lightning discharge process
can be obtained. It is important both for scientific investigations of lightning and engineering assessments of the
interference environment during thunderstorms.

In this paper. we present results of two dimensional mapping of some radiation sources from the rocket
triggered discharges using the broad interferometry technique.

EXPERIMENTS

The rocket triggering experiments were conducted at Pinliang in north-western China during the summer of 1997,
The distance between the broad band VHF interferometer site and the rocket launching site was 0.8 km. The
interferometer consist of three broad band (10 Mhz to 200 Mhz) flat plane antennas connected to the digital
oscilloscope via a 50 meters of coaxial cables which are terminated with characteristic impedance of 50 ohms.
Three antennas are aligned at three apexes of a isosceles right triangle, with right sides as orthogonal base lines of
10 meters. Such configuration of antenna array produces no phase ambiguities to the frequency of 15 MHz. The
data is digitized at 500 MHz sampling rate. Having high digitization rate, a broad band interferometer is generally
not able to record the entire radiation process emitted by a lightning discharge. Therefore, we introduced a method
of sequential triggering for each electromagnetic pulse that allows to record as long periods of radiation as we
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need. Once the electromagnetic pulse from a lightning flash is detected and its amplitude exceeds a threshold level.
the triggering circuit is turned on to record waveforms.

The processing of the broad signales in this paper is similar to that described by Shao et al. [1996]. The basic
idea is to extract the phase differences at different frequencies between a pair of broad band RF signals. Sometimes,
different spatial radiation can arrive the antennas almost same time. we must distinguish these temporally close
sources by comparing the radial signal waveform, and locate the radial sources by changing (or shifting) the DFT
window width over the data series. To compute the direction of the radiation source, the Fourier transform is
computed for each of the signals, which yield both power and phase spectra. The phase differences of incident
electromagnetic pulses at two antennas are then obtained by subtracting the two phase spectra. Incident angles
respective to the antennas base lines are computed only when the SNR exceeded a threshold. The azimuth and the
elevation angles of the radiation sources are derived similar to the procedure for a narrow band interferometry .

The electrostatic field change caused by lightning flash is also recorded using a slow antenna. The traditional
atmospheric electricity electric field sign convention is such that the decreased positive charge inside the cloud
produces a negative (downward going ) field change in the record.

DATA AND RESULTS

Figure 1 shows the electric field change and

current waveforms for a lightning flash .

triggered at 15:02:30 July 26, 1997, using the £ 3 I

technique of altitude triggered lightning. The ~ § 5

lightning current measured via a shunt o 2

resistor simultaneously with clectric ficld EgE

change last about 14 milliseconds, The 355 """

positive polarity of the current is consistent ?d" & r - — I
with polarity of the electric field change. T . . L . L
Figure 2 shows the locations of radiation w0 2 ¢ 5 8 10 12 M & 18
sources for the triggered lightning with the time €as)

azimuth-elevation and projection formats. Figure 1. The current and electric field change waveforms for

'rhe projecﬁcn view shows the sources a altitude triggered llghtnmg at 15:02:30 on July 26, 1997.
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Figure 2. Radiation source locations for the altitude triggered lightning.
a) a azimuth-elevation format. b) phase projection format.

projected from a celestial sphere on the antenna array plane (detailed explanations of these two formats have been
given by Rholds et al. 1994). The current waveform in the figure 1 shows two peak values(during 2-3ms and 6-
10ms), according to the time of the occurring, they are related separately to the branches C and D in the figure 2. At
the region of elevation of 3540 degrees, the results of location of pulses are more scattered. This may be indicate
the presence of multiple sources and branching.
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During the triggered-lightning flash. 164 2
broad band pulses were recorded. The time
intervals between these pulses range 65.0us to
677 54us. the mean time interval is 106.4us.
According to their waveforms. these broad band
pulses can be divided into two categorics:
isolated pulses and senal pulses. Isolated pulses
refer 1o broad band radiation whosc duration
were Iess than 335ns. their waveforms arc both
unipolar and bipolar. Serial pulses refer to O 20 40 60 80 100 ltgn?eqtllgl C;G?Mll?loz)
radiation with longer duration. and waveforms
are bipolar. For triggered lightning, the numbers ~ Figure 3. Average amplitude spectrum of both
of serial pulses were dominant to isolated ones. the isolated and serial pulses.

Most of the serial pulses often occurred in initial

period. but isolated pulses in final period of the flash. Spectral analyses of all these pulses showed that the average
amplitude spectra of the serial pulses were wider. in entire frequency, the energy concentrated at lower frequencies
for the isolated pulses. Figure 3 shows the magnitude spectra of isolated and serial pulses.

relative amplitude
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TABLE 1 the relative time of occurrence of pulses

pulsc 1 2 3 4 5 6 7 8 9 10
time(ms) | 0 [0.121])0.385)0.643 ]0.73210.797{0.871 [0.947 1 1.032 ] 1.098

Table | gives the occurrence times of the first 10 broad band electromagnetic pulses( defining the occurring
time is 0 ms). Figure 4 shows the locations of radiation sources of these pulses with the azimuth-elevation and
projection formats. The azimuth and elevation of these sources range 207 to 231 degree and 4 to 31 degree, fit well
the video images of the triggered lightning. The elevation of pulse 1 is about 4 or 5 degree, corresponding to the
vertical height of about 55 meters. Since the rocket and the triggering wirc were isolated from the ground wire by
the nonconducting Kevlar thread of 86 meters length. The two leaders of the opposite polarities are initiated both
upward from the rocket and downward from the lower cnd of the triggering wire simultaneously. During the
propagation of the downward positive leader. the clectric field of near ground was intensified, and a upward leader
was initiated (rom the top of the grounded wire. According to the altitude of the radiation source occurrence, we
judges that the pulsc occurred between the lower end of the altitude wire and the top of the grounded wire, Since a
devcloping positive leader is believed not to produce detectable VHF radiation[Mazure, 1989]. The pulse would be
produced by a negative breakdown proceeding of upward negative leader from the top of the grounded wire.

The azimuth of the pulse 2 is about 220 degree. the elevation is 30 degree. responding to the altitude of about
400 meters. the azimuth and eclevation of the pulses 3-7 were similar to that stated above. According to their
occurring  altitudes. these pulses were cmitted by the upward negative leader from the top of triggering wire. The
azimuth of the pulse 8 is about 217 degree. the elevation is 16 degree, responding to the altitude being about 230
meters. The pulse can be related to the vaporizing of triggering wire. The location of the pulses 1- 8 lead us to
conclude that a bi-directional leaders are not initiated both upward from the top of the triggering wire and down
from the bottom of the triggering wire simultaneously. A positive leader is initiated from the bottom of the
triggering wirc and propagates toward to the ground. Its connection to the ground is produced by an upward
connecting negative leader initiated from the top of the grounded wire. The connection processes enhanced the
electric ficld at the top of the triggering wire due to the lowering of the potential of the triggering wire.

From 1.098ms to 1.48 ms. the azimuth and elevation of the radiation sources range 221 to 226 degree and 30
1o 36.5 degree. the branch C of the figurc 4 shows the ncgative leader moved to a higher elevation and to north.
Then another leader initiated in a region adjacent to the former leader beginning, and produced the branch D. From
1.56 ms to 2.0 ms, the azimuth and elevation of the radiation sources range 221 to 210 degree and 30 to 45 degree.
These locations of the radiation sources fit well the video images. After 2 ms, the negative leader continued
propagating along the branch A (in the figure 4), and lasted approximately 3 ms (2.0 ms to 5 ms). the azimuth
changed from 220 to 165 degree. elevation from 40 to 67 degree. The branch A in the figure 4 indicates that the
leader developed upward and to the cast. Then the another negative leader was initiated at the region (azimuth 220
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degree and elevation 40 degree) adjacent to that of the first Icader. and propagated along the branch D in the figurc
2. This leader lasted about 6 ms (5 ms to 11 ms). The azimuth of radiation sources decreased from 220 to 145
degrees, and the elevations increased from 40 to 56 degrees. Because the interferometer can measure the direction of
a radiation source (azimuth and elevation) and provides no information about distance. the negative lcader
propagating to lower elevation at beginning may be reflect the sources moving away from the observation site
horizontally. Like the first leader, the sources located and becomce more scattered with the development of leader.
This indicates the presence of multiple sources and branches. which is characteristic steeped negative feader.
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Figure 4. Radiation source locations for the altitude triggered lightning during 0 - 2 ms.
a) a azimuth-elevation format. b) phase projection format.
CONCLUSION

A broad band interferometry for two dimensional mapping of lightning progression was developed and tested
during the rocket triggering lightning experiments. The results of broad band interferometric obscrvations agreed
well with the video observation. Its basic idea is to cxtract phase differences at different frequencics between RF
signals from a pair of broad band antennas. Comparing with the narrow band interferometer, it has the flexibility of
shifting and overlapping the DFT windows over the data series, which gives better time resolution to be able to
distinguish temporally close sources.

Results showed that the onset of downward moving positive leader was prior to upward moving negative leader
in a altitude triggered lightning under positive charged cloud base. A numbers of branches occurred during negative
leader propagation. The waveforms of broad band electromagnetic pulses can be divided into the isolated pulses and
the serial pulses. For triggered lightning, the numbers of serial pulses were dominant to isolated ones. Spectrum of
the serial pulses were wider, the energy of the isolated pulses was at lower frequencies. The time intervals between
successive electromagnetic pulses were from 65 us to 677 us. with a mcan of 106.4 us.
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ABOUT THE POSITIVE LEADER PROPAGATION MECHANISM
A.V. Ivanovsky
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ABSTRACT: The model of the leader breakdown of air in which the channel is formed by warming-up of the
streamer track in the streamer zone fleld is discussed. The previous streamer model is expanded for the description
of the charged particle recombination. The mathematical model of the streamer track heating is created. [t is obtained
that only the streamers with specific charge and corresponding propagation velocity create the channel. The velocity
of these streamers determines the velocity of the leader discharge in steady-state conditions. The cloud potential
dependence of the leader velocity is determined.

INTRODUCTION

Two spatial regions namely streamer zone and channel characterize the leader stage of the lightning (Bazelyan
and Raizer, 1997). The channel is the high-temperature tormation that ensures the transport of charge from the cloud
to the leader head. The leader head velocity is 3y, = 10°-10%cm/s. The channel length reaches some kilometers but its
diameter is about parts of millimeter. The streamer zone represents great number of the streamers starting from the
leader head. The streamer's velocities 3,, may be much more than the 3, . The streamer zone length is tens of meters.
The channel current provides the charge transport, propagation, streamer zone formation. However the streamer zone
processes determine the channel parameters. Theretore the streamer zone is important for the leader formation. In
spite of ascertained character of the process development the physics model of the leader stage of lightning relating
of the propagation velocity, the channel and the streamer zone parameters to cloud potential V; is absent.

BASIC ASSUMPTION

By analogy with the arc discharge the electric field strength in the channel is about ~1 kV/m when the current is
areater than ~10A. The potential drop on the channel may be neglected and consider the steady-state propagation
with the velocity 3, corresponding the potential of the leader head V equals V,, when megavolt potential applies on
the base of hundreds of meters. The channel transfers potential V, from the cloud to the streamer zone base only.

In constructing a model we consider the electric field E,, is constant along the streamer zone. The charge
introducing by all streamers starting from the leader head into the streamer zone creates and maintains the field E,,.
Streamer is the plasma core with charge q,. The attachment and recombination determine the plasma core length.
The field in the streamer head increases as a result of polarization. lonization in the increased field compensates the
electron decrease because of the attachment and the recombination and provides the propagation. The charge q
uniquely determines the streamer velocity 3y, radius a,, and electron concentration ny at fixed E, (Ivanovsky,1996).

The heating of the streamer track in the field E, by the currents of ion and of electrons appearing as a resuit of
both the attachment and ionization forms the channel. The interaction between negative ions and electron excited
molecules determines the detachment. What is the streamer of the streamer zone that forms the channel? When
heating time t;, is constant the channel formation potential Vg, = E -3t increases with increase of the 3, or of the
Qs The streamer radius a,, decreases when the velocity 3, decreases and thermal conduction leads to the increase of
t,.. The increase of the t,, leads to V,, increase. In that way we expect that at fixed E,, the dependence V(8,,) has the
minimum V,, and corresponding to it both the streamer velocity 3,,. and charge q.,. In steady-state conditions the
minimum V,, determines both the leader potential V=V and the propagation velocity 3, =8,,. So, from the great
number of the streamers only that with charge q,, form the channel. The others create and maintain the field E,,.

The cloud potential V,; determines the leader current J=cy-3y,- V4 (cy-is the capacitance per unit length). In one’s
turn the leader current J determines the steady-state channel parameters in accordance with arc discharge theory.

STREAMER DISCHARGE
We shall describe the charge distribution along the streamer length by the head q, and the track qoA charges

0, Z>Z; oo
= . — 6 - s = d = . \
q(z) =qy exp(z zfj, z<z'+q. (z-21), qg _{Dq(z) z=qy A+q, ¢
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where the attachment and recombination determine the scale A; z,is the front coordinate.
When A/a,>>1 the electric field E along the streamer axis is obtained by solving equations (Ivanovsky, 1996)

dE agq o 9o X-Xg l
® 22 9 g g, Ji- " . X2y
PRSI 3
dx S e 2o V=Xt (\,(X—Xf)2+l L (2)
2289 By, ECy Byl eI (B, /agux) B, ()b x<xg
9 dx | 2me, agEg )

where x =z /a,; E| E; are the functions of x: Cp=2ne,/In( 2A/a,, -y+0.5) is the capacitance per unit length; q, = a,-qq.
The conductivity o = e-pen. ( He(E) is the electron mobility ) is determined from the equations for the electron
n.. positive n, and negative ion n_ concentrations. For quasi-neutral plasma these equations have the form

dﬂe dgt
d =——-(Vatt ~Vion) Ne +0y -Ne- N,
G 3)
dn+ dg 2
__=__.ar _n+
dx 95(

where vy, (E), v, (E) are the frequencies of the ionization and attachment. We have taken the coefficient of the ion-
ion recombination equal to that of the electron-ion recombination «, (E) because the difference of degree is small.
By the fixing E,, the conditions of the maximum of the charge per unit length q(x) and of the continuity of the
field E(x) at the streamer head ( x = X¢) determine correspondingly the parameters q¢/(27 £4a4E,) and © = a,,/8,,.
The condition of the equality of the total streamer charge to q,, determines the parameter A /a,, (Ivanovsky, 1996).
Figures I, 2 show the results of a numerical simulation of equations (2), (3). When streamer with charge g
propagates at the field E;, the dimensionless charge Q=q, /(27 &g a,’ E,,) determines the streamer radius a, The
radius a, and dimensionless time t(E,,) determine the velocity 3, (Fig. 1). Fig. 2 shows the electron concentration n,
behind the streamer head versus the field E, (ng=10""1/cm’®). The streamer discharge exists when the electric field
greater than threshold field coinciding with the field in which the attachment is minimum (curve 2, vo=10%1/c).

25 15
20
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15 4 °
% S 2
© 10 b s @ 3
5 -3
0 0 y -
0 5 10 IS5 20 0 5 10 I5 20
Est, kV/em Est, kV/em
Fig. 1. The Est dependence of the (1) time Fig. 2. The Est dependence of the (1) electron
T and (2) charge Q. concentration ne and (2) attachment frequency vatt.

LEADER DISCHARGE FORMATION

Let us assume the channel is formed at atmospheric pressure Py,. The concentration N and the temperature T of
the neutral molecular component determine the Py when dissociation and ionization are small. The equations for
determination of the N, T, on neglecting kinetic energy and longitudinal heat flow and velocity, has the form

Ncp(£+ aT): li(rka(kT)J+qt,

u.____. —
ot ar ror or
10 oT oT @
T——(ru)=—+u—, Pg=NkT.
ror ot or

In Egs. (4): 7=t-2/8; A is the heat-transfer coefficient; ¢,=7/2KT is the specific heat at constant pressure. The elastic
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electron q., and ion g, collisions, the rotational excitation q, (T,=T), the acts of the electron-ion q; and ion-ion gy
recombination and the dissociative attachment q,,, determine the air heating q,. We neglect the air heating owing to
the energy relaxation of the vibrational and electronic excitation of the molecules.

The value of q, depends on the charge particle concentrations which are given by the solution of the equations

3] 13
’a’;[ne'(l_gdr/Sst)l*’F'é_r(rneSe):(Vion_Vatt)'ne‘aei‘ne'"++Vdet’n—9
5
on_ 120 ©)
+=——(rn_3 _)=vau -Ne—Cjj N_ N, —vye ' N_, N, =0_+N,.
ok ror

In the quasi-neutral plasma the medium movement and ambipolar diffusion determine the radial particles flow n.8,.
n_9_. The electron drift along the field is negligible when 3, >>1 9,1 ( 34,<0, for positive leader ).

The electron temperature T, determining the specific reaction rate (Vien, Vau, ), the radial charge particles
flow and the electron drift velocity may be obtained solving the next equation

5 18 eln, _, 1 3 (kT
a—i(%nekTeHu%(%nekTeHEnekTe e ()= e L a. +;%(rxe———(ar°)} . (6)
where v, (T.,N) is the elastic collision electron frequency; qe=qentq, G, +qextqi; Qv. Gex, Gi are the electrons energy
losses in the acts of the vibrational, electronic excitation and ionization; A.=5/2-n.kT/m,v,, is the electronic heat-
transfer coefficient.
The detachment frequency is vg,=0*-N*, where the electronic excitation molecules concentration N* is
determined from the equation (v, (T,,N) is the electronic excitation frequency, a* is the specific reaction rate)

*
a;lt +%-%(ruN*)=ve,-ne—a*N*»n_. (7N
The numerical simulation of equations (4)-(7) with initial condition determined using the Fig. 1,2 shows the
sharp air density decrease (rise of the medium T and electron T, temperature) on the channel formation stage. The
rise of the corresponding air conductivity unavoidably leads to the electric field E, drop. This allows to lead the time

t,, and the channel formation potential Vy =E -3 t,,. The S, (q) dependence of the potential V, for the field
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Fig. 3. The 9st dependence of the Vst 1 - with Fig. 4. The 3st dependence of the Vst:
transport processes; 2 - without transport processes. 1-Est=E1; 2-Est=E2; 3-Est=Es.

E.=12.7kV/cm and a*=103cm®s is shown in Fig. 3 (89=10%m/s). When the velocity 3, is small the influence of
the transport processes (basically of thermal conduction) increases because the streamer radius decreases. This leads
to the potential V,, increase (the curve 2 is obtained with 3,=8.=u, A.=A=0). The streamer velocity 3,, dependence of
the potential V, for three values of E, is shown in Fig. 4 (E, =12.4kV/cm, E,=12.4kV/cm, E;=12.4kV/cm). Let the
cloud potential equals V. In steady-state regime we must to require the truth both V=V and 3, =3,,. It is impossible
the leader propagation when E,, <E,. For E, > E; . for example E=E;, there are two streamer groups that satisfies
mentioned above conditions. For E, = E; these are the streamers propagating with velocities 3, and 8¢. The
existence of two leader velocities is possible. The stable propagation with 3, = 9, is impossible, since the potential
of the channel formation by the streamers with velocities 3,<8,<8¢ greater than 8 is smaller. The steady-state
propagation with 3¢ is also instability, because the streamers with 8,>8¢ moving in front of the leader decrease the
field E,,. One may assume that the stable leader propagation is possible when E,=E; and 3, = 9,=9; (the point B).
The cloud potential dependence of the leader propagation velocity (the points F, B, E of Fig.4) for varies value
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of a* is shown in Fig. 5. For natural lightning the maximum velocity is about 2.6-10°cm/s, the maximum total charge
is about 20 coul (Uman, 1987). Estimating the leader capacitance by the value of 4-10°® f one can obtain the
maximum potential is about 500 MV. The similar value is obtained when a*=(0.5-1)-10®* cm’ /s (Fig. 5).

The electron drift along the longitudinal field essentially influences on the leader parameters when the drift and
leader velocities are compared (the curves — and --— of Fig. 6). Taking into account the streamer zone
capacitance (the diameter takes to equal 1/3 of length) one can obtain the minimum of the leader velocity 9., and
corresponding to it potential V., (the curves — and +++ of Fig. 6). The minimum velocity observed in
experiments is about 2- 108 crn/s, corresponding to it potential is about 300-400 kV (Bazelyan and Raizer, 1997).

For estimation of the maximum leader length L,, we represent the cloud potential V,, as a sum of the potentials
of streamer zone V and channel V=E.L. The field E. we estimate by the arc value E (V/m)=10*.J*° (Krinberg,
1968), where J(A)=cy- 34V is the leader current, €=6.5-10" t/m, 9, (mV/s) =4.5-V* (the data interpolation of curve
3, Fig. 5). As a result the maximum velocity is 3, =4.5-V4*?, the maximum length is reached when V=2/11-V and
it’s value equals La=20-V4'". Specifically the steady-state propagation is possible if the leader length L<<L,(V4).

For maximum potentials of the artificial lightning (3-5) MV: L,=(150-380)m; 8,=(0.94-1.3)-10’m/s. Observed
values are L =(100-200)m, 8 =10’m/c (Bazelyan and Raizer, 1997). For minimum length of the natural lightning L,
= 1000m:; V= 8§ MV; 9, = 1.8-10°m/s. Observed value is § =10°m/s (Uman, 1987). For titanic lightning (V
=500MV): L, = 2000 km; 9, = 2.8-10°m/s.

The electron energy losses in acts of the electronic excitation
rise sharply when the field exceeds about 10 kV/cm (Fig.7). One
can say the sharp rise of the electronic excitation determines the
threshold of the leader air discharge. It should be noted that
generally supposed E, ~5 kV/cm (Bazelyan and Raizer, 1997) that
is above the threshold of the streamer discharge (curve 2 of Fig. 2).

In the fields ~10kV/cm the basic excited electronic levels are 5 15 25 35 45 55 65 75
Ny(A’Z,"), Ny(B’Ig). The corresponding value of a* is about . E, kV/cm
2.5.10%m’/s. The better coincidence between calculated and Fi&7- The E dependence of the partial energy
observed data takes place when a* larger in 2-4 times. It may be 058 of electrons: l-vibrational excitation; 2 -
explained additional detachment by interaction both with the ©lectronic excitation; 3 - air ionization.
molecules at high-lying electronic levels of excitation (such particles ~10%) and with the resonance radiation or
detachment by electron impact in the regions with high electron concentration, for example, near the streamer head.

It is impossible to construct the similar breakdown regime for negative leader because of the electron drift
velocity 34, at the channel formation stage always greater than streamer velocity 8, (look (5)).
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ABSTRACT: Simultaneous measurements of two-station electric fields and space- and time-resolved light signals
(sampling time 0.1 ¢ s) made for 5 negative altitude-triggered lightning flashes, in Guangzhou, China, during the
summer of 1998, are analyzed. Results show that these S flashes have similar main chronological sequence of
events, including a bidirectional leader initiated from extremities of the floating wire with the onset of the upper
positive leader prior to that of the lower negative stepped leader by just 20-30u s, followed by a mini-return
stroke occurring several milliseconds later. The mini-return stroke (speed 1-2X10° m/s) rapidly weakens down
when it reaches the lower end of the wire, and a few microseconds later a bright discharge process (speed
1.5-5.4 X 10 m/s) appears from the upper end of the wire which becomes optically undetectable after extending
forward (upward) several hundred meters. Just after the upper bright discharge process weakens down, another
bidirectional leader starts from the lower end of the wire with the upward speed being 3-10X10°m/s and
downward one 2-2.6 X 10°m/s.

INTRODUCTION

The "altitude-triggering lightning technique” has been proved to be a valuable tool to study the physical
mechanism of leader development, as it allows to do measurements in very close distance [Lalande et al., 1998,
Chen et al. 1999]. In this paper we report the results of a triggering lightning experiment carried out during July
13 to August 24 of 1998, in Guangzhou, Southern China.

cloud
INSTRUMENTATION C— e =T
Figure 1 shows the "altitude-triggering lightning
technique" and the site setup of this experiment. After +
ignition, the rocket first spools out 100 m of nylon .,
cable from the bobbin attached to the rocket tail. and +{.— A: positive leader
then a steel wire is unreeled. The nylon cable is tied to v

a 4 m high grounded lightning rod. The lightning
triggered by using this technique involves a ;
bidirectional leader from extremities of the floating steel wire —
wire (leaders A and B in Figure 1) and an upward ‘
connecting leader from an object grounded (leader C in !

~400m --oog oo H2
|
i

Figure 1), followed by a so-called "mini-return stroke" 100 M oo . -
. . “f+ B: negative leade

process. The two observation sites, 1 and 2, were =)=

located at 60 m and 1.3 km, respectively, from the nylon ~,

triggering site. Electric fields were measured by using +{/— C: connecting leader

a flat-plate slow antenna system ( band-width 4 Hz ligh:ninghlj(ég Tt ALPS

. . . m hi id id

-1.5 MHz, sampling rate 12.5 MHz, resolution 12 bit, (= T aaors | Cow antenma 9
recording length 2 M words ) at both sites. A high i - Womemeeeee -
speed digital 16X 16 photodiode array system (ALPS) D!

operating at a time resolution of 0.1 s with internal
trigger was also used to photograph the lightning
channel. The ALPS can record up to 16,000 frames for Figure 1. Illustration of altitude-triggering lightning
each event with up to 100% pre-trigger frames. The technique and the site setup.

output of the trigger signal from the ALPS was used as
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the external trigger signai of the slow antenna at site 2 to synchronise the time of these two measurements.

RESULTS

During the experiment, 5 altitude-triggered negative lightning flashes. CHN980!, CHN9802, CHN9803.
CHN9804 and CHNO980S, were obtained on Aug. 22. The main chronological sequence of events, as inferred
from the measurements of electric fields and light signals recorded by the ALPS, is similar for these 5 flashes.
As an example, Figure 2 shows the electric field measurements and Figure 3 the light signal recorded by ALPS
for CHN9805. For analysis, the peaks of the electric waveform produced by the mini-return stroke at both sites
are set to time O with an accuracy greater than I u s.

As shown in Figure 2a, from time tl (= -3.4 ms), the electric field at 60 m begin to decrease first step-wisely
(step number 11, step magnitude -50 to -75 V/m each, and step interval 20 to 30 u s) then continuously (mean
slope -3530 kV m 'S™"). The field step, 50-75 V/m. is consistent with a charge Q of -88 to -132 1 C placed at
the lower end of the floating wire (100 m above ground). The following slope, -3530 kV m™'S™', is in
consistency with a charging current of about 6.2A to the lower end of the wire. Based on the laboratory
experimental results [Bondiou-Clergerie et al., [996], these suggest the inception of a negative stepped leader
from the lower end of floating wire.

Also from tl, the electric field at 1300 m begins to increase slowly with several bipolar pulses superimposed
on the beginning of the rising slope ( the mean slope: 26 kV m™'S™") (Figure 2b). Both the pulse number and
interval are as same as that of the field steps occurring around time tl at site 1. This is consistent with a positive
leader extending forward from the upper end of the floating wire.

In the following 3 ms (from time tl to t2), the field step/pulse train appear and disappears 4 times (indicated
by the pulse train at ti, -1.6 ms, -1.0 ms, and t2 in Figure 2) while the field at site 2 keeps increasing
continuously, indicating that the upper positive leader exhibits a continuous upward development, while the
negative stepped leader starts and stops a few times.

The light signal records (Figure 3) of ALPS (available for time from -1.1 to 0.5 ms ) show that the section
around 111 m above ground of the channel begins to light at least from time -l1.lms with light pulses
(unresolved in Figure 3) appearing around the time -1.0 ms and -348 4 s, due to the negative stepped leader from
the lower end of the wire. It also show that the upper positive leader in this stage, if any, is undetectable by the
ALPS.

From time ©2 (t= -348 i s), at site 2, the electric pulse resumes with a much bigger amplitude than that
occurring before 2 and the field slope increases to 460 kV m™'S™', indicating that both the upper positive and
the lower negative leaders accelerate from this time (Figure 2). The step interval of the lower negative leader is
about 20 u s (Figure 4).

The connection between the lower negative stepped leader and the positive connecting leader from ground is
derived to be finished around time t3 (= -1.6 us), as the light signals at the segments 0-55 m and 55-111 m
above ground begin to increase continuously from this time (Figure 5a). This connecting process temporally
corresponds to a big sharp pulse at site 1 (pulse a in Figure 5b) and a slow front change of the electric filed at
site 2 (Figure 5c¢).

Following this is a so-called mini-return stroke process which produces intensive light emission only at the
part between ground and the lower end of the floating wire (time O in Figures 3 and S5a). The upward speed of
the mini-return stroke, vl, as estimated from the onset of the fast transition of the light signal at various height
(the onset is defined as the point the relative light intensity first excesses 50), is about 1.8 X 10" m/s.

About 3 i s after the mini-return stroke, at t5 (t= 3 u s), a bright upward discharge process appears from the
top of the wire ( Figure 3). This upper bright discharge process becomes unvisible to the ALPS after extending
forward about 275 m with a speed, v2, of 5.4 X 10" m/s.

Just after the upper bright discharge process weakened downm, at t6 (t= 404 s), a bright bidirectional leader
(named lower bi-directional leader in Figure 3, for CHN9801, CHN9802, and CHN9803, only the upward
positive leader is observed ) starts from the lower end of the wire. The upward one (upward positive leader 2 in
Figure 3) of this bidirectional leader has a speed. v3, of 5.5X10°m/s while the downward one (downward
negative leader 2 in Figure 3) a speed, v4, of 2.6 X 10°mys.
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The analysis resuits tor other cases are summarized in Table 1. As shown in the table, the parameters for the
same event in different flashes is similar in values.

TABLE 1. Summary of Statistics on the 5 Altitude-triggered Lightning Flashes

Flash Triggering  Bidirectional leader Mini-retumn  Upper bright  Lower bidirectional

No. time height tl(ms) t2(us) stroke discharge leader (10°m/s)
(m) vl (10°m/s)  v2(10'm/s)  v3 (up) v4 (down)
9801 16:41:48.97 276 -4.7 -290 1.1 1.5 4.0 -
9802 16:45:55.87 553 -8.5 -208 1.4 3.1 10.9 -
9803 16:52:22.51 387 -5.5 -350 1.4 4.6 3.2 -
9804 16:55:25.13 276 -3.4 -315 1.9 4.4 6.1 2.1

9805 16:00:48.66 442  -34 -348 1.8 5.4 5.5 26

DISCUSSION AND SUMMARY

Electric field measurement at 60 m allows us to
discuss the exact onset time of the bidirectional leader.
As shown Figure 2a, there is a slow decrease slope
starting at time ta with a mean slope of 400 kV m ™'

S™', which is consistent with a downward negative ——unvisible to ALPS

charging current of about 0.7A at the lower end of the N

wire. Such a current apparently due to a positive A

streamer-leader from the upper end of the wire, not a Jt & ‘ +/A

kind of corona discharge. The first field step that is : ‘

believed as the onset of the negative leader from the ;

lower end of the wire occurs at tb, only 25 1 s after § e

ta. Other 4 cases also show a time delay (tb-ta) of 20 ‘

to 30 u s, quite shorter than that reported by Lalande ey _?

et al. [1998]. f A
As a summary, the main chronological sequence of g ,

events involved in these 5 altitude-triggered flashes is 55 *:ﬁ: : 3

illustrated in Figure 6. " A ' A
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PEAK RADIATION FIELDS OF LIGHTNING RETURN STROKES OVER FINITELY CONDUCTING
GROUND

Vernon Cooray
Institute of High Voltage Research
University of Uppsala, Sweden

ABSTRACT: This paper elucidates the propagation effects on the lightning generated electric fields. A simple
procedure that can be used to predict the propagation effects is outlined together with its experimental confirmation.
This procedure is used to analyse the propagation effects on the radiation fields of negative first return strokes,
positive first return strokes and subsequent return strokes in triggered lightning flashes. From the results empirical
equations that can be used to correct for the propagation effects are extracted. The results show that the propagation
effects may differ in negative and positive return strokes and that the data from triggered lightning flashes should be
applied with caution in correcting for the propagation effects of natural lightning flashes.

INTRODUCTION

As the electromagnetic fields propagate over finitely conducting ground, different frequencies are attenuated by
different amounts. As a result, the signatures of broad-band electromagnetic radiation fields generated by lightning
flushes change as they propagate over such ground. These effects are known in the scientific literature as propagation
eftects. The knowledge on propagation effects is important both in characterising the interaction of lightning
electromagnetic fields with structures and in the remote sensing of lightning current parameters from the
electromagnetic fields.

In this paper we evaluate the propagation effects on the radiation fields of negative first return strokes, positive
first return strokes and subsequent return strokes of triggered lightning flashes as they propagate over finitely
conducting and homogeneous ground. The results given here are valid for propagation distances less than about 300
km because in deriving these results, the curvature of the earth and the ionospheric effects have been neglected. The
results given here replace some of the results obtained previously by Cooray [1987].

THEORY AND ITS EXPERIMENTAL CONFIRMATION
The radiation field generated by a return stroke, E- g(t,D), at a distance D over finitely conducting ground is
given by [Cooray, 1987]

!
E:_G(I,D):fEZ(I—T,D)S(O,T) dr (D
0

where E (1, D) is the radiation field present at the same distance over perfectly conducting ground, ¢ is the time and
S(0,t) is given by

2 2
5(0*’):iJJ—CXP(—'—,)ﬂﬂ(HI)M @
a | 4¢” !

where J(x) = xz(l-,rz)exp(~,\'2), B =]/u00c'2, CZ = D/2u00c3, € is the relative dielectric constant and o is the
conductivity of the ground. It is important to point out that in equation 2 the third term inside the bracket takes into
account the effects of displacement current in the ground. Calculations done by Cooray [1987] show that, as far as
the risetimes and the attenuation of the waveforms are concerned, the contribution from this term is small.
Consequently, the propagation effects are mainly governed by the parameter D/6 and the results can be normalised
against this parameter.

In an attempt to validate the above equation, Cooray et al. [1998] conducted an experiment in Denmark. In the
experiment electric fields of lightning return strokes striking the sea were measured simultaneously at two stations;
one located at the coast and the other situated 250 km inland. The antenna system used in the measurements could
record electromagnetic fields to a resolution better than 5 ns and the total decay time constant of the antenna system
was 20 ms; which is much longer than the duration of the electromagnetic fields of interest. The signals coming out
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from the antenna system were recorded with 1O ns resolution in a transient recorder working in pre-trigger record
mode. The path of propagation of the electromagnetic fields from the strike point to the coastal station was over salt
water. Thus, the electric fields measured at this station can be assumed to represent the undistorted electric ficlds
generated by return strokes (i.e. Ejt,D)). During the experiment more than 25 waveforms were measured
simultaneously at the two stations. For each waveform measured at the coastal station, the electric field that would be
present at inland station was calculated using the equation (1) with D = 250 km and ¢ = 0.01 S/m, the latter being the
average conductivity of the path of propagation. The shapes of the calculated and the measured waveforms at the
inland station was compared by normalising their amplitudes to unity. In all the cases we found the agreement
between the calculation and measurement to be remarkable. One example of this comparison is given in Figure 1.
The reader might wonder why we have not compared the exact amplitudes of the measured and calculated
waveforms at the distant station. The reason for this is that the amplitude calibration of the inland station was not
accurate enough to make a comparison of amplitudes. However, the decrease in amplitude due to propagation is
directly connected with the attenuation of the high frequencies which also dictates the shape of the electric field at
the distant station. Thus the change in the shape of the radiation fields due to propagation will also uniquely
determine the change in the amplitude of the waveform. Thus, a comparison of the shapes alone is sufficient to test
the validity of the propagation equation and the results show that the equation (1) can be used to predict the
propagation effects to a high degree of accuracy.

0.2

o0 Figure 1. Comparison between theory and experiment. (1)
§ o2 The radiation field measured at the coastal station, (2) the
& o4 radiation field measured at the inland station (rugged line)
$ oe and (3) the calculated radiation field at the inland station
= . « - .
%o (smooth line) using equation (I).

1.0

1.2

RESULTS

The first step in analysing the propagation effects is to gather a sample of electric radiation fields from return
strokes recorded in such a way so that the propagation effects are minimal. This can be done by recording the
electromagnetic fields from lightning flashes striking the sea at a coastal station. Both data samples used here to
analyse the propagation effects of negative and positive return strokes were recorded in this manner. The data sample
of negative return strokes was recorded with a resolution of 0.1 us by Bailey and Willett [1989] and Izumi and
Willett [1991] and the data sample of positive return strokes was recorded with a resolution of 10 ns by Cooray et al.
[1998]. The distances to the respective lightning flashes are known in both samples. In analysing the propagation
effects, these electric field waveforms were used in equation (1) to calculate the signature of radiation fields at
different distances over finitely conducting ground. By comparing these signatures with the original undistorted ones,
the effects of propagation were evaluated. As mentioned previously, propagation effects are mainly determined by
the ratio o/D where o is the conductivity and D is the distance of propagation. Thus one can normalise the results as
a function of o/D which is denoted here by .

In order to make the presentation easier, let us define the coefficient of attenuation, A, as E_,/E_ where, E, is

the peak of the radiation field corresponding to a certain value of y and E_ is the radiation field at the corresponding

distance over perfectly conducting ground. With this definition, the quantity /-A gives the amount of attenuation of
the radiation field peak due to propagation over finitely conducting ground. The results show that there is a slight
tendency for the attenuation of the initial peak, /-A, to decrease with increasing initial peak, E_, of both negative

and positive return strokes. The linear correlation coefficient between the two variables for different values of y lies
in the range of -0.58 to -0.6. This observation indicates that the width of the initial peak of the negative and positive
radiation fields increases with increasing peak value.
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Our calculations show that the average value of the attenuation coefficient, A, as a function of y can be represented
by the equations

-y -7 :
A, =0.24 exp{TO—J + 0.24exp[5O T } 0.525 for negative 3)
A, =O.l34exp[—_——y—7 + O.312exp[ 7 }L 0.555  for positive @)
1.5x10 55x10’

It is important to note that these equations are valid for 106 m%/S < Yy < 2x109 m%/S, and 5 km< D < 300 km. The
reason why D should not be allowed to exceed 300 km is that the equations used to estimate the propagation effects
were derived by neglecting the curvature of the earth and this assumption could lead to significant errors for
distances larger than about 300 km. We would like to point out that the mean attenuation coefficients at different
values of y, as given out by the equation (3) are slightly different to the values previously published by Cooray
[1987]. The reason for this is the following; in that study the electric fields used as inputs to the equation (1) were
recorded by an antenna located 200 - 300m inland from the coast line. The propagation across this strip of land may
have caused some distortion of the initial peaks of the radiation fields leading to slightly different results.

The observation that A is a function of E_ motivated us to evaluate how E_ vary as a function of E_ . To achieve

this goal, we have calculated how these two parameters are related to each other by fitting a straight line of the form
E_ =a E_, + b for data obtained for different values of y. The results obtained can be combined into the following

general equation:

E.=F{y) E, + K, (1) (5)

where

F(y)=a,+ax+ax’+ax (6)
F,(y)=b, +bx+bx’ +bx’ (7

with v = Iog[y/107]. The values of the coefficients are tabulated in Table 1. Again note that the equations are valid

for 106 <Y<2x 109 m2/S. These equations can be used to correct for the attenuation effects if the peak field over
finitely conducting ground is known. For example assume that the peak radiation field measured at a distance of Dy

D,
over finitely conducting ground of conductivity ¢ is E, . Then the value of y =—= . Let us denote this by 7, . The
o

x

value of the measured electric field normalised to 100 km, E, is given by E, = D, *E,_/10°. Substitution of ¥ and
E, for y and E_respectively in the above equations will give the value of E_ which is the undistorted field
normalised to 100 km. The absolute value of the undistorted field can then be obtained by the transformation
E_*10°/D,.

The vast amount of lightning direction finders deployed at different geographical locations measure the initial
peak of the magnetic field in un-calibrated units sometimes referred to as LLP units. One of the important problems
in lightning directing finding is to evaluate the connection between these LLP unites and the return stroke peak
current. Thus, the calibration of the direction finders were attempted using the data from triggered lightning flashes
(Orville, 1991). As in the case of natural return strokes, the triggered lightning fields also attenuate as they propagate
over finitely conducting ground and one cannot assume a priory that the propagation effects are the same for both
natural and triggered lightning fields. In any calibration procedure of the sort mentioned above, it is necessary to
know how the fields from triggered lightning flashes are attenuated as they propagate over finitely conducting
ground. In order to gain some knowledge concerning this point we have evaluated the propagation effects on
triggered lightning electric radiation fields using a sample of 28 waveforms measured by Willett et al. [1989] in a
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study conducted in Florida. The location of the measuring system used by these authors was such that the path of
propagation of the fields were over brackish water except for the last few hundred meters. We consider, these
waveforms to represent the undistorted electric fields generated by triggered lightning flashes. Employing equation
(1) as before we have studied the propagation effects on these waveforms. As in the case of natural lightning, we
observed that /-A decreases with increasing peak value. The average value of A as a function of y for triggered return
strokes are shown together with the corresponding values for natural return strokes in Figure 2. Note that the
attenuation of triggered lightning fields is more pronounced than that of the natural return strokes. This shows that
the results pertinent to the attenuation of electric fields extracted from triggered lightning flashes should be applied
with caution in correcting for the propagation effects of natural return strokes.

TABLE I. Values of coefficients of equations 6 and 7

Negative return strokes Positive return strokes
ag 1.039 1.014
a 1.375x10° 7.619x107
a, 1.909x10°* 4.894x10
as 8.056x10™ 1.952x10°
by ' 9.275x 10" ~17.906x10"
b, 3.258x10" 2.848x10"
b, 1.621x10° 1.553x10°
by -3.953x10” -3.44x10°
1.00
0.90 Figure 2. The mean value of the attenuation oefficient,
080l A, as a function of y. (1) Positive return strokes. (2)
< Negative return strokes. (3) Triggered return strokes.
0.70 Note that A = cE_/E_ where, E_ is the peak of the
radiation field corresponding to a certain value of y
0.60¢ and E_is the radiation field at the corresponding
0_500 s i i 50 distance over perfectly conducting ground. ¥ =D/0.

v(m2/s) 1 107
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RETURN-STROKE CURRENT MODELING OF LIGHTNING STRIKING A TALL TOWER
ACCOUNTING FOR REFLECTIONS WITHIN THE GROWING CHANNEL
AND FOR UPWARD-CONNECTING DISCHARGES
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' Department of 1ligh Voltage Engineering and Electrophysics, Kyiv Polytechnical Institute, Kyiv, Ukraine
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ABSTRACT Results of return stroke (RS) current simulation in case of lightning strikes to a tall tower are
presented. Calculations are performed on the basis of the new extended version of the modified transmission line
(MTL) model which takes into account: (1) reflections that occur within the continuously growing RS channel, and
(2) the situation of RS channel initiation above the top of the tower (when an upward-connecting discharge is
present). The results of modeling are compared to those obtained using the previously developed MTL model for
strikes to elevated objects, and to experimental observations made at the 553-m tall CN Tower in Toronto.

1. INTRODUCTION

In recent studics of electromagnetic radiation emanating from a lightning strike to an elevated strike object
(EESO), etforts have been concentrated upon close modeling of current in the lightning path during the return stroke
(RS) phase [Diendorfer, 1991, Thottuppillil et al., 1991 Rachidi et al., 1992, Beierl, 1992; Motoyama et al., 1996,
Guerrieri et al, 1996, Rusan e al., 1996, Janischewskyj ef al, 1996]. Developed models took into account
reflections of the RS current pulse within the ESO but did not consider reflections from the front of the advancing
RS stroke channel nor the possibility of the existence of an upward-connecting discharge. Since some significant
details of RS current waveforms were not reproduced, perhaps, it was one of the reasons why the use of these
current models in field simulation resulted in a noticeable discrepancy with observations [Zundl, 1994, Motoyama et
al., 1996, Guerrieri et al., 1996, Rachidi ¢t al., 1998]. Also, while the need to account for the presence of an
upward-connecting discharge has been raised [Leirenturier el al., 1990, Guerrieri et al., 1996, Janischewskyj et al.,
1998, Rachidi et al, 1998], the problem remains unsolved.

In their latest work, Janischewskyj ef ol [1998] have initiated an extension of the existing modified
transmission line (MTL) model by taking current reflections within the lightning return stroke (RS) channel into
account. Their eventual plan has been to fully model the complete RS current path, including the channel and also
the ESO with its internal discontinuities. In the present simulation, however, within the ESO only the reflections at
its bottom and top are considered.

The goal of the present work is to further extend the approach, initiated in [Janischewskyyj et al., 1998], to the
more general case which includes the existence of an upward-connecting discharge.  All calculations and
observations arc related to the specific ESO, the 553-m CN Tower. In the paper, measured current waves are
compared to those computed by the use of the conventional MTL model for the ESO and also to the results of
computations performed by the proposed [xtended Modified Transmission Line (EMTL) model.

2. EXPERIMENTAIL RECORDS OF CURRENT

The experimental setup on the CN Tower is described in [Hussein et al., 1995]. In 1997 a second Rogowski
Coil was added. The Second Rogowski Coil (SRC) fully surrounds the steel structure of the CN Tower, rather than
only one fifth of the structure as is the case with the First Rogowski Coil (FRC), and is located at the 509m level,
35m above the FRC. Both coils are connected to a 10-bit, 10-ns digitizer. The connection uses an optical fiber link.
rather than a triax cable as is the case for the FRC. For that reason the SRC records have a much better signal-to-
noise ratio than those of the FRC.

Examples of typical RS current waveforms for two events are presented in Figs. 1 and 2. Both flashes are
negative but the waveforms, for convenience, are shown with inverted polarity. A rather complex shape of current
waveforms is observed. The presence of reflections from all discontinuities within the lightning current path (CN
Tower and RS channel) may be detected, especially for cases of strokes with steep wavefronts (subsequent strokes).
In order to facilitate the comparison between the outputs of the two coils, the waveforms in Figs. 1b and 2b are
plotted in relative units with the first main peaks taken as the bases. The influence of different coil locations and the
much reduced level of noise in SRC records cannot be missed.

* B. Kordi is on leave from The Electrical Engineering Department of Amirkabir University, Tehran, Iran.
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3. RESULTS OF CURRENT
SIMULATION USING THE
EXISTING MTL MODEL

2nd stroke - both coils

I(rw)

Time variation of the RS
current and its  spatial
distribution are first computed
on the basis of the existing
MTL model [Guerrieri et al,
1996, Rusan et al, 1996,

Rachidi et al, 1998]. Results 0= e ) ) 0 . SR
are presented in Figs. 3a,b and Y ) b0 5 5 10
3c,d for the current in the TIME (microseconds) — (a) TIME (microseconds) ()

tower and in the RS channel, (the event of Aug. 9, 1998)
respectively. Waveforms are ’

presented in relative units

Figure 1. RS current waveforms

using the injected current peak Ik SRC- twostrokes 4 I (r.u)  Ist stroke - both coils

at the tower’s top as the basis 1'2 1

and the parameter z is used to ’ FRC

denote the observation point '

above ground. 081 SRC
The tower is represented 06 )

as an ideal single-section 047

transmission line, and the . 02t

model accounts only for S ) 0 : 4

reflections at its bottom and its 0 5 10 02 10 S 10

TIVE (tricroseconds) @) TIME (microseconds) ~ (b)

Figure 2. RS current waveforms (the event of Jan. 2, 1999)

top. The reflection coefficients
and the attenuation factor A,
are described in section 4.
Two current pulses, one
moving downwards through the tower and the other moving upwards along the channel, are simulated using one of
the known double exponential approximations [Kravichenko, 1991]:

1,00 =~ [exp(-a, TC0) - -2, (TC0)")] 0
1

where: I is the current peak, t is the time, T(t)= a,/ a, + t, 1,=0.973, 2,=0.005-10° 5™, a, = (0.3064 or 10.64)-10° s
(which correspond to front time of about 3 or 0.55 s, respectively).

Comparison with experimental observations indicates that the MTL model does reproduce the ground reflection
(the major second peak), however, a closer scrutiny of Figs. 2a and 3b reveals absence of an important “depression”,
between first and second peak, in the calculated wave. This points to a need of looking for a better approach to RS
current simulation.

4. EXTENSIONS OF THE MTL RETURN STROKE CURRENT MODEL

In the proposed new EMTL model the following factors are taken into account: (1) the reflections of RS current
pulses that take place within the continuously growing RS channel, (2) the possibility of RS initiation above the
tower’s top in the presence of an upward-connecting discharge, and (3) the attenuation of reflected current pulses
within the channel.

From the point of RS initiation, where the downward- and upward-directed leaders meet each other, two RS
fronts are moving in opposite directions with the speeds of v, (upward) and vy (downward). The last one, after
reaching the tower’s top, is partially reflected (with the reflection coefficient p,) and partially penetrates into the
tower, where it continues to move with the speed of light ¢. After reaching the ground the pulse is reflected (p,,) and
returns to the tower’s top. Here it is partially reflected (p,= —ps) and partially penetrates into the channel. (It is
assumed that the pulses reflected from the channel’s front and tower’s extremities are moving within the tower and
the channel with the speed of light). After reaching the RS front, at the channel’s top, the pulses are reflected (p,,)
and come back to the tower, etc. The model takes into account the possibility of an exponential attenuation: (a) of
the initial RS current pulse during its upward propagation (with the decay factor A, [Rachidi et al., 1992]), and (b)
of all other pulses during their propagation within the existing RS channel (with a decay factor ;).
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The results of simulation
(in relative units based on the
injected current at the
tower’s top) are presented in
Figs. 4 and 5, within the

tower and the channel,
respectively. Note, that the
initial pulse within the

channel is smaller than the
injected current. The values
of the RS front velocities, of
the reflection coefficients, of
the upward-connecting leader
length Ly , and of the
attenuation factors are
derived from [Rachidi et al.,
19921 (A,) and from previous
experimental observations at
the CN Tower [Wang et al.,
1995; Janischewskyj el al,
1996, 1998]:  v4=0.30c;
v,.=0.15¢; py = —0.365, pp =
0.395, p, = -0.5 and -0.9;
Lo=90m; A,;=2000m; A.=
3000m. Additional
parameters are listed in Figs.
4 and 5. In calculations, the
heights of the CN Tower, of
the SRC and FRC levels are

taken, correspondingly:
h=5551ﬂ, hSRC=510m,
hFRC:475m.

The main features of the
waveforms obtained with the
use of the EMTL model
show a good agreement with
recorded waveforms. In
particular, the “depression”
seen in Fig. 2a is quite
faithfully reproduced in Fig.
4b. Furthermore, the
influence of the reflection
factor at the RS front (p.,) is
clearly visible by
comparison with Figs. 4b,c.
Current waveforms existing
at different levels of the
complete RS current path
may be followed in Figs. 4d
and Sb. It is expected that
small spikes in measurement
records  that  are  not
reproduced by calculations,
may be caused by reflections
from intermediate discont-
inuities in the Tower.

2:=0.3064.10" 5

TIME (microseconds)

(a)

s T(ru)

2;=0 3064107 57*

i
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TIME (microseconds)

=10 6410% 57

is i

a:-10 6410 57
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z=0m
[ 1
o 5 10
TIME (microseconds) (b) TIME (microseconds) (d)
Figure 3. RS current distribution neglecting reflections within the
channel, using the MTL model:
v,=0.15¢, 4,=2000 m; z - height
's I(r.u) ; : s 1(r.u) I l
i [
510 m (SRC) $10m
475 m (FRC) 47 m
1 | S i L
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Figure 4. RS current within the Tower according to the EMTL model:
Ly,=90m, v;=0.30c¢, v,=0.15¢, ;=2000m, »-=3000m;
numbers below each plot mean: a-, p.. &,
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5. CONCLUSIONS

The results of return stroke (RS) current simulation obtained using the proposed Extended Modified
Transmission Line (EMTL) model display significant additional features. that are not reproduced by previousty
developed models, and provide a better agreement with the observed data. Consequently, the new model is
recommended for the determination of the RS current waveshape: (a) with multiple reflections of current pulses both
within the elevated strike object (ESO) and within the growing RS channel, and (b) with the possible presence of an
upward-connecting discharge. So determined current waveshapes may be applied: (1) to retrieve the signature of the
current pulse injected at the ESO’s top, and (2) to compute the electromagnetic field surrounding the ESO.

For further improvements of
simulation it may be suggested to use:
(a) a more sophisticated model of the
ESO’s structure (for example, see

1(r.u.)
z=645m

—

T
2,=03064.10" ¢

' 1(ru)

T

T
a,<1064 10 ¢*

}

corresponding approaches in [Rusan et 615 m | =
al., 1996]), (b) more accurate values of oo 800 m
reflection coefficients [Janischewskyj et s —
al ,1996], and (c) time wvariation ‘ ] . ':""
dependencies of RS front velocities [°¢ s TR R s " o)
[Thotappillil et al., 1991; Rachidi et al, = - - _TIME (microseconds)
1992]. Figure 5. RS current within the channel according to the EMTL. model:

Ly=%0m, v4=0.30¢c, v,=0.15¢; p,=-0.5, A;=2000m, 2,=3000m;
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MAGNETIC FIELD OF A BRANCHING DISCHARGE
V.V.Borisov' and A.B.Utkin®
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“ Institute for Laser Physics, Sci. Center “S.1.Vavilov State Optic Institute™, St.Petersburg, Russia

ABSTRACT: We consider space-time representation to the magnetic field produced by a right-angle branching
discharge. Current pulse starts and propagates to the T-branching point. Then one discharge segment carries a part
of the initial current in the original direction to the first (cloud) terminal point. The rest of the current pulse
propagates in the vertical direction to the other (ground) terminal point. This scheme can serve as a rough model
of complicated cloud-to-cloud discharge that partially branches to the ground. The report was stimulated by
observation of corresponding natural phenomenon in July 1996 at the Ladoga Lake.

BQ{ Bql)'l ¥

Figure 1. Structure of the discharge and field components.

The discharge structure is shown in Figure 1. The current pulse starts at the point O; and propagates to the

T-junction point Oy at which it branches. One segment carries the part k of the initial current to the terminal point

F. The rest of the current /- is directed at a right angle to the terminal point O. According to the superposition

principle, the total field produced by a discharge of this shape is a sum of three partial fields of radiating segments

0,0y, OyF, and 040. To find these fields we consider some segment ze [0, [] carrying current density

0
p

2n

i=je., j= W = (Bt - Hh(z - Br -TH(z. 1) 1))
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which is a pulse of duration 7 starting at the point z=0 at the moment 1=0 (7=ct is the time variable measured in
the units of length, ¢ is the velocity of light) and propagating along the 7 axes to the terminal point z={ with the
velocity ¢f. The term I(z, 1) is the continuous part of the current. We use the cylindric coordinate system g, @, z.
As it is shown in [Borisov and Utkin, 1995], the magnetic induction B = By (2, 0, 7, I) ey can be found with the
help of the Bromwich-Borgnis potential « as

B,(z.p.7.1)=0 for T<r and r>T+—[—+r;

0 ( du {
Bq,(:,p.r,l)=—-a?(5r—(:,p,r,l)] for r<T<T+73—+r,, 2)
a_,

®3 < re - ’ l 4 2 )
l(:’p’r’,):_l'cb_(w pT/%h'—_T_~____(}.r—vP‘+(:—z~J
aT C 1(;,p,7~', ) p-+(:_:/)2

The integral limits for different interrelations between z, p, and 1 are given in the table below:

Condition P, D,
0
r <T<min T+r,L+rI p 7(‘t'ﬁ-rﬁ)
B E
T+r<T<i+r, p = (TT—rT) B = (Tﬂ_rﬁ)
1-p° 1-p-
[ 0 {
E+r[ <T<TH+r
l
max T+r,i+r, <T<T+L+r1 b = (tr —r)
B B 1-pB°
Here we use the Gaussian units, ;-=\/p2+z2, g = Z_ﬁi . Ig = p2+32 , Tg= - ”: ,
I-p° 1-p°
:—ﬁ(f—r) T-T-[3 3 2

2 2 2
qE———, NP, e, =z, and =ypTtz .
yi- 8 I-p-

Let us investigate the magnetic induction in four equidistant observation points A ;-Ay located as shown in Figure 1
at the distance py from the terminal point O on the plane perpendicular to 0,0. It can be found geometrically that
the induction components in the Cartesian coordinates XYZ of Figure 1 may be expressed via general function By
(2. p, 1, 1) of equation (2) as follows:

By (A) = =By (- oy +hdy. 7. [1)_K3¢»(‘ i Ly T=1IB. 1)~ (1 ~K)By (= py 1y T = 1B, I)

B, (Ay) =(1=K)B, (= pyy 1y T=1/B.1,)

I 2 2 °
B, (A)) = —+( B, (. 1/p;, +1y,71.4) + kB, (0, \/,0/2/ +1,2, T-L/B, 12)J
VP +ig s

B,.(A;) = —%(Bw(ll, Vo2 +13 7, 01) + KB, (0, 0} + 12 ,1—1,/13,12)] 3
VPn iy

B,,(Ay) = =B, (= pyy + 1.1y T )= KB, (= Py Ly T = 1B L)+ (A= K)By (= pyy 1y T4/, 1)

B,,(A)=B,.(A) =B, (A) =B, (A)=0

B, (A)=-B,(A). B,,(A)=B, (A), B,.(A)=-B,.(A)
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Time dependencies of the magnetic induction components for the case of [;=5 km, I,=15 km, ly=5 km, T=30 km,
B=0.8, three values of the branching current share k=0.25, 0.75, and I (pure cloud-to-cloud discharge), and two
distances of the observation point py=15 kin and 50 km are shown in Figure 2. By is represented on the plots by
the dimensionless parameter B=cp;Be. For the sake of simplicity we take the triangle current pulse

1 .
I(z,7)=1 ——T(ﬁ‘r - ;) that allow analytical representation of the field [Borisov and Kononov, 1996}. However,

one can use relations (2) and (3) for the current pulse of arbitrary shape.

The results obtained for the magnetic field in free space can be readily extended to another limiting case:
ideally conducting earth’s surface. Here the normal component is zero while the tangential components are
increased two-fold

Bqlz—éa B‘Px—) 2Blpx, B(py—) 2B(py.

Generalization of the discussed scheme to the case of several branches and arbitrary location of the observation
point A is also possible. However, it results in much more complicated expressions. It should be noted that the
horizontal part of the branching current can be represented as a sum of the pulse k/(z,7) propagating along the
path {y= [;+1, and the pulse (/-k}I(z, 1) propagating along /;. Total induction due to the horizontal current can be
obtained with the help of function

e R R P e
I R N

1_ @ﬁ M, T, ’ ’ 2 ’
N K (®,(z.0,7 ll)dz .__;___I(Z,T—,}p“+(z~z)2
c *®ilz,p.1.0) VP2t (z-2)?

which is easier to extend to the case of several branches than the ordinary relation resulting from consideration of -
pulses I(z,7) and k/(z,1-1,/8) propagating along the segments [, and /.

Note that calculation of the magnetic induction component allows defining the electric strength
component of the discharge field in the far zone.
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T=30 km, and B=0.8.
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THIN STRUCTURE OF ATMOSPHERICS
Y. A. Krasnitsky
Aviation University of Riga, Riga, Latvia

ABSTRACT. A convolutional model has been developed for spherics waveform radiated from a lightning channel. Any spherics is supposed
to be a result of convolution of the channel base current with channel radiation pulse function (CRPF) mapping channel structural
inhomogeneities into the spherics. The relations of the CRPF with essential types of channel inhomogeneities are considered. Estimation
of CPRF from real spherics data by digital processing methods are briefly described.

1. INTRODUCTION
Matematically, the spherics waveform
elt) =L[/(0,4)] (1
generated by the lightning channel is the result of action of the operator £ on the base current pulse /{0, t) = 7(z, ¢t} | _, - Value z is

the length reading along the channel filament. Thus, £ contains all information about structural features of the channel. Both modeling of
channel radiation {or direct problem) and finding of channel characteristics from the spherics waveform {or inverse problem) demands the
knowledge of £ or its evaluation based on experimental data.

Solutions of these problems should minimize a discrepancy among modeled and observed spherics. However, well-known models
of the channel radiation recently reviewed by Rakov [1997] ignore any inhomogeneities of a channel structure. Thereby, the direct problem
solutions create oversmoothened waveforms and do not predict the fast waveform variations which are inherent in any real spherics
record. More realistic models should include effects of inhomogeneities. Some from them have been considered at least qualitatively (see,
e. g.. LeVine and Meneghini [1978]), but complete analysis of relations of channel structure with radiation field has not been yet
performed.

This paper consists of two parts. At first, convolutional form of Eq.(1) is discussed. In place of  the channel radiation pulse
function (CRPF) is introduced for mapping of inhomogeneities into the spherics. Features of CRPF are examined using the scattering
matrix approach. Then the inverse problem of evaluating of CRPF from real spherics data is considered. Examples of extracting of CRPF
based on Fourier transformation as well as on linear prediction methods are presented.

2. STRUCTURE OF CHANNEL RADIATION PULSE FUNCTION

Ignoring any nonlinearities that perhaps are feasible in the course of generation of spherics one can consider (1) as the

convolutional equation. In shorthand farm

elt) =il0, ty*h_(t)=h (1) {2)
where 4 _ () is CRPF [Krasnitsky, 1994], 4, (t) is a trace pulse function. Asterisks are the symbols of convolution. If distance from
lightning is about 100 km or less, and ground is a good conductor for spherics record frequency band, then, 4, (¢) ~ 2. Thus, it is the
CRPF that is mainly responsible in (2) for mapping of channel features into spherics waveform. Mathematically, 4 _(¢) is the spherics (2)
generating by the same channel provided ; (0, ¢) =& (¢} where 5{4 is Dirac’s delta function.

The eft) in (2} is equivalent to pulse radiating by travelling wave antenna with current /{0, ¢) as the input. Smoothened models
for eft) are based on some assumptions: 1) the antenna is formed by plurality of contiguous radiating elements, 2) current wave velocity v
is a constant or monotonausly alters along the channel, and 3) all the channel eilements create rather equal contributions into eff).

However, real contributions from different channel parts are not equal. They increase when velocity gradients dw/dz are greater.
Great velocity gradients are accompanied by abrupt changes of current values. Therefore the major contributions are created by just those
channel parts where local inhomogeneities of channel structure are pfaced.

It is seen that evaluating of the 4 (¢) from real data modeled by (2) are allied to the inverse problem of antenna synthesis.
Solution should give such spatial and exciting current distributions for elementary radiators represented by main inhomogeneities of
channel, which create the same (in a certain sense) spherics as it was observed from the real lightning. Thus, the channel is rather
modeled by discrete antenna array than contiguous one, and it will be better to rewrite 4 () in{2)as

M
hAfh =X A, 8t -r1,). )

m =1
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7. ) where 4

m'’ "m m

One can see that every element of the array is mapped into (3} by pair (4 is excitation factor, 7, is current pulse

delay for the m-th member of that array.

The inhomogeneities are to play double role in channel radiation process. Firstly, they are the local radiating centers, or some
"brigthing points”, forming discrete antenna array. Then, reflected waves are brought about as travelling current wave meets any
inhomogeneities. In turn, being repeated many times these reflected waves initiate brigthing points excitation recurrently. That is why the
value of M in {3) should be greater than number of inhomogeneities expected to account.

Because of plurality and irregular positions of inhomogeneities placed along a channel, one would think the CRPF (3) should be
construct as a rather random sequence. However, sharp inhomogeneities and reflections from them give rise to the nearly quasi-periodical
part of CRPF. This part includes the members commonly displayed in (3} over weaker background puises.

Mainly, the sharp inhomogeneities are channel and branches ends, bends and tortuosities, and branching points. As antenna array
elements, they are excited by abrupt changes of current caused by great sizes of current wave velocity gradients. Every current step, and,
then, value of 4 _ in (3), both depend on the reflection coefficient of the inhomogeneity [Krasnitsky, 1998]. Evaluation of these

coefficients will be done below, but determining of 7, in (3] deviate from the frames of this paper.

The simplest case arise as inhomogeneity is channel {or branch) end point. Suitable reflection coefficient is -1, as it is seen from
boundary conditions. More generally, any inhomogeneity should be considered as a linear passive multiport network incorporated into
transmission line conforming to main lightning channel. Similar network is described by the scattering ¥ xA matrix [Chen, 1976}

Ry Ty ... Ty
O L P (@)
Twr Twz o Aun

which relates the reflected, incident and transmitted currents occured in the network branches and designated accordingly as /,,, i,, and
i, Main diagonal elements are current reflection coefficients g =i i, for the k-th branch provided the other branches are
matched. The rest elements in (4} are 7, =7, /7, . or current transmittion coefficients from the branch /to the branch 4.

Used (4), main types of channel structure inhomogeneities have been considered [Kzasnitsky, 1995]. Briefly, the results are as
follow.

1. The isolated bend of a channel (or a branch) is described by 2 x 2 matrix. If angle among bended parts is obtuse the reflection
coefficient for upgoing current wave is £ ~—0.1 . Its relation to the angle values is weak. For downgoing wave reflected from channel

top, R ,,= -R ,,- The signs of corresponding values of 4, in (3) should not depend from direction of the wave. Inversion of sign, as 7 "
is changed by £ ,, . put off by one more inversion due to reflection from channel or branch end.

2. Tortuosities, or muitiple contiguous small bends, play double role in forming of CRPF (3). Firstly, they give raise to channel
spatial modulation. Thus, one ought to consider a channel as a delaying structure. Excited wave propagation velocity along the axis of
spiral-ike channel is perhaps lower than being read along the channel filament. Optically resoluted periods of tortuosities are 60 - 100 m
but thunder acoustic spectra analysis gives periods about 3 m [Ribner and Roy, 1982].

Secondly, reflections from plural tortuosities should be considered statistically. From this standpoint, tortuosities should give
raise in CRPF (3) for noncorrelated sets of pulses with low magnitudes. It should create nearly regular background for more strong
isolated pulses generated by more powerful local centers of radiation. In addition, being oriented towards the observation point, some
parts of tortuous channel have not to contribute into radiation field and, thus, into CRPF.

3. The branching point is 6-th port network with 3x3 matrix. Main diagonal elements are

_Trwilw, —w,iw, N +wilw, —w,lw, V+wlw, —wlw, (5)
22 3

[ _‘ ’ v
+Wlw, +w,lw,

‘1+w3lw2+w31w,' _1+w3!w,+w3!w2'
w, is channel characteristic resistance under that point, and w,, w, are these resistances for branches over. Mapping of that point into
(3) is defined by A,,. if current wave runs up to branch tops, and both #,, and R ,;, as the wave being reflected by these tops. The
sign of A4, is important. When

wilw, >1+w,iw,, {6)
the branching point should generate the negative pulse in (3). The same signs have pulses from channel or branch ends. This coincidence
can impede as channel geometry is evaluated from CRPF.
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From physical standpoint, the (6) represents perhaps the most likely case as main channel is forked into two more thin branches.
If radii of these are equal, i.e., W, =w;, one can derive from (5)

Ay =12 -wlw){2+w,lw,), Ry =Ry =lwlwl{2+w,lw,), {7)
and unequality (6) is reduced to w,[ w, >2 . Contrary to described case, as radius of main channel is unchanged before and after
branching point, then, W, =w, . One obtains from (5)

Ry, =R, =111+2w,lw,, R, 2w, lw, - 1) (2 +w,lw,). (8)

It is seen that the unequality (6) is not valid for this case. If the primary current wave is upgoing, the branch point radiation would be
mapped into the positive pulse in CRPF (3).

3. EVALUATING OF CRPF FROM SPHERICS RECORD

Before processing, anyone from convolutional components in (2) is not yet known. Those can be resolved due to appreciably
distinct behaviour. Really, being responsible for interference of fields radiated by different channel inhomogeneities, CRPF is to be the fast
function relative to channel base current (or, more exactly, to the result of convolution of the current with trace pulse function).

Being modeled by Bruce-Golde’s current form, slow component should be sought by spectral minimization procedure [Krasnitsky,
1984]. Then, CRPF is found as inverse Fourier transformation (FT) from the quotient of direct FT of the spherics {2) by the spectrum of
the slow component.

The predictive deconvolution method [Hayes, 1996] is suitable to evaluate the fast component, i.e., the CRPF, without profound
knowledge of inherent properties for convolved terms in (2). One can suppose that linear g-order estimator for discrete-time representation
of {2} is

7
Eln) =) a,(kleln - k). &)
k=1

Finding the coefficients a,lk) is equivalent to minimizing the sum of squares of prediction errors, i.e. the differencies &{n) —e(n). It

is possible to demonstrate that discrete-time form of CRPF in (2) is presented by set of these errors.

Sofware to realize these procedures has been developed [Krasnitsky, 1998]. The examples are presented in figure. Plot (3/ shows
the spherics registered from distance 32 km to observer. CRPFs were sought by both methods: fast FT {4), and linear prediction (9) for
p=2 {c). Plot{d} is modified CRPF derived by remaining in (5) those samples only which are the local extrema.

As it is seen CRPF sought from spherics data has really the features exposed in Part 2. One can assume that the pulse signed £ in
(e is mapping of channel top excited by primary outgoing current wave. The pulse E’ should perchaps resulted from channel bottom being
excited by reflected downgoing wave. The pulse BE is branch end radiation, and so on. CRPF’s found by different methods are similar.

4. CONCLUSIONS

Analysis of the CRPF (3} allows not only to detect that the channel has heterogeneous structure, but also to resolve mare fine
details determining the inhomogeneities of specific kinds. For example, branching point position is estimated from the delay of the
appropriate pulse in CRPF, and the kind of branching is identified from the sign of this pulse using Eqns. (5-8).

Being recovered by different methods fundamental features of CRPF are similar, but usage of linear prediction method (9) does
not require estimation of the base current form previously.

2 e i
a S0 100 150 208 258 3ep as8
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GENERATED BY A CHARGED AEROSOL CLOUD
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ABSTRACT: Charged aerosol clouds allow to create strong electric fields which generate
discharges. A character of appearance and development of the discharges is similar to
thundercloud processes. That is why the charged aerosol clouds are used for experiments on
studying of discharges in air. Experimental data on electromagnetic fields investigation produced
by discharges between charged cloud and ground are considered.

INTRODUCTION

Lightning parameters are studied for a long time. Electromagnetic fields is one of them which
is studied for noise level estimation and for lightning location. Lightning is a unique phenomena
connected with atmospheric activity. Attempts to create lightning in the laboratory led to high
voltage pulse generation invention. They are able to create a long spark in air gaps. But the
discharge is generated between two metallic electrodes thanks to the power stored in capacitors.
A generator of charged aerosol forms charged aerosol clouds in a small volume in comparison
with natural thunderstorm clouds. Charged aerosol clouds induce strong electric fields and create
conditions which are very close to natural. It makes possible to study processes of lightning
generation and electromagnetic fields produced by discharge.

PROBLEM

Charged aerosol generation allows to simulate thunder clouds and investigate discharges in an
air gap between the cloud and the grounded electrode. We can consider the discharges as
lightning taking into account a certain approximation. Discharges arise electric field changes of
the cloud and generate electromagnetic fields. The problem is to estimate a frequency spectrum
of electromagnetic field of the discharge.

Analysis of a frequency spectrum of CG lightning shows that it has a broad band. In practice
lightning location instruments have a band from 10 to 500 kHz [Vereshchagin et al, Anzupov et
al, Baru et al. ]. Pierce [1971] found that maximal amplitudes have frequency of 10 kHz.
Experimental data show that distant thunderstorms have maximum at 8 kHz, close thunderstorms
have maximum at 10 - 12 kHz.

Discharges generated by charged aerosol clouds have their lengths about 1.5 m. If we consider
these discharges as antennas so we can suppose that the resonance frequency can be higher than
lightning has. '

EXPERIMENT

Charged aerosol generators are described completely in [Kononov et al., Pierce, Uman et al.].
They are used for charged aerosol formations which generate discharges striking into grounded
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electrodes. Fig 1 shows an experimental set-up. The charged aerosol cloud of 1 cubic meter is
formed above grounded plane on 0.7 - 0.8 m height by the charged aerosol generator. A field
meter was installed under the grounded plane surface with a hole. Field strength exceed 10
kV/em. Jet outlet current of 150 pA provided space charge density of 10° C/m’ and charged
cloud potential of 0.9 - 1.2 MV.

Electromagnetic field was measured by a dipole antenna at a distance of 4 m from discharges.
The dipole antenna was constructed of two copper hemispheres of 2.0 cm diameter which were
placed on a teflon insulator at a distance of 7 cm. The dipole antenna was connected with a
differential input of an oscilloscope by a screened circuit pair.

EXPERIMENTAL RESULTS

Experimental set-up is given in Fig.1 [Vereshchagin et al, Anzupov et al, Baru et al. ]. The
vertical component of electric field of vertical oriented discharge was measured by the described
antenna. The upper hemisphere of antenna was connected to a positive input and the lower
hemisphere - to negative input. The typical form of a signal is given in Fig. 2. Impulse
parameters are the following: duration of the pulse was from 20 to 40 ps, front of the pulse was
2.0 us, amplitude was from 20 to 40 mV. Parameters of pulses was computed after experiments
and were taken the Fourier transformation of the pulses. The frequency spectrums were obtained
and one of them is presented in Fig. 3.

CONCLUSION

Analysis of the computed data showed that the maximum amplitudes correspond to 50 kHz.
Amplitudes of upper harmonics have a sharp decay - Fig. 3. It allows to make a conclusion that
the frequency spectrum of discharges generated by charged aerosol clouds are practically
corresponds to frequency spectrums of lightning. Hence, frequency spectrums depend on
ionization processes in discharge channels, but not from the discharge length.

Obtained results show that the physical processes in discharges generated by electric field of
the charged aerosol cloud are similar to thundercloud processes.

REFERENCES

Vereshchagin [.P., Koshelev M.A et al. Elektricheskyi razryad v zaryazhennom aerosole. Izv. AN
SSSR. Energetika i transport, 4, 100 - 106, 1989.

Antzupov K.V, Vereshchagin I.P. et al., Metody polucheniya zaryazhennykh aerozolnykh
obrazovanyi 1 ikh ispolzovanie. Izv> AN SSSR, 5, 78 - 92, 1990.

Baru N.V_, Kononov LI., Solomonik M.E. Radiopelengatory-dalnomery blizhnikh
groz.L,Gosmeteoizdat, 1976.

Kononov 1.1, Petrenko I.A. and Snegurov V.S. Radiotekhnicheskie metody mestoopredeleniya
grozovykh ochagov. L. Gosmeteoizdat, 1986.

Pierce E.T. Atmospherics - their characteristics at source and propagation. Introductory Review
Paper.XV-th Journal Assembly of USSJ. Munhen 1971.

Uman M.A., McLane B.K., Krider E.P. The electromagnetic radiation from a finite antenna.
A.J.P. Vol. 98, D12, 22903 - 22914, December 20, 1993.

136



i L
Fig. 1. Experimental set-up

1 - charged aerosol cloud; 2 — discharge; 3 — electrode; 4 — grounded plate;
5 — insulator; 6 — differential antenna
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Fig. 2. Signal wave form
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Fig. 3. Frequency spectrum
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FORMATION OF PLASMA SPACE STEMS IN CHARGED AEROSOL CLOUDS:
EXPERIMENTAL RESULTS AND THEORETICAL EXPLANATION

A.G. Temnikov, A.V. Orlov and V.S. Syssoev

Moscow Power Engineering Institute
High Voltage Engineering Department
Krasnokazarmennaya st., 14
Moscow, 111250, RUSSIA.

ABSTRACT: Experimental investigations of plasma space stem formation in the charged water aerosol
clouds allowed to describe the phenomenology and suggest the possible mechanism of their appearance.
These space stems can appear on the charged flow boundary where the external electric field strength
becomes enough for intensive ionization when the weak streamer arrives there. Rarity and accidental
nature of the space stem appearance are explained.

INTRODUCTION

Investigation of the discharge phenomena in the charged water aerosols plays an important role for the
understanding of the electrical processes in atmosphere, especially for the lightning physics studying and
for simulation of lightning development stages.

Experimental investigations of discharges in the artificially charged aerosol clouds [Antsupov et al.,
1990; Temnikov et al., 1993] showed that sometimes the luminous plasma formations (called us «space
stems») appear on the boundaries of the turbulent charged aerosol flows. This phenomenon is rare and
occasional. Frequency of appearance of such plasma formations is by the orders less than the appearance
of spark discharges in the charged aerosol cloud and near it. Visual beginning sizes of the appeared space
stems are in the range of millimeters.

PHENOMENOLOGY OF PLASMA SPACE STEM APPEARANCE IN THE CHARGED AEROSOL
CLOUDS

Observations of the discharge development in the artificially charged aerosol clouds showed that the
space stem appearance is preceded by the corona discharge development near the charged aerosol
formations. Moreover, these corona discharges represent the weakly branched long filaments of the tube
of diffusive discharge (probably the weakly current streamers). Development of the bright powerful
streamer discharges near the charged aerosol cloud was not accompanied by the plasma space stem
appearance.

It was found that for charge aerosol clouds of vertical orientation space stems mainly appear under the
positive polarity of charged aerosol, and for acrosol flows of the negative polarity stems occur more often
for horizontal orientation. Application in experiments of the artificially strong charged flow of horizontal
orientation allowed to study detailed the process of the plasma space stem formation.

Charged aerosol generator of the condensate type was used. It had the outlet currents up to 150 pA
and allowed to create the charged aerosol clouds with potentials up to 1,5 MV. Scheme of experimental
installation is shown in Fig. [.

It was found that space stem appearance was preceded by the appearance of the mentioned above
diffusive discharge tubes from the inhomogeneities (drops, rough parts) on the situated closely grounded
screens. Such tubes occurred in the different places and ended on the boundary of the charged aerosol jet.
However, plasma space stem appearance on the jet boundary was the sufficiently more rare and
occasional phenomenon, and region of their appearance was localized on the distance 0,3 - 1,1 m from
the jet outflow plate. Thus, the diffusive discharge tubes ending on the charged flow boundaries outside
of that zone did not lead to the space stem appearance.
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We can derive the parameters of the charged aerosol jet accompanying the space stem appearance.
Space stem appeared only under the outlet currents of the charged aerosol generator more than 100 pA
when the cloud potential was more than 1 MV and the electric field strength on the jet boundary not less
than 13-15 kV/cm were provided.

After appearance of space stem, the future discharge development could go in two directions: (a)
discharge process ended on this stage; (b) sometimes the space stem could developed into the space
leader discharge and then the leader discharge from the grounded objects.

POSSIBLE MECHANISM OF THE PLASMA SPACE STEM APPEARANCE

Let’s present possible mechanism of the space stem appearance. Luminescence of the space stem
shows about intensive ionization processes in that region of medium. We can assume that it is necessary
that average electric field strength in the space of the possible space stem appearance (more than some
hundreds microns) has exceeded the critical one for air (30 kV/cm). Maximal value of the electric field
strength on the charged aerosol jet boundary is achieved in the region 0.2 - 1.0 m from the jet outflow
plane [Orlov A.V., Temnikov A.G.]. Because of the turbulent character of jet and action of own electric
field of the charged flow on the charged aerosol particles, real boundary of the charged aerosol jet will
have not regular, constantly changing in time and in some space range character which can be determined
as fluctuation zone (Fig. 2).

Let’s consider situation when «weak streamer» of the diffusive discharge tube approaches to the
charged aerosol jet boundary (Fig. 3). As in experiments, we consider the negative aerosol jet and the
approaching positive streamer. Head of streamer with the charge Q, and the radius R, has approached on
the distance Y to one of the fluctuation projections of the charged flow boundary. Average electric field
in the gap Y will be added from the external field of the charged aerosol jet Ezao and from the field of the
excess charge of the streamer head:

9

Eyp = E o+ oo
Yav 240 47[€OR’(Y+ R,)

(1)

Proceeding from the required for the possible appearance in the region Y of the space stem E,, = 30
kV/cm and calculating the electric field on the charged flow boundary, we can estimate the required
distance of the head streamer approach Y to the fluctuation of the jet boundary:

0, (
Y = T N Rl (2)
4R, (Ey,, — E,u0)

Calculations fulfilled for typical parameters of the streamer head and the charged aerosol cloud
showed that there is the possibility of appearance in the space on the boundary of the turbulent charged
aerosol jet the areas with length of some mm where electric field strength exceeds 30 kV/cm and the
space stem can appear. Length of the appearing space stems increases with the rise of the streamer head
charge and with the rise of the electric field strength on the charged flow boundary, and it decreases with
the rise of the streamer head radius and with the rise of the required for the space stem appearance
average field strength. Calculated sizes of space stem lie in the range 0.5 - 8 mm and well correlate with
the beginning sizes of the space stems observed under experiments.

Polarity and accidental nature of space stem appearance are connected with the following: (1) hit of
the weak streamers of the diffusive discharge tube to the region of maximal field strength on the jet
boundary is the rare case; (2) time is required for space stem formation, so only streamers with the
limited range of their parameters (they should be enough slow, but have enough excess charge of the
head) can lead to the space stem appearance; (3) if the humidity of air will be low, that leads to
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evaporation of water aerosol particles and to appearance near the charged aerosol jet boundary of ion
zone where approaching streamer can move rapidly and with less charge of head; (4) streamer often
approaches not to the fluctuation projection of the charged aerosol jet boundary, but to the fluctuation
hole where the external electric field Ezsq 18 less.

Thus, the most favourable case for the space stem appearance is the meeting of the streamer of the
diffusive discharge tube with the powerful fluctuation projection of the charged aerosol flow boundary.
Future development of the appearing space stem and its possibility of transition to space leader will
depend on the electric field in the region of the appeared space stem (it should be enough for the streamer
corona initiation from the ends of space stem).

CONCLUSION

On the base of experimental data, the phenomenology and possible mechanism of the space stem
appearance are presented. Calculation results well correlate with the experimental observations.
Investigations of the space stem appearance in the charged water aerosols require the future continuation
because probably appearance of such space stems near the inhomogeneity zones of the space charge of
thunderstorm cells is necessary condition fir the start of the lightning discharge in thunderstorm cloud.
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Fig. 1. Scheme of experimental installation.

1- artificially charged aerosol cloud; 2 - electrostatic screens; 3 - electrode; 4 - shunt; 5 - oscilloscope;
6 - discharge counter; 7 - photoelectron multiplier; 8 - electric field strength meter; 9 - charged aerosol
generator; 10 - zone of space stem appearance
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Figure 2. Structure of charged aerosol flow boundary.
I- approximation flow boundary; 2 - real location of charged aerosol in that time moment; 3 -
fluctuation zone; 4 - jet axis
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Figure 3. Possible mechanism of space stem appearance.

I - charged aerosol jet; 2 - jet boundary; 3 - fluctuation rejecnon of flow boundary; 4 - head of
approaching streamer; 5 - streamer channel
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ABSTRACT: The work is devoted to the statistical analysis of events of observation Ball Lightning (BL) collected in the
Stakhanov-Keul-Bychkov (SKB) computer data bank on BL. This data bank provided data for analysis of BL properties
using a personal computer and modern statistical software such as analysis of variance, ANOVA, for revelation of
significant factors and methods of non - parametric regression. The properties of BL as a high energy storing and an object
with the framework are analyzed. The model of BL as a highly charged polymer-composite dielectric structure is
described. All obtained results show that BL can be heterogeneous (polymer or composite) formation, with movable
framework and glowing surface. At least one type of BL can be the object with the material structure or the framework.

INTRODUCTION

Problem of Ball Lightning (BL) - long-lived glowing spherical object, that appears mainly in summer during
thunderstorms (in the Northern Hemisphere) and exists autonomously from evident external sources of energy attracts
constant attention of scientists for a long time. It is connected with difficulties of determination of the experimental
direction of researches. Nowadays in the BL problem appeared four directions of the investigation. The first is collection
of observational data and the primary analysis of it. The second direction is the computer analysis of the observational data
with determination of properties inherent in BL. The third is development of theoretical models of the object that can
describe main observational BL properties and allows develop the fourth direction of investigations - experiments on the
creation of laboratory BL analogues. In last ten years there were achieved considerable progress in all these directions. In
frames of this report is impossible to give the review of the subject, so we consider some results of our own investigations.

New facts allow look at one type of BL as the object with the structure or the framework. It usually appears in
summer when take place both thunderstorms and highest release of organic particles of different forms of green vegetation
origin (pollens of grass, oak, pine, spores of mushrooms, etc. and destruction of leaves, wood, grass, etc. under the action
of atmospheric electricity) into the atmosphere. It can have polymer organic or composite (organic macromolecules and
particles of sand, dust and soot) structure. This work is devoted to statistical and theoretical analysis of this concept.

STATISTICAL ANALYSIS

Ball lightning (BL) observation data were collected in the Stakhanov-Keul-Bychkov (SKB) personal computer
data bank on BL (about1900 events). It includes information of collections of Prof. I.P. Stakhanov (1503 events in USSR),
A.G. Keul (150 events in Austria) and Bychkov V.L. (about 100 events in Russia). It allows evaluate the internal energy
store of BL in range 5-100 J/em®, and even more <470 J/cm®. In SKB there are 268 observations that show BL to have a
complex structure. 81 BLs had tails or rays or branches. Outgoing sparks or glowing particles were observed from 52 BLs.
Stripes, layers and rings were observed on surfaces of 5 BLs. There were observed 5 double or triple structures; 9 BLs had
a form of tangles with definite interknitted structure; 34 BLs had galo or nucleus. We also want to mention that BL can
have a form different from a spherical one. Out of 1397 cases of SKB 61 were ellipse like, 21 - pear, 21 - irregular, 16 -
sphere-tape (form changed from sphere to tape, or from tape to sphere during BL lifetime), 25 - sphere - ellipse, 5 ellipse-
tape, 5 - ring and 3 - disk.

Created SKB allowed continue to investigate BL properties with the aid of personal computer and to use not only
the correlation analysis for it. By means of ANOVA (analysis of variance) there was made revelation of the significance
factors BL color and way of disappearance (explosion, extinction, decay) for parameters BL diameter and lifetime. The
factor BL color turned out to be insignificant for the parameters BL lifetime and diameter while the factor BL way of
disappearance was significant for them. Dependence logarithm of radiation losses - logarithm of BL volume obtained with
a help of non parametric treatment turned out to be different according to BL ways of disappearance.

ANOVA analysis showed that the factor of the BL location (indoors or outdoors) proves to be significant for
such BL parameters as diameter, lifetime and the radiation power (in comparison with the power of incandescent lamp).
The distribution of BL over colors does not depend on its location.

The correlation analysis of BL distribution over colors has been made. 18 factors, which could affect the
observers' perception, were analyzed for six main colors of BL. The correlation coefficients for all the factors but four
turned out to be in the 95% confidence interval from 0.903 to 1 of correlation coefficients for random samplings. Four
factors falling out of this range are: observation in September, during night time and before thunderstorms and
disappearance of BL through decay.
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The rank correlation method was applied to investigate the influence of atmospheric thunderstorm conditions on
the observation time of BL. For the analysis a ranking of BL over sizes has been made and a ranking of atmospheric
conditions of the BL observations in respect to electric field strength of the atmosphere ground layer has been made.
Statistical analysis reveals that both the increase of the humidity and of electric field strength decreases the BL observation
time, and the effect of electric field strength is the secondary in comparison with the role of humidity.

Methods for non-parametric regression have been applied for pair lifetime and diameter of BLs that disappear
through explosion, extinction and decay. BL lifetime increases in case of BL, that disappear through extinction and decay
in range of diameters 0.5-100 cm. Lifetime of BLs, that disappear through explosion, increases at diameters smaller than
60 cm and decreases for greater diameters. For all types of BLs observed during thunderstorms the statistical dependence
of natural logarithm of BL lifetime (sec) in respect to natural logarithm of its diameter (cm) is represented in the figure.
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During analysis it was shown that the distribution function of BL parameters like diameter, lifetime, radiation
power, and the shortest distance to the BL can not be described by a log-normal distribution function, though earlier some
authors used it to describe BL properties.

These works gave possibility to make some conclusions, namely. BL color can be determined by photo or
chemical processes near BL surface (with the participation of surface gas discharges) and/or by reflection or refraction of
light by the surface material. Exploding BLs have the most specific energy and the least radiation ability. BLs those
disappear through extinction have the most radiation ability and the least specific energy. BLs those disappear through
decay represent the intermediate case.

BLs those appear indoors are secondary phenomena in correspondence to the outdoor BLs, or they are the result
of the formation of less amount of BLs material in comparison with outdoor BLs.

Analysis of the most probable action of the humidity on BL lifetime on the basis of theoretical models revealed
that plasma, electric field, cluster and fractal models can not explain the obtained statistical results. These models also can
not explain the observed dependence lifetime-diameter. According to plasma and cluster models BL lifetime is dependent
on concentration of plasma particles and is independent of its size and it contradicts to the statistical results. Dependence
of BL as the vortex or of overcooled plasma transition significantly differs from the statistical one. Close to the observed
dependence was obtained on the basis of polymer BL theory [Amirov ef al., 1998]. All obtained statistical results show
that BL can be heterogeneous (polymer or composite with air filled pores) formation, with movable framework and
glowing surface.
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POLYMER-COMPOSITE BL THEORY

Taking into the account successful gas discharge experiments on generation of artificial fireballs in discharges
with the polymer additions and polymerizing components in a gas mixtures in [Bychkov 1994, Bychkov et al. 1996]. There
was represented a theory of BL and fireballs in discharge plasmas. The framework of this object is the polymer structure
or composite of polymer organic macromolecules, soot, silicon and other dielectric particles that exist in atmosphere. Such
BL can be formed at the destruction of polymer isolation during shorting in high power electric devises or at the injection
of streamers of linear lightning into subjects made of the polymer materials, for example bark of trees, grass, leaves etc. If
the origin of BL is connected with organic components then the appearance of BL in radio, TV sets, in telephones and
other electronic devices with polymer isolation parts and possibility of realization of local high electric fields and currents
inside the device can be explained. Mass m of such polymer BL is determined as mass of fractal structure of radius R,,

2-R,

Ty

0]

m=m,-

where m, and r; are the monomer mass and radius, respectively, N; is the number of monomers. D is the fractal dimension,
in case of the polymer structures D=2.5+0.3. According to (1) the mass of BL framework of radius 10 cm made of
molecules like CH, is ~0.85 g and of cellulose ~0.15 g. At the same time the mass of the same sphere of air is ~5.1 g, it
shows that such BL (framework and pores filled by air) is slightly heavier than the sphere of air, so it can be moved by air
flow. The surface § of such structure, if we consider, for the sake of simplicity that the fractal BL consists of equal spheres
of radius r and density py, is

2R
3 Bm,| — *
m
§=—-= :
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(2)

Because of great surface the fractal BL during the aggregation and charging can accumulate on its surface and
structure a high amount of charges from the environment. lin stationary conditions in respect to charging it is possible to
estimate the excess of charges, g, on its surface when ions are captured by molecules of the structure

r,-T M
=20 -
q=——"log, N, (3)
2e M

+

where M. and M, -are reduced masses of negative and positive air ions, e —is the electron charge, T is a gas temperature.
According to (3) BL is charged negatively at usual atmospheric conditions. BL of R, = 10 cm consisting of molecules like
CH, can obtain negative charge g ~8-10° C and of cellulose ¢ ~1.4-10° C. BLs with such characteristics can levitate at
height 3-10 m at local electric fields in range 100-500 V/m during thunderstorm conditions if we take into the account
their weight and mirror attraction to the earth.

It is well known that dielectric structures usually are charged mosaic like, and the distance between charges
greater than regions of charge locations. In case of the dielectric polymer-composite material of BL it can be also charged
mosaic like by negative and positive ions. On the basis of Gauss equation the dependence of energy, E, of the sphere
charged mosaically was obtained

E=(Q, m)*-(+¢&,(e,2D-1))/(2-R-¢&,)

where O, ~107 C/g, typical for dielectrics coefficient of charging. In figure 2 dependence (4) BL energy —diameter is
represented for structures made of molecules like CH,, lines 1 and 2, and of cellulose, lines 3 and 4. Lines 1, 3 correspond
to D=2.5, and lines 2,4 to D=2.3. In Figure 2 is represented also the data on the energy of BL obtained from observations.
Comparison shows good agreement between theoretical and statistical results.

Conducted analysis showed that the accumulation of charges by the BL leads to the appearance of high electric
fields near it and to the generation of gas discharge conditions near its surface. These discharges heat the surface and
change the conductivity of BL material. Increase of temperature of surface up to 600 K leads to changing of conductivity
of polymer films by several orders of magnitude. Conducted calculations for typical conditions of corona discharges near
the sphere showed that the BL lifetime is rather long and comparable with the observed one, lifetime range of BL of radius
1 cmis 2+5s, of 10 cm is 20-50 s, and of 30 ¢cm is 40-150 s.

The appearance of discharges on the surface explains its ability to shine. Since BL it is the polymer structure then
it's optimal form in a flow is a sphere, but without a flow it can have any different form from a sphere. Because of the fact
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that the own volume of the elastic framework of polymer BL is much smaller than its effective volume BL has ability to
penetrate through little holes. The BL appearance from "nowhere” can be described as the transition of polymer structure
to the stressed state with convenient conditions of discharge appearance on the surface [Bychkov 1994, Bychkov et al.
1996]. This theory is also applicable for explanation of appearance of fireballs in discharges with polymer additives and
gives time of their formation comparable with the experimental ones.

Using the idea of BL aggregation and charging in experiments [Emelin, S.E., et al., 1997.] little particles of
carbon or cotton wool (~10 units) were located in the channel I-2 mm wide made of organic glass (PMMA).
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Discharge of input energy ~ 1+3 kI lead to the appearance of one or several autonomous formations. They flew high up to
0.5+1.5 m and fell down like snowflakes. They shone red color, had irregular form and size 5+7 mm that was greater than
the channel’s size. The time of glow was 5+6 s. Remains of these objects, had white-yellow highly porous structure,

sometimes it consisted of bunches of fibers, or separate long filaments. Density of their material was 5-107 g/cm®. After
the sufficient deformation-compression and tension the object restores its form, what represents high elasticity of material.
Electronic microscopy showed that the framework of the object consists of modified PMMA.

Results of experiments qualitatively validate the polymer structure of Ball Lightnings. They show that one of
types of BLs can be charged excited polymer formations that consist of porous material or fiber like structures.

CONCLUSIONS

All obtained results show that BL can be heterogeneous (polymer or composite) formation, with movable
framework and glowing surface. Represented material on statistics, theory and experimental approaches to BL show that
one type of BL can have polymer-composite structure
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ABSTRACT: Negative upward leader currents in rocket triggered lightning are measured with high and
low sensitive measuring systems. The upward developing leader from the ground show different two
stages, that is, the initial stage in which the mcan current amplitude of the leader pulses is 129 A, and
the following developing stage of large current pulses. The mean current amplitude is 9kA. The
current amplitude of the initial stage is similar to a leader current which is reported in natural negative
ground flash. The mean time interval between leader pulses are 30us in the initial stage and 77us in the
following developing stage, which are in the same range as those of a negative leader in natural
lightning and lightning to a tower. The transition from the initial stage to the developing stage is very
clear, and this suggests that two different discharge processes exist when the leader develops upward to
cloud charge center.

INTRODUCTION

The experiments of triggered lightning in Japan have been made at the top of a moutain in the
winter scason since 1987. The height of the moutain top is 890m above the sea level and the height
of cloud base is normally from 500m to 1000m. Then the experiment site is often in clouds, and
lightning discharges in clouds are observed at very close distance. A test transmission line tower of
60m height is close to the rocket launchers, and if a rocket with an nylon string near the ground instead
of a steel wirc is used, lightning strike to the tower through virgin air, which is called as altitude
lightning.

Main objectives of the experiments are: (1) measurements of lightning parameters at close distance
with high time and spatial resolutions, (2) lightning to a transmission line tower and measurements of
the current and voltage at the transmission line tower, (3) insulation test of electric equipments for
lightning, (4) evaluation of a lightning conductor, (5) production of a fulgurite.

During winter thunderstorms in Japan, a positive ground flash is often observed. Even in rocket
triggered lightning experiments, the positve ground flash is often triggered. The positive ground flash
is usually initiated with an upward negative leader from the tip of a rocket with a grounded steel wire.

The electric current is measured with a shunt and a Rogowski coil along the current path. High and
low gain systems are used, and current pulses with small amplitude of a few hundred amperes are
found before the large current pulses of several kiloamperes. In this paper the current characteristics of
the negative upward leader of positive ground flash are reported.
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DATA

Direct current measurements of the
leader developing upward as well as
the main stroke current are made. In
positive lightning, a distinct return
stroke is often not detected. Fig. 1
shows an example of typical current
waveforms of a positive ground
flash. Fig.1(a) is measured with a
low gain system. Fig.l1(b) is time
expansion of a few millisecond from
the bigining of large current pulses.
Fig.1(c) is the current measured with
high gain system. The peak currents
of leader pulses are in the range of
several kiloamperes which are seen
in Fig.1(b). On the other hand,
current pulses of a few hundred
amperes are observed in the initial
stage shown in Fig.1(c). The current
data of eleven flashes are used for
present analyses.

NEGATIVE UPWARD LEADER

Fig.1 shows a current waveform
of typical negative upward leader
from the ground. During about 1ms
from the begining of the leader, the
waveform of the current pulse is
changed, the rise time of pulse is
about several microseconds in a half
millisecond from the begining, then
the rise time of the current pulse is
changed to 10 microseconds in a
next half millisecond.
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Fig.1 An example of the current waveforms,

(b) is time expansion of the initial part of (a),
and (c) is high gain output. The time pointed
by arrows in (b) and (c) indicates the corres-
ponding time.

PEAK AMPLITUDE OF LEADER CURRENT PULSES

Fig.2(a) and Fig.2(b) show the distribution of leader current amplitudes with low and high gain
measurements respectively. The current amplitude in the initial stage within a first 1ms from the
begining of the leader is in a range of a few hundred amperes, and the mean value is 130A. On the
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Fig.2 Histgram of peak current,(a):initial stage, Fig.3 Histgram of time interval between current
(b):developing stage. pulses, (a):initial stage, (b):developing stage.

other hand, the current amplitude after about 1ms from the begining is in a range from 5kA to 20kA,
and the mean value is 9kA.

TIME INTERVAL BETWEEN LEADER CURRENT PUSLSES

Fig.3(a) and Fig.3(b) show the time interval between current pulses. (a) is in the initial stage of
leader in a half millisecond from the onset of leader. The data are distributed from 20us to 50us, and
the mean is 30us which is in the same range as those of a natural lightning. (b) is in the developing
stage after a half millisecond from the onset. The data are distributed widely and the mean is 77us
which is longer than those of a natural lightning.

DISCUSSIONS
The current pulses of several kiloamperes are often observed in a negative upward leader in winter.
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leader currents. The waveform of

current pulses change at about 0.5ms

from the onset, as well as shown in Fig.1(c). These changes may correspond to the begining of the
evaporation of wire. The conductivity of the channel decreases temporarily by the evaporation of wire,
and this reduces the current and increases the rise time of current pulse, as shown in Fig.4. In Fig4
estimated preriod of evaporation is also shown by horizontal bars. The height of channel tip is 100m
to 200m above the ground after 1ms. When the tip of channel penetrate into the cloud, large currents
flow into the main channel from many branches. This increases the current amplitude and also the
channel conductivity. The mechanism of large current pulses is strongly related to the charge
distribution of the storm clouds. The sounding of the charge distribution of winter storm clouds is
important for further study.

The authors would like to thanks to many colleagues joining the experiments. Thanks are also due to
Hokuriku Electric Power Co. for the support of the experiments.
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LIGHTNING, THE GLOBAL CIRCUIT, AND THE MIDDLE ATMOSPHERE

Leslie C. Hale
Communications and Space Sciences Laboratory
Department of Electrical Engineering, Penn State University
University Park, Pennsylvania, USA

ABSTRACT: A capacitive discharge model of a thundercloud can be used to expla}in {XC (ELF an'd
below) and DC current and energy coupling to the middle atmosphere and global circuit (GO). Itis
found that the DC GC current can approach the basic “meteorological” charge separation generator
for thunderclouds with only CE lightning but is reduced by IC lightning. P(_)mt discharge and
precipitation currents reduce the cloud and cloud-to-earth capacitance charging and hence the
lightning rate. The waveshape and hence frequency spectrum .of t'he current pulse§ to the GC are
controlled by the middle atmosphere conductivity profile, which is extremely variable. Th.e low
conductivity of the nighttime mesosphere is probably due to “invisible”.aerosol. ' The.acceleratlon !?y
the ELF pulse of free electrons photo-detached from the aerosol part.wles !)y lightning may explain
the VHF pulses observed in connection with “red sprites” and other lightning.

CAPACITIVE MODEL OF THUNDERCLOUD IN GLOBAL CIRCUIT

The energy at ELF frequency and below coupled to the mesosphere and global circuit by lightning
is much larger than had been predicted by early models, which used invalid free space (or half space,
with images) “dipole moment” expansions. Data show that the real nature of both the DC and the
ELF and below AC currents to the ionosphere and global circuit (I+GC) are better explained by a
lumped circuit “capacitor discharge” model of a thundercloud.

The “Maxwell current” density (curl H) has been measured at high altitudes above thunderstorms
and found to contain both “DC” and transient components [Figure 1]. (Maxwell current, is useful,
because it is divergenceless, and solenoidal, and can be followed through a complete circuit, taking
on the role of displacement current in low conductivity regions and “real” current in high conductivity
parts of the circuit.

Kasemir [1971] suggested using a capacitor to model a thundercloud and Berger [1977]
found cloud-to-earth capacitance necessary to explain underground blasting explosions due to
lightning. Hale [1983] combined two capacitors with the cloudtop-to-ionosphere and global circuit
impedances, as shown in Figure 2. A meteorological generator Im and a generator Ip (consisting of
point discharge Ipd and precipitation current Ipr) are considered. Im-Ip provide the current charging
Cc and Ce in parallel, hence Ip may reduce the lightning rate.. When one capacitor discharees dve
to lightring, the other capacitor “dumps” energy through the I+ GC to approximately equalize the
voltages, and most of this energy, which is comparable to the lightning energy, is deposited in the
mesosphere, for reasons described below. The results of this process are very strong ELF “slow tail”
pulses which are coupled to the global circuit as propagating “zero mode” (TEM) wavelets. These
wavelets are unipolar, and together with ULF pulses resulting from the decay of “Wilson monopoles”
created by lightning flashes, contribute to the “DC” current to the “global electrical circuit.” The
waveshape and frequency spectrum of the ELF pulses is largely controlled by the conductivity profile
of the mesosphere, a process discussed below.
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Figure 1. Data of vertical Maxwell current density measured above thunderstorm. The data were
taken above an offshore thunderstorm at Wallops Island, VA by a rocket-launched parachute-borne
split-cylinder sensor at ~40 km at ~2330UT on July 26, 1987. This data segment is about 12 seconds
(2 timing marks/s). This storm was characterized by a preponderance of CE lightning as indicated
by the transients which add to the upwards “DC” current, which was about 10°A/m2. Note that
the single IC flash to the right contributed a current in the opposite direction of the “DC” current.

Cloud ”t%p" 7t TE:_ Zec Lo . Earth
Zt Cloud to Iopos..
) == Ve 1 ==
cel T \V
Im Ip
A A

Cloud "bottom," lower charge center

Figure 2. Lumped parameter equivalent circuit to explain data of Figure 1. A “meteorological”
generator Im charges a cloud capacitor Cc, and also in parallel a cloud-to-earth capacitor Ce through
the cloud-top-to-ionosphere impedance Zt and the global circuit impedance Zgc. Point discharge
current Ipr adds to precipitation current Ipd to form a generator Ip which directly charges the cloud-
to-earth capacitor Ce and, through Zgc and Zt, charges Cc. The total charging current is Im reduced
by Ip, which may reduce the lightning rate. The “DC” global circuit current approaches Im if all the
lighting is cloud-to-earth (CE) and Ip if only intra-cloud (IC) lightning occurs.

151



WAVESHAPES OF THE PULSES TO THE MIDDLE ATMOSPHERE AND GLOBAL CIRCUIT

Although the capacitive model of Figure 2 explains the basic energy relationships, the
waveshape of the individual current pulses to the ionosphere is determined by the path connecting
the two capacitors, involving the cloudtop-to-ionosphere impedance Zt and the global circuit, whose
impedance Zgc changes character with frequency, going from a few hundred ohms at DC to a few
farads (frequency dependent) capacitor at low ULF frequencies, a lossy cavity resonator in the
“Schumann resonance” region of 7 to 35 Hz, and the input to a “transmission line,” the earth-
ionosphere waveguide, at higher ELF frequencies. However, this impedance is always very low
compared to the cloudtop-to-ionosphere impedance Zt, which is the principal factor controlling the
waveshape.

Zt is a very complex impedance, and is also quite variable in the mesosphere (Figure 3a). It
is not possible to represent with a simple lumped model, and it is necessary to return to solving the
complete Maxwell’s equations in order to determine the current waveform. This is generally done
by injecting “Wilson [1920] monopoles” produced by the lightning discharge into the atmosphere and
solving for the resulting transient. This is most easily done for simple CE lightning (with an equal and
opposite charge placed simultaneously on the earth). An early calculation by C. and P. Greifinger
[1976] used this technique to calculate the ULF waveform, which is controlled by the electrical
conductivity profile in the stratosphere and mesosphere (Figure 3b). They also suggested a physical
model which has stood the test of time and provides considerable insight to the problem. They

postulated that the role of the local relaxation time (T,= €/0) was to determine the time scale on
which a material acts as a conductor (t>T,) and a dielectric (t<T,). This gives rise to a downward

moving boundary defined by t=T . This physical model was translated into an algebraic formula by
Hale and compared with an exact computer solution by Baginski [Hale and Baginski, 1987]. It was
found that the analytic (A) and computer (C) solutions were in exact agreement on a time scale of
milliseconds to seconds but the computer solution indicated a much stronger pulse on the millisecond
time scale (Figure 3b). The reason for this pulse was later interpreted by Hale [1987]. After a CE
stroke an initial “elecarostatic” solution is set up involving the Wilson monopole and the earth in a
time scale of order 10" second (determined by the speed of the return stroke and speed of light). The
existence of the “ionosphere” in the problem comes into play in about a millisecond (10s),
determined by the round trip propagation delay from the lightning to the height of the ionosphere,
which is generally above 80 km at night, typically about 60 km in the daytime, and as low as 40 km
or below under “disturbed” high latitude conditions. The transition to the final electrostatic solution
launches the millisecond “slow tail” wavelet, which does not require “continuing currents.”

DEPOSITION OF ELF ENERGY IN THE MESOSPHERE

In the global circuit the solenoidal and divergenceless “Maxwell current” of the pulses satisfies
continuity. In the highly conducting earth and ionosphere, and in the lower atmosphere where it is
primarily a displacement current, relatively little energy is deposited. Thus most of the pulse energy
is deposited in the middle atmosphere, with the ULF energy in the stratosphere and the ELF in the
mesosphere. This latter energy is important since it is relatively large compared to the internal energy
of the medium, and may be responsible for spectacular phenomena such as “red sprites.” Free
electrons photo-detached by lightning may be accelerated by the ELF pulses to produce observed
millisecond VHF pulses. Conductivity changes due to these free electrons may vastly alter the energy
deposition, and perhaps contribute to the stratification of the observed optical emissions.
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Figure 3. (a) Showing wide range of middle-atmosphere conductivity profiles under different
geophysical conditions. The low conductivity nighttime mesosphere allows the penetration of ELF
energy to the “ledge” at about 80 km, but in order to deposit the maximum energy between 50 and
80 km some enhancement may be required, which may be provided by photo-detachment of electrons
from aerosol particles. (b) Showing the calculated pulse of Maxwell current to the ionosphere and
global circuit (I+GC) for the mid-latitude “quiet” night case. The current waveform is for a one
coulomb Wilson monopole deposited at about 7 km. The time scale is in “retarded” time.
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MULTIPLE-STATION MEASUREMENTS OF TRIGGERED-LIGHTNING ELECTRIC AND MAGNETIC
FIELDS

D. E. Crawford, V. A. Rakov, M. A. Uman, G. H. Schnetzer, K. J. Rambo, and M. V. Stapleton
University of Florida, Gainesville, USA

ABSTRACT: We have measured electric and magnetic fields produced by 12 strokes in five lightning flashes
triggered using the rocket-and-wire technique in 1997 at Camp Blanding, Florida. The measurements have been
made at seven distances from the triggered-lightning channel ranging from 5 to 500 m, although not every
measuring station acquired valid data for every event. Additionally, for each lightning stroke we measured channel-
base current and obtained photographic and video images of the channel. In this paper, we present selected results
of the ongoing analysis of the acquired data including (1) electric field waveforms due to leader/return-stroke
sequences as a function of distance, (2) the magnitude of leader electric field change as a function of distance, and
(3) the magnitude of M-component electric field change as a function of distance. We compare these results with
our previous findings and, for the case of M-components, with the predictions of the two-wave mechanism of this
lightning process.

1. INTRODUCTION AND LITERATURE REVIEW

Rubinstein et al. [1995] found that, at tens to hundreds of meters from the lightning channel, leader/return-
stroke vertical electric field waveforms appear as asymmetrical V-shaped pulses. The bottom of the V is associated
with the transition from the leader (the leading edge of the pulse) to the return stroke (the trailing edge of the pulse).
The first multiple-station electric ficld measurements within a few hundred meters of the triggered-lightning channel
have been performed in 1993 at Camp Blanding, Florida [Uman ef al., 1994] and at Fort McClellan, Alabama
[Fisher et al., 1994]. A detailed analysis of these data have been presented by Rakov ef al. [1998]. The results of
Rakov et al. [1998] for distances, 1, 30, 50, and 110 m are shown in Table 1, where Iy, AE;, and Typw are the channel
base current peak, net electric field change due to leader, and half-peak width of the V-shaped pulse, respectively.

Table 1 - Electric field measurements for 1993 triggered lightning flashes made at 30, 50, and 110 m from
the launcher. In the rightinost column, r is in meters and AE; is in kV/m.

Flash | Event | Ip AE;s | Twpwio | AEiso | Twpwso | AEr1;0 | Tupwiio AE; =fir)

®A) | kV/im) | (ps) [ kVim) | (us) | V/m)| (ps) —
9313 | RS2 | 9.7 23 26 20 4.3 15.9 9.1 AE; (r) = 60.7r°%

9313 | RS3 | 114 | 25 2.2 20.8 4 16.8 75 | AE() = 69.3r°%
9313 | RS4 | 129 | 27 22 23.1 3.5 18.2 73 | AE (1) =758 %%
9313 | RS5 | 109 | 23 35 206 | 5.1 16.5 9.1 | AE (») = 55.7-°%
9320 { RS1 | 96 30 8.5 23.7 14 15.5 29 AE; (r) = 172r %!
9320 | RS2 | 84 24 8.4 20 15 13.9 29.7 | AE, () = 102r°*

As seen in the last column of Table 1, the variation of the close dart leader electric field change with distance is
slower than inverse proportionality (r '), the latter being predicted by the uniformly charged leader model (e.g.,
Rubinstein et al., 1995). The variation of AE; with distance slower then r ' is corroborated by independent Fort
McClellan measurements at 10 and 20 m [Fisher et al., 1994].

From a comparison of electric ficlds at 30 m from the triggered-lightning channel and corresponding channel-
base currents of lightning M-components and from associated modeling, Rakov et al. {1995] have proposed a two-
wave mechanism for this lightning process. The two-wave mechanism predicts that M-component electric field
magnitude is relatively insensitive (compared to leader electric field magnitude) to variation in distance, ranging
from tens to hundreds of meters, from the lightning channel.

2. INSTRUMENTATION AND DATA

The experiments were conducted in summer of 1997 at the International Center for Lightning Research and
Testing (ICLRT) at Camp Blanding, Florida. The total height of the rocket launcher used for this experiment was
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about 5 m. The launcher was grounded, with the measured DC ground resistance being about 220 Q. Electric fields
were measured using flat-plate antennas connected via passive integrators and fiber-optic links to either 12-bit
Nicolet or 8-bit LeCroy digitizers. The Nicolet digitizers were operated at 10 MHz sampling rate (100 ns sampling
interval) with the total record length being 51.2 ms. Only one trigger per flash was possible so that generally only
one leader/return-stroke sequence per flash (plus M-components, if any) could be recorded. The fiber-optic links
used with Nicolet digitizers had an upper frequency bandwidth of about 15 MHz. The LeCroy digitizers, which
were also used to record channel-base currents, were operated at 25 MHz sampling rate (40 ns sampling interval)
with the total record length being 100 us. Multiple triggers per flash were possible on the LeCroy units. The fiber-
optic links used with LeCroy digitizers had an upper frequency bandwidth of 10 MHz. Electric field data presented
in this paper were acquired with the Nicolet digitizers and current data with LeCroy digitizers.

Field measuring stations were located at distances 5, 10, 20, 30, 50, 110, and 500 m from the rocket launcher.
Most of the data obtained at 5 m appeared to be corrupted, possibly due to ground surface arcs developing radially
from the base of the launcher (e.g., Rakov ef al., 1998) and are not considered in this paper.

3. ANALYSIS AND DISCUSSION

3.1 ELECTRIC FIELD WAVEFORMS DUE TO LEADER/RETURN-STROKE SEQUENCES

Leader/return-stroke electric field waveforms in one flash (S9721) simultaneously measured at 10, 20, 30, 50,
110, and 500 m are shown in Fig. 1. The evolution of the leader/return-stroke electric field waveform as distance
increases is consistent with previous measurements (Rubinstein et al. 1995; Rakov et al. 1998) and reflects an
increasing contribution to the field from progressively higher channel sections.
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Fig. 1 — Electric field waveforms of the first leader/return-stroke sequence of flash 59721 as
recorded at distances (a) 10, 20 and 30 m and (b) 50, 110, 500 m at Camp Blanding, Florida.

3.2 MAGNITUDE OF LEADER ELECTRIC FIELD CHANGE AS A FUNCTION OF DISTANCE

As stated in the Introduction, previous multiple-station electric field measurements suggest a variation with
distance slower than the inverse proportionality (see Table 1). These data were obtained at distances 30, 50, and 110
m. To facilitate direct comparison between the previous and new data, we present the new data for the same three
distances (three leader/return-stroke events out of a total of 12) in Table 2.
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Table 2 — Electric field measurements for 1997 triggered flashes made at 30, 50, and 110 m from the

launcher. In the rightmost column, r is in meters and AE; is in kV/m.

Flash | Stroke | Ip | AEu0 | Tuewso | AEuso | Tupwso | AEpio | Tapwnio AE=ffr)
A T Vm) | ) | KViM) | (us) | GVm)| (o) ]
S9718 | RS1 [ 11.8 | 432 1.9 27.0 32 11.8 1.5 AE (r) = 1413.5r 1%
S9720 | RS1 | 205 | 56.2 1.7 35.6 2.7 158 6.4 AE () = 17011 %
S9721 | RS1 | 114 | 404 4.1 26.9 7.2 12.3 23.2 AEL(r) = 944.1r°%
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Fig. 2 — A leader/return-stroke (RS1) sequence followed by four pronounced M components (M3a, M3b,
M4, and M4a) in flash S9711 initiated using the rocket-and-wire technique at Camp Blanding, Florida:
(a) current (intentionally clipped at approximately —1.8 kA), (b) electric field at 50 m, (c) electric field at
110 m, (d) electric field at 500 m. Note that the magnitude of the M component clectric field pulses
relative to the magnitude of the leader/return-stroke electric field pulse increases with distance, as

predicted by the two-wave M-component mechanism. See text for details.
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As seen in the last column of Table 2, the leader electric field change varies approximately inversely
proportional (r™") to distance from the lightning channel. This trend holds for all the 1997 events for distances
ranging from 10 to 500 m (not only for the three distances represented in Table 2), except for one event (S9712) for
whlch the field varied approximately as r °° between 10 and 30 m from the channel. Variation of AE; with distance
as 1 is consistent with a more or less uniform distribution of charge along the bottom portion of the fully formed
leader channel and isin contrast with the 1993 data presented in Table 1. A variation of AE; with distance
slower than r ™ implies a decrease of leader charge density with decreasing height. It is worth noting that the 1997
data are biased in that only first strokes in triggered flashes were recorded, whereas the 1993 data include strokes of
different order. The 1993 data show some tendency for the exponent of the relation AE; = f{r) to decrease with
stroke order. On the other hand, the 1993 data came from only two flashes which may be not representative of the
majority of triggered lightning flashes.

3.3 MAGNITUDE OF M-COMPONENT ELECTRIC FIELD CHANGE AS A FUNCTION OF DISTANCE

As stated in the Introduction, the magnitude of M-component electric field change is expected, based on the
two-wave mechanism of this lightning process, to vary with distance appreciably slower than the leader electric field
change [Rakov et al., 1995]. The multiple-station electric field measurements beyond 30 m (five events) from the
lightning channel confirm this theoretical prediction, as illustrated in Fig. 2. Also shown in Fig 2 is the
corresponding current record (Fig. 2a). In Figs. 2b, ¢, and d, the magnitude of each of the four M-component
electric field pulses, labeled M3a, M3b, M4, and M4a, relative to the magnitude of the leader/return-stroke pulse,
labeled RS1, increases as distance increases from 50 m to 110 m and then to 500 m. Within 30 m (two events), M-
components exhibited a relatively rapid electric field increase with decreasing distance (not illustrated in this paper),
inconsistent with the two-wave mechanism. For one of the latter two events, electric fields were also measured
beyond 30 m, with the field variation with distance being as predicted by the two-wave mechanism.
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POSITIVE LEADERS IN ROCKET-TRIGGERED LIGHTNING: PROPAGATION VELOCITY FROM
MEASURED CURRENT AND ELECTRIC FIELD DERIVATIVE AT GROUND

D.A. Davisl, and P. Laroche?

'University at Albany, Albany, NY, U.S.A
*Onera, Chatillon, France

ABSTRACT: In 1996, current and surface electric field change recordings were obtained coincident with the
inception of positive leaders initiating rocket-and-wire triggered lightning flashes [Willett e al., in press]. The
current records show initially isolated (~10 ms separation), and later occasionally grouped (~20-30 ps separation),
intermittent current pulses (~10’s of Amperes). The onset of the main positive leader follows with a sequence of
~10-15 similar grouped pulses, whose amplitudes decline into a continuous current of a fraction to a few amperes.
The assertion that pulses prior to the main leader onset are associated with positive leader development arrested after
a few meters of propagation [Lalande er. a/. 1998, p.14113] is investigated by comparison, between the main leader
and prior grouped multiple-pulsed events, of crude velocity and line charge density estimates. These estimates,

deduced from the current and surface field change records, range from 1.6-2.5x 10° m/s and 0-150 UC/m for the main
leader velocity and line charge density, respectively, whereas the same parameters deduced for prior grouped

multiple-pulsed events range from 0.13-2.8x 10> m/s and 4-92 uC/m.
I. LEADER VELOCITY AND LINE CHARGE DENSITY FROM CURRENT PULSE ANALYSIS

Fig. I shows the current recording vs. time for flight 15 of the experiment described in [Willett ez al., in press].
Also shown is the triggering rocket altitude vs. time, as inferred from a composite trajectory by J.C. Willett that
incorporated data from all flights. This trajectory data included video of the rocket ascents analyzed by S. Capuano,
triggering wire heights deduced by V. Idone from still photographs, and timing of the rocket ascent and main leader
onset times. The main leader onset is recognized by the continuous rise in current at 0.35 s, whereas the impulsive
events prior to this time are either isolated or grouped current pulses.

Current & Rocket Height

1 0 O S 1 3 2 0

Current (A)
Rocket Height (m)

-0.13 -0.03 0.07 0.18 0.28 0.38
Time (50 ms/ tick)

Fig.1 — Current and rocket/wire tip height for flight 15 of the experiment described in [Willett ez al., in press]

Following the ideas of Lalande et. al. [1998,p112-4], it is assumed the initiation of a current pulse requires
sufficient field conditions at the conductor tip, dependent upon the ambient electric field, conductor length, and the
presence of space charge. Concurrent with each pulse is the deposition of space charge about the tip, reducing the
field there and inhibiting subsequent pulse initiation until the tip field is restored through conductor extension. The
change in conductor length required for subsequent pulse initiation may then be evaluated using knowledge of the
conductor velocity and time between pulses. For example, an approximate mean conductor extension per pulse may
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be found by taking the product of the time between impulsive events of ~10ms, (these events including grouped, but
being predominantly isolated pulses), and the rocket velocity of ~200m/s for an extension per pulse of ~2m.

However, some extension of the above ideas is required upon consideration of grouped pulsed events, such as
the one occurring at ~0.31s in Fig. 1, and shown on an expanded time scale in Fig. 2, where the current pulses are
separated by (~20-30 us) rather than ~10ms. In such cases, the growth of a conductive leader channel between pulses
is postulated as being necessary to provide the field restoration required for subsequent pulses to occur in a time too
short to be provided by wire extension. This assumes the leader channel behaves essentially as an extension of the
wire, the reduced inter-pulse time being due to, among other processes, the quicker tip field restoration of a
proportionately more rapid ‘conductor’ (i.e. leader) extension. An approximate leader velocity may be estimated by
dividing the mean conductor extension per pulse above of ~2m by the inter-pulse time for grouped pulses of ~20us,
giving a velocity of ~1e5 m/s..

Under the further assumption that leader arrest occurs just short of subsequent pulse initiation, an (over-
estimated) leader length may be found on a per-case basis from the distance the wire travels between one impulsive
event and the next, (a grouped set of pulses counting as a single event). To illustrate this, two horizontal bars, with
length corresponding to the time between the last impulsive event and main leader onset (39ms), have been
superimposed on the rocket trajectory in Fig.1, showing the wire tip height at these times. Between these times, the
wire tip traversed a distance of 8.6m, giving an estimate for the arrested leader length of this last event.

S O A reasonable estimate for the leader duration in
Grouped Current Pulses: Current & Charge grouped multiple-pulsed events may be taken as the time
between first and last pulse peaks. For the event shown in
Fig. 2, this duration is 78 us, as illustrated by the heavy
bar at the top of the figure. Also shown is the charge
obtained through integration of the current record, 133 uC
being transferred in this time. Leader velocity is obtained
by dividing the estimated length by duration, 8.6m/78us =

i
{
i
i

|
T

B8 S

Current (A)
S0d
Charge (uC)

1T

1.1x10° m/s, and line charge density by taking the ratio of

charge to length, 133uC/8.6m = 15.5uC/m. Table 1

0.3109085 0.3100815 03110665 shows the sample size, average, standard deviation, max
Time (15us/tick) and min values of deduced leader length, velocity and line

charge density for all grouped multiple-pulsed events

Fig. 2 — Current & charge of event at ~0.31s in Fig. 1 occurring in three triggered flashes.
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2 2 31 18 84 06 8B 41E4 18406 20B:04 A1 80 71 56

4 16 27 17 72 07 650 A4 16806 1EBEOM 313 208 918 7.0

B 9 41 18 86 25 17E«b 7804 28E45 6404 110 52 195 38
Table I- leader length, velocity, and line charge density values inferred from current pulse analysis

Because the estimated relative error of the composite rocket trajectory is only 6%, while the measured durations

are accurate to ~ s, error in leader length and duration is likely dominated by the accuracy of the assumptions.
Regarding charge and line charge density, however, estimated uncertainties of 28% in the current scale, due to an
unknown change, and 35% in the charge due to under-sampling, lead to a net measurement uncertainty of 45%,
independent of the validity of any assumptions.

2.LEADER VELOCITY & LINE CHARGE DENSITY FROM CURRENT AND FIELD DERIVATIVE

For analysis of the main leader, the assumption is made that the current flowing through the channel coincides
with charge deposition only at the advancing tip, the line charge density behind the tip remaining unaltered. The
plausibility of this assumption has been demonstrated by Ruhnke [1988,p.381], who obtained electrical estimates of
positive leader velocities consistent in both magnitude and trend with other optical measurements by Idone [1992].
The discharge tip height as a function of time may then be estimated from the ratio of current to field derivative
using electrostatics. Consider the situation depicted in Fig. 3. A charge ‘dq’, resulting from the measured current
‘I(t)" at ground within an interval ‘dt’, is deposited at the tip of the wire/leader conductor a height ‘z’ above ground.
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A distance ‘i’ away from the wire base, the vertical component of the change in surface electric field ‘dEz’ is
measured, with equal contributions from ‘dq’ as well as its image ‘~dq” within the ground plane.

+dq Application of Coulomb’s law yields (eq. 1):
) dE, (1) _ 1(r) z
dr 27e 2

o [Z2+r2]

r -+

z Neglecting r = 24m as being much less than even the minimum observed
triggering altitude zmin = 230 m, [Willett ez.al., in press], and solving for z
(eq.2):
dEr+ 1
\ o |
dEz+ t
A dE~ 2 W= dE (1
I 27e, - 10
T dE dt
dEz
y Taking the derivative of eq. 1 and applying the same approximation used in eq. 2
dEr gives (eq. 3):
I 1 di 1 d’E
3) v.()=—=-z2()- @ _ *2( )
: 2 I(t) dr dE.(1) dr
dt

Equation 3 may be justifiably simplified by examining Fig. 4, the measured
surface electric field change E(t). This signal was obtained by ‘de-drooping’, (i.e.
correcting for the exponential decay), the output of a capacitive antannae with
460 ms time constant digitized at 25 kHz. The surface field change records for
flights 12,14, and 15 all show the surface electric field to vary essentially linearly
with time (eq. 4):

_dq

Fig. 3 — Schematic for
electrostatic inference of

leader tip height.
phei 4) E()=E, +k,t

The coefficient kE was determined through linear a least-sqaures fit of E(t), the value of which is listed in Table
2. For such a linear dependence of E(t) with t, a constant first and vanishing second time derivative result,
eliminating the second bracketed term in eq. 3. Further simplification is made plausible in examining Fig. 5, the
current record digitized at 2 MHz, for which a roughly quadratic dependence of current with time (eq. 5) was
observed for the cases analyzed. The quadratic fit coefficient kI was determined through least-squares regression,
forced through zero at leader onset. The kI value for each case is also included in Table 2.

5) )=k, -1*

With linear dependence of E(t) and quadratic dependence of I(t), the leader velocity is constant, being
determined by the fit coefficient values (eq. 6). The velocities thus obtained are listed in Table 2.

k,
6) v, = |——
) 2re k.
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With constant leader velocity, the leader height obviously increases linearly with time, its estimated altitude 10
ms after leader onset is also included in Table 2.

Measured & Fitted Electric Field Change The inferred leader line charge depsity 1s found from
(V/m) the ratio of the fitted current (eq. 5) to inferred velocity
2400 7 - e — — (eq. 6). For the chosen fit dependencies of E(t) and I(1), it
_ varies, as does the fitted current, quadratically with time
;E 2200 | (eq. 7), the value of the coefficient kA being listed in
: qg:, 2000 4 Table 2.
g
1800 1 I(t k
3 7) Az—()z—i-zzzki-tz
; 1600 | v, v,
E 1400 . . . -
w Also listed in Table 2 is the estimated line charge
1200 . . density determined 10ms after leader onset.

0.353 0.355 0.357 0.359 0.361

Time (1ms /tick) 3.CONCLUSIONS

Fig. 4 — Measured surface electric field change and linear
least- squares fit.

0.349 0.351

Note that for the analysis of section 2, the constant
—_ — - ———— leader velocities in Table 2 are a result of the chosen fit
Measured & Fitted Current (A} dependencies, and thus may not be indicative of the actual
leader velocity temporal dependence. Also note that for a
5°_ roughly constant surface field derivative, the leader tip
height varies as the square root of the current, so that any
peaks occurring in the current record would demand an
unphysical leader tip height that would not monotonically
increase with time. Further, due to the assumptions used in
the analysis of section 1, the leader lengths and velocities
of Table lare over-estimated, whereas the line charge
densities are under-estimated. Therefore, although
comparison of Tables | & 2 seemingly indicate
comparable velocity and line charge density for leaders
o4 10’s and 100’s of meters in length, the crudeness of the

0349 0351 0353 0355 0357  0.359 analyses and limitations of the required assumptions leave

Time (1ms / tick) open the possibility that this similitude may be

coincidental rather than physical.

Current (A)
S

Fig. 5 — Measured current and quadratic least-squares fit
forced through zero.

Flight tdur (ms)Vme (m) KE (V/m)/m‘s;kl (A/ms2 )iVe!ogityr(mn/s)'k}\(uC/m)/msz amx (uC/m)i

12 10 1599 852 . 0.1213  1.60E+05  0.7579 758
14 10 2485 106.34 - 0.3652  2.49E+05 1.4695 ; 147
15 10 2196 ~ 110.02 ~ 0.295  220E+05 '  1.3435 1343

Table 2 — time interval from leader onset used for fit ap;ilication, maX{mum'bl‘éad/énrmlength, linear E an'd'quadratic I
least-squares fit coefficients, estimated leader velocity, quadratic line charge density coefficient, and maximum line
charge density.
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ABSTRACT

This paper attempts to answer the following question: Is the initial peak of radiation fields
generated by lightning return strokes striking the sea higher than that of return strokes occurring
over the land? To answer this question, a sensitivity analysis was conducted using the
information collected by the Swedish Lightning Location System from 1990 to 1997. After
correcting for the propagation effects and the limited bandwidth of the direction finding system,
the results show that there is no significant difference in the peak radiation fields of the two
categories of lightning flashes.

INTRODUCTION

The results to be presented in this paper are based on the data collected since 1990 by a network
of nine Direction Finders (DF) that make use of magnetic direction finding system. The data
were analyzed to investigate whether there is a significant difference in the peak amplitude of the
radiation fields of lightning return strokes striking the sea and the land. In order to avoid any
errors caused by the differences in the antenna gain of DFs, data pertinent to a single DF were
used in the analysis. The lightning flashes analyzed were confined to well defined sectors, each
of area 2000 km?, and were located both over land and over sea at distances of 100 to 200 km
from the selected DF station. Moreover, in comparing the signal strengths of positive and
negative return strokes, only the lightning flashes striking a given sector were used. The results
were corrected for propagation effects and for amplitude errors caused by the limited bandwidth
of the DF system.

INITIAL PEAK OF RADIATION FIELDS

The analysis procedure was as follows: a) sample area was divided into twelve squares each with
an area of 2000 km?; b) a search for was conducted to identify and retrieve the information stored
on all lightning flashes within the squares selected from the 1990 to 1997; c) the squares were
located at distances of 100, 150 and 200 km from the Hudiksvall DF station and 100, 140 and
150 km away from the Vitemola DF station (the distance is defined from the DF station to the
middle of the square), d) all lightning flashes recorded in the base line between the DF station
used to estimate the initial field peak and any other DF station involved in the localization of the
lightning flash were rejected, e) only those lightning flashes in which the DF station under
consideration was involved in the calculation of the signal strength were taken into account, and
f) in the analyses, the average signal strength was calculated for each square.

Fernando et al. [3] analyzed the behavior of several thunderstorms over Swedish territory that
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took place in 1997. They showed that the average signal strength of negative lightning flashes
occurring over the land was considerably less than that of those occurring over the sea and the
average signal strength of positive lightning flashes occurring over the land was comparable to
that of those occurring over the sea. However, we conducted a detailed analysis which indicated
that the sensitivity of the DF station used to estimate the signal strength played an important role.
In their study, several DF stations were used to evaluate the average value of the signal strength
in a particular thunderstorm, which can generate important deviations due to the differing
sensitivities of the different DF stations. Because of that, we avoided using different DF stations
when each square was analyzed. Tables 1 and 2 show the average signal strength for the area
located different distances from the DF station when positive and negative lightning flashes over
the sea and over the land were analyzed. In these tables, NC refers to uncorrected signals and C
means corrected signals.

DISCUSSION

In order to perform a reasonable analysis, the average signal strengths obtained for each square
should be corrected by the correction factor due to propagation effects and the correction factor
calculated for the antenna system.

Let us first consider the attenuation caused by propagation. All lightning flashes occurring over
land were corrected in accordance with the propagation factors given by Cooray [4,5] as the
signal propagates over finite soil. For the Vitemola DF station, the average value of the soil
resistivity estimated in the zone [6] was 1550 Q-m and for the Hudiksvall DF station it was
5000 £-m for the distances of interest. Second, the bandwidth of the sensor system is in the
range of 1 to 350 kHz. The behavior of the sensor system can be simulated by a RC equivalent
circuit in series. In this case, the 350 kHz corresponds to the cut-off frequency at -3 dB. Signals
representative of negative and positive lightning flashes occurring over the sea were applied to
the equivalent circuit. The attenuation produced by the limited bandwidth of the antenna system
was particularly important for signals propagating over the sea because of its high frequency
content. For signals propagating over the land, the propagation effect was the most important
attenuation factor. The factors obtained by applying the procedure referred to above are
summarized in Tables 3 and 4. Finally, we observed that the sensitivity of the DF stations varied
from station to station. Thus we used one particular station to estimate lightning flashes
occurring over the land and over the sea to avoid mixing different sensitivities in the same
average signal strength calculation.

It can be observed, from Tables | and 2, that the average signal strength of lightning flashes
occurring over land and over sea, once the correction factors have been applied is of the same
order of magnitude. That means that, at least in principle, the physics behind a lightning flash
occurring over the sea and another occurring over the land could be the same. In addition, the
signal strength is higher for positive flashes than for negative flashes by about 60-75%, which is
in agreement with the percentages published in [1] and [2].

CONCLUSIONS

At first, using the information given by the lightning location system, lightning flashes occurring
over the sea seemed to have higher signal strength than those occurring over the land. However,
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once correction factors had been applied to compensate for propagation effects (for lightning
flashes over land) and the limited bandwidth of the antenna system (for lightning flashes over the
sea), the average signal strengths became similar. The direct consequence or interpretation of this
is that the physics behind the return stroke is likely to be similar whether the lightning flash
occurs over the land or over the sea.

The limited bandwidth of the antenna system (1-350 kHz) produces significant attenuation of
signals propagating over the sea because of the higher frequency content in comparison to those
signals propagating over land. As the signals propagating over the land have already been
attenuated when they reach the antenna system of the DF station, the effect of the limited
bandwidth on lightning flashes occurring over the land is negligible.

Finally, it is important to note that, when analysis using lightning location systems is carried out,
caution have to be taken when parameters calculated by different DF stations are to be
determined. For a single flash, the normalized signal strength, for instance, can vary from station
to station, producing an important deviation in the calculations.

Table 1. Average signal strength at different distances from the Vitemaéla DF station.

Average Signal Strength (DF units)
_Negative Flashes Positive Flashes
Distance Land Sea Land Sea
NC C NC C NC C NC C
100 km -1249  -1805 -1470  -1763 2238 2862 2628 2888
140 km -1181  -1749 -1415 -1697 2276 2991 2623 2883
150 km -1085 -1614 -1317  -1580 2042 2697 2403 2640

Table 2. Average signal strength at different distances from the Hudiksvall DF station.

Average Signal Strength (DF units)
Negative Flashes Positive Flashes
Distance Land Sea Land Sea
NC C NC C NC C NC C
100 km -897 -1444 -1261  -1512 1449 2106 2052 2255
150 km -851 -1423 -1115  -1337 1271 1937 1949 2142
200 km -886 -1527 -1266  -1518 1297 2058 1902 2090

Table 3. Correction factors used in making the estimations presented in Table 1 for the
Vitemola DF station. Average soil resistivity: 1550 -m

Correction Factors
Negative Flashes Positive Flashes
Distance Land Sea Land Sea
(Propagation (antenna system) (Propagation (antenna system}
7 L effects) effects)
100 km 1/0.692 1/0.8336 1/0.782 1/0.91
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Correction Factors
Negative Flashes Positive Flashes
Distance Land Sea Land Sea
(Propagation (antenna system) (Propagation (antenna system)
effects) effects)
140 km 1/0.675 1/0.8336 1/0.761 1/0.91
150 km 1/0.672 1/0.8336 1/0.757 1/0.91

Table 4. Correction factors used in making the estimations presented in Table 2 for the

Hudiksvall DF station. Average soil resistivity: 5000 Q2-m

Correction factors
Negative Flashes Positive Flashes
Distance Land Sea Land Sea
(Propagation (antenna system) (Propagation (antenna system)
effects) effects)

100 km 1/0.621 1/0.8336 1/0.688 1/0.91

150 km 1/0.598 1/0.8336 1/0.656 1/0.91

200 km 1/0.580 1/0.8336 1/0.630 1/0.91
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ABSTRACT: For the past century, scientists have made quantitative measurements of lightning
discharges. In the process, they refined the definition of a lightning unit, or basic quantum of lightning,
in order to base it on observable parameters. In this paper, we will use cluster analysis to derive a basic
spatial and temporal definition or scale length for the unit of lightning. We will use data from three
different systems that detected pulses from the same storm complex over Central Oklahoma during June,
1998. Since the different instruments detect lightning in different ways with different resolutions, there
may not be a single definition of the unit of lightning that can be applied to all three systems. However,
common components can be found since all instrumentation are detecting aspects of the same

phenomenon.

INTRODUCTION

For the past century, scientists have made quantitative measurements of lightning discharges. In
the process, they refined the definition of a lightning unit, or basic quantum of lightning, based on
observable parameters. Although many components of a lightning discharge have been identified,
lightning usually occur in groups of discharges or pulses that, although complex, have been organized
into units of flashes. This unit definition is based mainly on measurements of lightning from electric
field, video, and ground flash lightning locating networks. More recent instrumentation with various
combinations of high sensitivity, high temporal, or high spatial resolution often measure signals produced
by lightning that do not cleanly divide into flashes. The data from these systems indicate the need for a
more fundamental unit for lightning. Without a common lightning unit definition, intercomparisons are

difficult.

For an example, the Lightning Detection And Ranging system (LDAR) at Kennedy Space Center
(KSC) have detected "flash" rates as high as 600 per minute while analysis based on the Advanced
Ground Based Field Mill network (AGBFM) detect only 33 "flashes” per minute in the same area and
time periods. The satellite based Optical Transient Detector (OTD) and Lightning Imaging Sensor (LIS)
sometimes see single "flashes" that last longer than 10 seconds. Such long duration flashes are not found

in electric field records or ground strike location system data sets.

For this study, we will examine the ground strike data from the National Lightning Detection
Network (NLDN) [Orville and Silver, 1997], the pulse data from the Lightning Detection And Ranging
(LDAR) system, and the group data from the Lightning Imaging Sensor (LIS) for a storm complex where
all three systems were operating. The chosen storm complex was in Central Oklahoma on June 11, 1998.

DATA SETS

The NLDN data set consisted of 46 flashes over the region of interest (Figure 1). Although the
NLDN data base includes many other flashes, the temporal and spatial limits were set to overlap both the
LDAR and LIS data set temporal and spatial limits. The LDAR data set consists of almost 64,000 pulses
over the region of interest (Figure 2). The temporal limits of the data were set to correspond to the LIS
overpass. The LIS data set consists of over 3000 groups within the region of interest (Figure 3). The LIS

data was spatially limited to match the range of the LDAR system data.
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SPATIAL/TEMPORAL CLUSTERING

There is a physical basis to the expectation that
lightning will form clusters in space and time. Lightning
is a process that dissipates some of the electrical energy
stored in a volume of cloud. Once the breakdown electric
field threshold is exceeded, a charge transfer occurs
between regions of opposite charge. The macroscopic
electric field is reduced below the field strength necessary
for sustained current flow. A pause follows the lightning
"unit” while the macroscopic field rebuilds. These
volumes of charged cloud are not larger than the size of
the physical cloud and are often the size of a convective
cell. We then expect the radio frequency and optical
pulses from a single “unit” to be confined to a region the
size of one or two cells and occur over a time period
followed by a distinct pause. In a mesoscale convective

complex we will expect some discharges to progress
through several cells and to continue for a longer than
average duration. However, even in these cases, there
should be a time and space interval over which pulses are
occurring followed by a pause. This pattern of spatial and
temporal activity followed by inactivity will form clusters
in time and space. It is these basic clusters, or units, of
lightning that we are attempting to find.

One way to detect the lightning clusters in the
three systems is to group the data in time and space and
see where the natural breaks in the data occur. To
accomplish this, we will use the Nearest Neighbor
Clustering Analysis (NNCA) [e.g., Cover and Hart,
1967]. The NNCA works by calculating the three (x, y, t)
or four (x, y, z, t) dimensional distance between each data
point and then clustering the closest two points. This is
called the Nearest Neighbor Distance (NND). The
algorithm then measures the three or four-dimensional
distance between the centroid of the first cluster and all
the other points. The closest two points (either two points
or the first cluster and another point) are then grouped
together. This continues until all points are in a single
cluster. The NND table is then plotted and examined for
slope changes. If there is a natural division in the
clustering distance, it will show as a change in the NND
slope. If the basic unit of lightning in the datasets can be
measured, the clustering analysis should show slope
changes at the boundaries between the lightning units.

One problem is how to fold the time dimension
into the "distance" calculations. Obviously, different time
conversion factors can greatly affect the definition of the
nearest neighbor. A legitimate estimate of the conversion
factor is the speed at which the initial lightning streamers
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Figure 1. National Lightning Detection
Network (NLDN) data for this study. There
were 46 flashes during the time of the LIS
overpass within the range of the
LDAR system.
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Figure 2. Lightning Detection And Ranging
(LDAR) data for this study. There were
almost 64,000 pulses during the LIS
overpass.
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Figure 3. Lightning Imaging Sensor (LIS)
data for this study. There were over 3000

groups within the range of the LDAR system

for this overpass.




propagate within the cloud. For this analysis, we have
chosen a range of speeds from 2.2 x10* ms™ to 2.2 x
10° m s'. These speeds cover the average speed of
horizontal lightning propagation found by Proctor et
al. [1988] to the typical values for initial streamers
[e.g., Proctor, 1981; and Mazur and Rust, 1983]. With
these values, we can convert the time difference
between pulses into equivalent "distances".

RESULTS

The first results are shown in Figure 4. The
first difficulty in comparing the data sets is the vast
differences in data volume and pulse rates. The LDAR
dataset can have over 2000 pulses in a single second
while the NLDN data set will have at most 2 flashes
per second. The LIS dataset falls in between the
LDAR and NLDN pulse counts. This will make it
difficult to find a common lightning unit between the
three systems.

We will calculate the NND plots for each of
the three systems using three time conversion values,
22x10°ms’, 70 x 10° ms™, and 2.2 x 10° m 5™
These three values cover the range of possible
horizontal lightning propagation speeds. The plots for
the different time conversion factors will illustrate the
time dependence of the lightning unit.

The plot of LDAR NND is shown in Figure 5.
The major feature is the almost constant slope in the
central part of the NND curve and the almost vertical
slopes at the two ends. The lower drop-off is due to
dataset granularity while the upper part is the
indication of the lightning unit size of around 3-5 km.
The time equivalent for the 3-5 km distance is in a
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Figure 4. Time series of the LDAR, LIS, and
NLDN data for this study. Note the differences
in the scales (3000 for LDAR, 150 for LIS,

and 10 for NLDN) of the plots.
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Figure 5. Nearest Nelghbor Dlstance (NND)
plot for the LDAR data using three different
time to distance scale factors. The vertical scale
is in km while the horizontal axis is counts. The
top/leftmost curve was developed using 2.2 x
10° m s as the conversion while the center
curve was developed using 7.0 x 10° m s as the
time conversion factor. The bottom/rightmost
curve was developed using 2.2 x 10° m 5™
as the time conversion.

range from 22 ms to 150 ms.

Figure 6 NND plot for the NLDN data using
the same three different time to distance
scale factors as in Figure 5. The vertical scale is
in km while the horizontal axis is counts.

The plot of the NLDN NND is shown in
Figure 6. The difficulty in interpreting this plot is the
lack of data. Since only flashes were analyzed, the
resulting data is too coarse to effectively determine a
lightning unit for the NLDN data (other than the flash).
Note that there were no NNDs of less than 10 km (0.3
s) for the NLLDN dataset.

The plot of LIS NND is shown in Figure 7.
The major feature again is the almost constant slope in
the central part of the NND curve and the almost
vertical slopes at the two ends. The lower drop-off is
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due to the LIS dataset granularity while the upper part
is the indication of the lightning unit size of around 7-
12 km. The time equivalent for the 7-12 km distance is
from 55 ms to 320 ms.

CONCLUSIONS

The three NND curves for the slowest time to
distance conversion speed are plotted together in
Figure 8. The NLDN does not indicate any clustering,
however, the resolution of the NLLDN dataset used for
this study may be too coarse to indicate the lightning
unit. This conclusion is supported by the results of the
LDAR and LIS analysis. Both the LDAR and the LIS
datasets, however, do show a break in the clustering
around 3-7 km. This cluster would correspond to a
lightning unit scale size of 3-7 km with a time scale of
150-330 ms. The LIS data may be limited by the pixel
dimension of ~5 km indicating that the lightning unit
scale size may be nearer the 3 km value found in the
LDAR dataset. Since neither system's time resolution
is close to the time scale found in this analysis, setting
the time scale of the lightning unit to 150-330 ms
would seem appropriate.

From this analysis, a typical unit of lightning
extends spatially around 3-7 km and temporally around
150-320 ms. Others have found similar lightning time
scales [e.g., Malan, 1956]. The spatial scales can be
used in the analysis of lightning pulses detected by
systems such as the LDAR and LIS.
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COMPARISON OF GROUND-BASED 3-DIMENSIONAL LIGHTNING MAPPING OBSERVATIONS
WITH SATELLITE-BASED LIS OBSERVATIONS IN OKLAHOMA

Ronald J. Thomas, Paul R. Krehbiel, William Rison, Timothy Hamlin
New Mexico Institute of Mining and Technology, Socorro, New Mexico, U.S.A.

Dennis Boccipio, Steve Goodman, Hugh Christian
Global Hydrology and Climate Center, Huntsville, Alabama, U.S.A.

ABSTRACT: 3-dimensional lightning mapping observations obtained during the MEaPRS program in central
Oklahoma during June, 1998 have been compared with observations of the discharges from space, obtained
by NASA’s Lightning Imaging Sensor (LIS) on the TRMM satellite. Excellent spatial and temporal correla-
tions are observed between the two sets of observations. Most of the detected optical events were associated
with intracloud discharges that developed into the upper part of the storm. Cloud-to-ground discharges
that were confined to mid- and lower-altitudes tended not to be detected by LIS. Extensive illumination
tended to occur in impulsive bursts toward the end or part way through intracloud flashes and appeared to
be produced by energetic K-changes that typically occur at these times.

INTRODUCTION

A deployable, 3-dimensional Lightning Mapping System (LMS) developed at New Mexico Tech was initially
operated in central Oklahoma during June, 1998 as part of the MEaPRS program [Krehbiel et al., 1998]. A
number of interesting storms were observed, including several supercell storms, a tornadic storm, and storms
along convective lines. One storm on June 11 was observed by NASA’s Lightning Imaging Sensor (LIS)
on board the TRMM spacecraft [Christian et al., 1992]. The overpass was at 06:18 UTC, about an hour
after local midnight as a convective line passed by the southeastern edge of the LMS network. Simultaneous
observations were obtained over a 90 second period of the spatial and temporal development of lightning
discharges inside the storm and of the illumination of the upper part of the storm cloud by the lightning.

OBSERVATIONS

Figure 1 shows an overview of the lightning activity detected by the LMS during a 30 second time interval
while the satellite was passing directly overhead. A number of lightning discharges were occurring every
second within the extensive storm system. The LMS detects impulsive RF events during successive 100
ps time intervals and is typically able to locate several hundred to 2000 events or more per flash. Over
37,000 events were located during the time interval of Figure 1. The rectangular contours show the outline
of detected luminosity by the LIS during the same time interval. The LIS images are obtained every 2 ms,
with individual pixels of the CCD corresponding to an area 4-7 km on a side at the ground. A total of 7500
pixel illuminations occurred during the 30 second period, which fully covered the electrically active part of
the storm.

Latitude

vedia a4

-37.0

Figure 1: Overview of the storm, showing the correlation between LMS-detected lightning activity (dots)
and the outline of the LIS-detected cloud illumination (rectangular contour lines). Individual LMS stations
are denoted by squares and covered an area about 60 km in diameter. The map covers an area about 200
km on a side; Oklahoma City is in the center right of the map.
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Figure 2 shows an expanded view of the observations during a 4 second time interval containing a total of six
intracloud and cloud-to-ground lightning discharges. Optical illumination is detected above the intracloud
(IC) lightning flashes, whose sources and channels extended up 11-12 km altitude MSL, but little or no
luminosity is detected from the cloud-to-ground (CG) discharges whose sources were typically confined
below 7 km altitude. This is illustrated in the plan view of panel 2e (see for example the CG discharges in
the lower left of the plan view), and in the vertical cross-sections of panels 2¢ and 2f and in the height vs.
time plot of panel 2b. In the latter panels the occurrence of detected luminosity is indicated by + symbols.
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Figure 2: An expanded view of four seconds of observations, illustrating how the satellite-detected luminosity
is associated primarily with intracloud lightning discharges that develop into the upper part of the storm and
much less or not at all with cloud-to-ground discharges. The interior rectangular contour in panel e is twice
the intensity of the outer contour and is centered above a classic bilevel IC discharge. Panels ¢ and f show
vertical projections as viewed from the south and west, respectively; these panels also show the horizontal
scale in km. Detected LIS events are denoted by + symbols above the top of the lightning activity. Shown
along the abscissa are the locations and times of negative (A) and positive (x) strokes to ground located
by the National Lightning Detection Network (NLDN). Panel d shows a histogram of the radiation source
heights and the total number of located points. Panel a shows the integrated light intensity observed by LIS.

Figure 3 shows detailed views of the bilevel discharge of Figure 2. As is typical of such discharges, detected
breakdown began at about 8 km altitude and quickly progressed up to 11-12 km altitude along a nearly
vertical channel, then developed horizontally at along the upper and lower levels. This agrees well with the
observations of Shao and Krehbiel [1996], who correlated the lower and upper levels with the main negative
and upper positive storm regions, respectively. The first detected luminosity occurred at the end of the
initial upward development and then again immediately following brief renewed activity at the top of the
channel. Virtually all of the subsequent luminosity was associated with further development of the upper
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level channels but not with the continued activity in the lower level. The strongest integrated light emissions
occurred during the last half of the flash, when the LIS observations showed many pixels to be impulsively
illuminated over the entire cloud region. These events were undoubtedly associated with K-changes that
are known to occur along the entire extent of the channels in the later stages of IC flashes [e.g., Shao and
Krehbiel, 1996]. Similar (but weaker) K-events probably terminated the initial upward development sequence
and produced the early luminosity pulses.
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Figure 3: Detailed observations for the classic bilevel intracloud discharge of Figure 2, further showing
the association of satellite-detected luminosity with upper level activity. At the time of the overpass the
satellite was traveling almost directly from west to east, causing the illuminated pixels to be displaced in
that direction (panel c) but to lie on top of each other in the north-south vertical cross-section (panel f).

Figure 4 shows observations for a more complex, hybrid flash. The flash began as a normal CG discharge,
producing a sequence of negative polarity strokes to ground. This activity continued for 0.7 second but
was confined below 7 km altitude and sufficient luminosity was not produced at the top of the cloud to be
detected by LIS (panel b). At 49.2 seconds an upward-developing IC component began that was immediately
detected by the LIS. The optical activity intensified during more intense upward breakdown around 49.5
seconds and then became impulsive in nature, associated with final, impulsive upward breakdown events.
The last optical event was by far the most energetic, and simultaneously illuminated a number of the LIS
CCD pixels out to the edges of the discharge region. It was undoubtedly caused by a similarly energetic,
final K-change. Although the low-level activity continued for another 0.4 seconds, no additional luminosity
was detected. (Also seen in the vertical cross-sections and histogram is a third level of activity at about 4 km
altitude just below the negative charge. The LMS data show this tri-level structure in numerous discharges
both in Qklahoma and New Mexico; the third level appears to be associated with lower positive charge in
the storm.)
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Figure 4: Same as Figure 3, except for a horizontally extensive, hybrid cloud-to-ground and intracloud
discharge.

SUMMARY AND DISCUSSION

The results of this study show that space-borne optical observations of lightning from directly above clouds
will primarily or predominantly detect intracloud discharges into the nupper part of the cloud. The occurrence
of such discharges is indicative of deep convection in the atmosphere and the areal and temporally integrated
light intensity would provide a good measure of the convection. At the same time, the luminous events arc
indicative of high-temperature, impulsive processes that will be important sources of odd nitrogen compounds
at high altitudes in the atmosphere, which in turn are very important to the ozone chemistry [Coppens et
al., 1998]. The combination of satellite- and ground-based lightning observations valuably complement each
other and give a complete picture of the lightning and storm activity.
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TRMM/LIS observations of Lightning Activity
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Abstract. Lightning Imaging Sensor (LIS) which is equipped on Tropical Rainfall Measuring
Mission satellite (TRMM) is introduced in the report. It is noticed that LIS consists of an optical
detection system with telescope lens and CCD matrix, and a data processing unit. The specification
of LIS is given from the aspects of both hard ware and software. The preliminary observation results
are presented and discussions from meteorological aspects are shown. The comparison with ground
base measurement for the evaluation of LIS function is also shown.

1 Introduction

Lightning discharge is a phenomenon of neutralization of stored electric charges inside thunder-
cloud. Neutralization occasionally occurs between a thundercloud and the ground, and we call it cloud
to ground lightning. The other type neutralization between thundercloud and thundercloud or inside
one thundercloud may often happens, and we call it cloud lightning. In both cases neutralizations are
achieved by long distance electric breakdown over several kilometers. Once we have electric break-
down, or we can call it electric discharges, we have strong optical emission called lightning, terrible
sound called thunder, and electromagnetic radiation.

The history of the investigation of lightning discharges is originated to B. Franklin, who carried
out the experiment of a kite nearly 250 years ago. The real scientific investigation may start after the
well known discussion between Simpson and Wilson on ” Charge distribution inside the thundercloud”
during 1930’s. There are many reports and papers form aspects of optical signal observations, thunder
observations, and electromagnetic observations.

We know the fair weather electric field intensity (100Volt/m) which may depend on the potential
difference between the ionosphere and the ground. Wilson believed that the electric potential of the
ionosphere to the ground is contributed by lightning activity distribution and global circuit . Brooks
estimated 100 flashes per second are required to sustain the ionospheric potential. Recently the
problem of global warming becomes one of our current topics, and related scientists are interested in
revealing the global lightning activity and its distribution, because it can be one of indicators of the
global warming. For these background LIS is designed and equipped on TRMM.

In this paper we introduce LIS and preliminary results of its observations. We also present com-
parison LIS and ground base measurement to evaluate the LIS function.

2 Specification of LIS

LIS has been designed by a team of H. Christian (NASA) to achieve optical observations of lightning
activity from space. It is equipped on TRMM satellite, and it has been operated since November 1997
when TRMM satellite was launched successfully. LIS consists of two main, and one of main systems
is CCD matrix with telescope lens. The other is the real time data processing unit on board.

The history of lightning observations from space itself is rather long, and in early 60’s when human
beings obtained the capability of a spacecraft the project named OSO-2 was conducted. The optical
observations and electromagnetic wave observations are well known. The former owns the disadvantage
of the difficulty to detect lightning activity in the daytime hemisphere because the intensity of solar
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Fig. 1 LIS Observations(From December 1997 to February 1998)Color scale is rel-
ative and absolute calibration is on going. (by courtesy of Hugh Christian)

optical emission is much stronger than that of lightning. On the other hand the disadvantage of the
latter is the lower spatial resolution than the former.

The requirement to reveal the global distribution of lightning activity, seasonal variations and
diurnal variations is increasing year by year, and that is why we are forced to have observations of
lightning activity for both day and night.

It is known that the temperatures of lightning channels are normally between 20000K and 30000k.
That means the lightning channel is believed to be plasma, and we have many atomic line optical
emissions. We know lines of H(656.3nm), OI(1)(777.4nm) and NI{1)(868.3nm) among various atomic
line emissions are intense. Hugh and his staff pay their attention on OI(1) line and designed LIS. To
detect the emission by lightuing discharges in extremely intense back ground signals due to solar
emission, LIS is carefully designed with optical filter of its band width 1 nm. LIS owns the 8.5km
spatial resolution and 2mseconds time resolution with 128 by 128 CCD matrix and telescope lens.
The threshold level for lightning discharge detection is given as 4.7J/m/m/sr by H. Christian and S.
Goodman, and they expect 90 % of detection efficiency.

3 Comparison LIS observations with ground base measurements

Figure 1 shows the summary of LIS observations for first three month. Since three months light-
ning flashes are integrated, it may be considered to be the statistically siginificant lighting activity of
southern hemisphere summer seasons. We can recognize more lightuing activities in southern hemi-
sphere than northern hemisphere. We recognize more lightning activities on lands than those over the
ocean. Hugh concludes that "Lightning likes lands more than water.” and this feature is consistent
with the previously obtained characteristics by former satellite observations, like DMSDP.

Figure 1 implies an additionally iuteresting feature. We can discriminate the line like lightning
activity at middle latitude. In other words the lightning activity at middle latitude, where we have
occasionally lightning activities during winter, seems to cross the ocean. If we think about the thun-
derstorm near Japan, we know that the local low pressure system which is formed on the sea of Japan
develops rapidly during traveling to north east with thunderstorm activity. It has decaying stage when
it reaches north east Pacific Ocean. Since our knowledge about a local low pressure systetn and its
thunderstorm activity is limited near Japan, the LIS observations presents us a new discovery.

Figure 2 shows a comparison of one of LIS observations with SAFIR observation. SAFIR is an
interferometric lightning monitoring system, and it has been operated since 1991 as a cooperation
between Kansai Electric Power Company (KEPCO) and Osaka University. The data in Figure 2 are
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captured at 4:14°15" (UTC) on February 12, 1998. The location of a flash captured by SAFIR and
locations of LIS events are coincident well. If we compare the location of a flash which are derived by
SAFIR and LIS, we find the exact coincident form the aspect of location. The activity during winter
thunderstorm is relatively intermittent, and results in Figure 2 make us confirm the capability of LIS
for intermittent lightning activity.

Figure 4 shows a comparison between LIS and SAFIR for a summer thunderstorm. The data
are obtained on August 12, 1998, and those are the integration for 105 seconds. We can conclude
both show the good correspondence qualitatively. To have further scientific discussions in terms of
meteorology and climatorogy we need the further observations.

4 Conclusions

We showed the interpretation of first three months observations from the aspects of climatorogy.
We also showed the comparison of LIS observations with ground base measurement to evaluate LIS
capability. The LIS function can be confirmed from the aspects of the case study. Though fourteen
months have passed after TRMM satellite launching, and quality controlled data have been released
to the related scientists, we need more data accumulation to get the scientifically significant conclu-
sions from the view points of meteorology and climatorogy. We also need further evaluation and
improvement of LIS function for coming possible project. The great success of LIS may sugest us the
geostatinary LIS operation to realize the operational system.

Followings are the tentative conclusion for 14 months observations. ”Lightning likes land more
than water” and "Winter thunderstorm activity may cross the ocean.”
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ABSTRACT: The number of tower structures to support cellular-telephone and
wireless communications in North America has grown dramatically in the last ten
years. In addition to cell-phone antenna towers, there are hundreds of thousands
of towers with heights between thirty and two hundred meters. These towers
include ham radio towers, water towers, microwave repeater and VHF communication
towers. Tall towers are in some cases erected in residential and industrial
areas. Some municipalities now lease public 8paces for tower sites.
Measurements of lightning strikes to towers between 30 and 200 m in height have
shown that such towers increase the incidence of lightning at the tower location
and that the probability of lightning to a tower increases roughly as the square
of the tower height. Recent work has characterized the multiple ground
attachments of natural, negative discharges and the electromagnetic environment
near the ground strike point. We review the tower/lightning problem in light of
these findings and relate a recent case of multiple lightning incidents at a
water tower in which it appears that the tall structure is a land-use-nuisance
to people nearby. We use lightning ground flash density data to show the skew of
lightning incidence near towers of 300 m or more in height. We review mitigation
measures for some lightning effects at towers.

INTRODUCTION

It is common knowledge that people seeking shelter near isolated trees
increase their risk of lightning death or injury. By the same token, lightning
strikes isolated towers more frequently than it strikes undisturbed ground in the
same area. For this reason, towers have provided productive sites for lightning
laboratories during the past century. For example, Idone, et al., [1998] report
that a radio tower was struck by five flashes in a single storm, an occurrence
that would be extraordinarily unlikely in the same small area without the tower.
Studies of 1lightning to instrumented towers of various heights in Europe by
Muller-Hillebrand [1960), Szpor et al., [1964), and Popolansky [1965] show that
the probability of lightning striking towers of moderate height increases roughly
as the tower height squared. Golde [1975] refers to the steep increase in
probability of lightning strikes with tower height as "law."

Here we are mainly concerned with the increase in lightning strike
frequency associated with towers of moderate height (10 - 200 m) and the
attendant increase in risk such towers pose to human activities nearby. An
anecdote from rural North Carolina is instructive. 1In the Fall of 1998 near
Murfreesboro, NC, a 42 m tall water tower was erected about 45 m from a farmhouse
situated on a one acre plot in a large open area of rolling farmland. The
farmhouse had been occupied by the same family for over ten years during which
time no lightning damage was experienced. After the tower was erected, five
geparate discharges near the house occurred over a period of five months causing
the deaths of two trees, a fire in electrical equipment, complete destruction of
all phone wiring, and damage to electrical fixtures. The central thesis of this
paper is that a tower of moderate height may serve to concentrate lightning and
lightning damage nearby.

LIGHTNING TO TOWERS

Tower measurements summarized by Mousa {1986] show that the majority of
discharges to towers of moderate height on flat terrain at low altitude are
normal with a downward stepped leader followed by an upward positive connecting
streamer and return stroke. When a tower is situated at higher altitude, or on
a ridge or hilltop, the number of flashes initiated by long positive streamers
from the tower increases, and therefore the total number of lightning strikes to
the tower increases. The towers on Mt. San Salvatore with a height of 70 m above
the mountain top [Berger, 1967), initiated the majority of discharges that
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occurred to them as did the Empire State Building (410 m) at sea level
[McEachron, 1939].

The mechanism(s) responsible for increasing the incidence of lightning
strikes to tall towers is not fully understood. Standler [1975]) showed how tall,
conducting objects enhance the electric field and make it easier for an upward-
propagating streamer to meet the downward-propagating stepped leader. Uman
[{1987) discussed measurements of striking distances, showing about an order of
magnitude separating the shortest and 1longest final jumps. Golde [1978]
suggested that positive space charge generated by the high electric field at a
tower and carried away from the tower may facilitate lightning attachment from
greater distances. While we do not have consensus regarding the magnitude of,
and mechanisms for, increased incidence of 1lightning to towers, it is an
indisputable fact, known to lightning researchers for more than 50 years, that
towers suffer more lightning strikes than the undisturbed ground. Further, no
measurements exist to refute the basis for Golde's law.

THE TOWER LIGHTNING ENVIRONMENT

Because human activities take place near many towers of moderate height,
it is important to understand the tower lightning environment and the electrical
effects that accompany lightning discharges to towers. Most discharges to towers
of moderate height in typical metropolitan settings are normal; therefore, the
discharge processes and lightning effects which occur close to the ground strike
points of natural and triggered lightning, occur at towers also.

Even if a tower receives all of the direct 1lightning current, nearby
objects can be significantly impacted by the strike as follows. Near a tower of
moderate height we expect first return strokes to be preceded by streamers
launched upwards from nearby grounded objects such as trees, buildings and even
people. [Golde, 1947]. Within a few tens of meters of a tower struck by
lightning, we expect electrostatic field changes of 100,000 V/m and greater, with
magnetic field changes of 300 A/m and greater [Fisher and Schnetzer, 1994]. We
expect the time scale for strong radiation to be on the order of a fraction of
a microsecond [Willett, et al., 1998]. Long, high-current ground surface arcs
sometimes emanate from the bases of towers struck by lightning [Fisher and
Schnetzer, 1994]. Injection of lightning current into the ground at a tower base
causes potential differences to appear in the soil around the tower, driving
surge currents in buried conductors, and causing voltage differences to appear
between physically separate or poorly bonded metal objects.

As with other natural negative flashes, we expect multiple ground strike
points to occur in some fraction of flashes to towers of moderate height
[Thottappillil, et al., 1992] thereby increasing the lightning stroke density
around the tower. Near a struck tower, electromagnetic interference effects may
increase because return stroke current velocity is near the speed of light in a
metal tower. Therefore, the lower portion of a discharge to a tower radiates
more strongly than would the same section of discharge channel in air. Finally,
we expect some combination of these nearly simultaneous effects to increase in
frequency near a tower relative to the frequency on undisturbed ground.

LIGHTNING LOCATION DATA FOR TOWERS OF MODERATE AND TALL HEIGHT

Following Diendorfer and Schulz [1998], who used lightning location data
to find towers of moderate height on mountaintops in Austria, we searched for
approximately twenty towers of moderate height situated on relatively flat
terrain in southern Arizona and central New Mexico using five-year averaged NLDN
flash density data. For each tower studied, we obtained a GPS location. We
failed to find these towers as local increases in ground flash density. Our
failure to find higher lightning incidence at towers of moderate height in
southern Arizona and central New Mexico may be due to the moderate to low ground
flash density around the towers, and the selection of towers on flat terrain.
In addition, the larger than average location errors in the "border" region of
the NLDN (median accuracy of 0.5 - 1.0 km) may scatter measured lightning
locations, thus obscuring any flash density enhancement.

The failure to locate towers of moderate height in the archived NLDN data,
spurred us to look for taller towers in a region of the NLDN where the average
location errors are on the order of a tower height. For numerous tall towers
near Tulsa and Oklahoma City, we obtained GPS.fixes or locations registered with
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the FCC. At these towers we found increases in flash density, even though it is
unlikely that the NLDN detected the tower-initiated first strokes.

Again following Diendorfer and Schulz [1998], who analyzed the signal
strengths of discharges near mountaintop towers of moderate height in Austria,
we also found that discharges nearest tall towers have larger than average peak
field strengths compared to discharges fixed farther away. Greater peak field
strengths from lightning to towers can be produced by higher return stroke
velocity in the metal structures, by higher peak current, or by both. This fact
suggests that towers of moderate height may be subjected to higher than normal
peak current discharges with the attendant indirect effects. Neither the NLDN
nor the Austrian network are capable of measuring the effect of faster current
propagation in towers of moderate height because the radiation enhancement occurs
on a time scale shorter than the minimum response time of the sensors. Figure
1 is an example of the increase in measured stroke density at a palr of tall (311
m) TV towers near Tulsa, Oklahoma. Figure 2 shows the decrease of flash density
with distance around the same pair of towers.

HISTORIC TOWER STRIKE FREQUENCIES AND MEASURED GROUND FLASH DENSITY

As a way of showing the increase in lightning risk near towers of moderate
height, we compare tower strike frequency measurements from McCann [1944] and
Idone, et al. [1998] with measured lightning ground flash density. 1In Table 1,
N is the measured five-year ground flash density for the region around each
tower, multiplied by four to account for the average number of strokes per flash
and for the limited detection efficiency of the NLDN. For each N, we calculate
the probability of a stroke falling in an area of 1000 m“ and compare this to
measured striking rates. The column "risk" 1is the ratio of measured striking
rate to expected strikes per 1000 m“. We assume that the corrected ground flash
density measurements are roughly representative of recent history for each tower
location. Even if large errors affect the comparison, these towers are clearly
places of higher lightning risk.
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Minimizing tower height and maximizing the distance between towers and people are
two certain ways to reduce the effects of lightning at towers on people nearby.

CONCLUSIONS B :
Since it is certain that the lightning risk increases near towers of moderate
height, this fact ought to be considered in the planning process for tower siting
and construction, particularly in areas where lightning ground flash density and
population density are high. We assert that people near towers of moderate
height in regions of high flash density may be in places of higher lightning
risk. Since local ground flash density varies across the United States by almost
two orders of magnitude, so will the lightning risk posed by towers. Mitigation
measures can be taken to reduce earth conduction effects near a tower. NLDN data
provide useful analysis of lightning incidence to tall towers, but have limited
utility for towers of moderate height on flat ground. The lightning environment
near towers of moderate height is no less severe than that characterized near
natural- and triggered-lightning flashes.

ACKNOWLEDGEMENTS: We are grateful for the editorial and research assistance of
Yvette Banegas, and for the changes to the paper suggested by Ronald Standler.

REFERENCES

Berger, K., Novel Observations of lightning discharges: results of research on
Mt. San Salvatore. J. Franklin Institute. 283, 478--525, 1967.

Diendorfer, G., W. Schulz, Lightning incidence to elevated objects on mountains.
Proceedings of the 24th International Conference on Lightning Protection,
Birmingham, U.K., 173--175, 14-18 Sept. 1998.

Fisher, R.J., G.H. Schnetzer, M.E. Morris, Measured fields and earth potentials
at 10 and 20 meters from the base of triggered lightning channels. Paper
presented at the 22nd Int. Conf. on Lightning Protection, Budapest, 1994.

Golde, R.H., Occurrence of upward streamers in lightning discharges. Nature, 160,
395--396, 1947.

Golde, R.H., Lightning Protection, Chemical Publishing Company, Inc., 42, 1975.

Golde, R.H., Lightning and tall structures. Proc. Institution of Electrical
Engineers, 125, 347--351, 1978.

Idone, V.P., D.A. Davis, P.K. Moore, Y. Wang, R.W. Henderson, M. Ries, P.F.
Jamason, Performance evaluation of the U.S. National Lightning Detection
Network in Eastern New York, JGR, 103, 9057--9069, 1998.

Mousa, A., A study of the engineering model of 1lightning strokes and its
application to unshielded transmission lines. Ph.D. Thesis, University of
British Columbia, Vancouver, Canada, 1986.

McCann, G.D., The Measurement of lightning currents in direct strokes. Trans.
AIEE, 63, 1157-1164, 1944.

McEachron, K.B. Lightning to the Empire State Building. J. Franklin
Institute, 227, No. 2, 149-217, Feb. 1939.

Muller-Hillebrand, D., On the frequency of lightning flashes to high objects, A
study on the Gulf of Bothnia. Tellus, XII, 444-449, 1960.

Popolansky, F., Study of lightning strokes to high objects in Czechoslovakia.
English translation, ERA Trans./IB 2291, 1965.

Schnetzer, G.H., R.J. Fisher, R.J. Magnotti, 1995 Triggered lightning program:
Temporary lightning protection experiments. Report 96-01, U.S. Army
Armament Research Development and Engineering Center, Picatinny Arsenal,
New Jersey, 1995.

Standler, R.B., The Response of Elevated Conductors to Lightning. Master's
Thesis, New Mexico Institute of Mining and Technology, 1975.

Szpor, S., E. Wasilenko, J. Samula, E. Dytkowski, J. Suchocki, B. Zaborowski,
Results of lightning stroke registrations in Poland. CIGRE Rep. 319, 1964.

Thottappillil, R., V.A. Rakov, M.A. Uman, W.H. Beasley, M.J. Master, D.V.
Shelukhin, Lightning subsequent-stroke electric field peak greater than the
first stroke peak and multiple ground terminations. JGR, 97, 7503--7509,
1992.

Uman, M.A., The Lightning Discharge, Academic Press, -101, 1987.

Willett, J.C., E.P. Krider, C. Leteinturier, Submicrosecond field variations
during the onset of first return strokes in cloud-to-ground lightning. JGR,
103, 9027--9034, 1998.

183



Sy7- &7

« ORAGES » : A PROJECT FOR SPACE-BORNE DETECTION OF LIGHTNING FLASHES USING
INTERFEROMETRY IN THE VHF-UHF BAND
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ABSTRACT: Recent successful experiments have demonstrated the high scientific interest for the detection of
lightning from space. The main objectives of these projects are the analysis, at large geographic and temporal scales,
of the relationships between electrical activity and other thundercloud parameters. Within the frame of increasing the
knowledge of the behavior of convective systems, the objectives of the« ORAGES » project is to locate the lightning
flashes within the inter-tropical region from a low orbit microsatellite. The « ORAGES » instrument will determine
the location of lightning discharges at the Earth’s surface through interferometric analysis of VHF-UHF sources
associated with intracloud and cloud-to-ground flashes. This project has been selected by the French Space Agency
(CNES) with an expected launch date around the year 2004.

1. INTRODUCTION

Theoretical and experimental studies show that the inception and development of atmospheric discharges are closely
related to the updraft activity and microphysical processes within the cloud. The detection of total lightning activity
then appears to be a valuable tool to understand the structure and evolution of convective systems. Lightning
detection from space enables us to study the correlation between lightning activity and storms characteristics over a
wide variety of convective systems. This was demonstrated successfully by previous spaceborne missions which
were designed to detect and locate lightning flashes using optical sensors from low orbits satellites (OTD/Microlab
and LIS/TRMM missions). The « ORAGES » project consists of spaceborne detection and location of lightning
flashes by VHF interferometry; it has been selected by the French Space Agency in 1998 within its microsatellite
program of Earth Observation. The VHF sensor will be implemented on a low orbit (700 km) microsatellite, with an
expected launch date in 2004. This paper is giving the main features of the project including a description of the
proposed sensor currently under study.

2. PROJECT SCIENTIFIC OBJECTIVES

The correlation between lightning and meteorological data given by satellite and ground measurements will be
investigated in order to analyze :

= the variability of lightning activity with season and geographical location

= the correlation between lightning flash rates and precipitations at ground, altitude of cloud top, etc..

= the behavior of mesoscale convective systems (for instance, intensification of convective activity in hurricanes)
The ORAGES lightning data are also expected to be compared with that obtained with optical detection method in
previous and futuremissions in order to increase the existing database.

The mission parameters have been chosen to perform a lightning detection within the inter-tropical area where more
than 60% of total earth lightning activity is located. With a 13° inclination orbit (optimum angle to fit the specific
constraints of microsatellite launch by Ariane V), it is expected to get a space-time sampling of the observed area
consistent with our objectives (see section 4). Furthermore, this orbit offers the opportunity of getting
complementary data from the « TROPIQUES » mission scheduled by the French Space Agency around the same
date, and devoted to the study of the convective systems that affect the intertropical zone, and the associated water
vapor and liquid water distributions .

3. SENSOR DESCRIPTION AND EXPECTED PERFORMANCES
3.1. Basic principles

Lightning electromagnetic radiation has been widely studied by numerous authors (R.L. Gardner, 1990) and it has
been shown that the radiation in the VHF-UHF band is associated to a very large set of intra-cloud and cloud-to-
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ground lightning processes as stepped leaders, dart leaders, recoil-streamers,etc. In the past 20 years, several
laboratories have developed location systems working in this frequency range, part of them using interferometric
technique. Interferometry in radio-frequency relies on differential phase measurements over an antennas array to
provide the direction of arrival of the electromagnetic wave (see figure ). This interferometric technique in the
VHF-UHF range has been widely tested and validated in France and USA, within the scope of research programs
and operational applications (Richard et al, 1986, Shao and Krehbiel, 1996; Laroche et al, 1994).

Figure 1 : Principle of interferometric
measurement. The phase difference A® over a
couple of antennas is

AD = 27;D sin® sin0

D : distance between antennas
A : receiving wavelength

Each array of antennas gives a measurement of the source azimuth and elevation. The combination of data provided
by several stations provides either a 2D location in XY (combining the azimuths given by 2 or more stations) or a 3D
location in XYZ (combining both elevations and azimuths). The time resolution of these systems is generally in the
range 1-100 ps according to specified accuracy requirements.

3.2. Space-borne system
Expected performances
The space-borne interferometer will be designed to provide 2D location of the flashes on Earth, through the
measurement of the azimuth and elevation of each detected source. The system’s angular accuracy has to been
sufficient to provide a detection within pixels of average size of 10x10 km? within an observation area of 1000km
diameter. The time resolution will be probably around 100us to allow the detection of most of the flash components.
From the temporal structure of the flash radiation, it is expected to get additional information such as :

- the cumulated radiation duration (which can give an indication of the flash extension)

- the distinction between intra-cloud and cloud-to- ground flashes
Data processing will finally provide the location (averaged over the different associated sources) and the
characteristics of each flash with a final time resolution of one second.
Selection of receiving frequency
The choice of the receiving frequency is a compromise between the following factors :

- the signal to noise ratio which varies approximately as the inverse of frequency

- the system size which increases with the wavelength

- the avoidance of anthropogenic noise radiation from Earth
It turns out that the receiving frequency has to be below 200 MHz to keep an acceptable S/N ratio and above 100
MHz to limit the size of the array of antennas. Within this range, it is possible to find some receiving frequencies
where the disturbances by anthropogenic noise are at an acceptable level. However, a noise rejection system, similar
to the ones existing on ground interferometric systems, will be implemented to identify and avoid narrow band
emissions.

Description of the system
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The general scheme of the system functions is given figure 2. The antennas array will be made of 4 to 5 antennas to
be deployed in space. The maximum size of the antenna array will be around 2m. Numerical simulations have been
performed to estimate the system accuracy. It is shown that an antenna array with D=2m (D : distance between a
couple of antennas), at a receiving frequency f=150 MHz, enables a non-ambiguous location of flashes with a space
resolution of 4k in the vertical direction and 7km at the limit of the detection area.

The shape of each antenna is still under investigation to get the better optimization between lobe shape, gain and
size. The operations of filtering and amplification will be done in 4 to 5 receivers. The combination of the output
signals gives the phases differences between each antennas couple (see figure 3) .

Antennas array Noise rejection 1
Receiver channel i ..
o n —digitizer 100 ps

—Receiver chamleLi)_) sampling

self-calibration I
Data
IC/CG ‘ Processing

discrimination

data storage

Figure 2 : General scheme of the system functions
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Figure 3 : Principles of phase difference measurements
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The total weight of the payload will not exceed 15kg, with a volume of 10dm?® (excluding the array of antennas). The
power requirement is 1 to 2 A and 12 Volt for continuous operation.

4. MISSION PARAMETERS AND SIMULATION

The altitude of the microsatellite will be around 700km. The activity detected by the satellite sensor with an orbit
inclination of 13° has been numerically simulated. Figure 4 gives the data sampled by the satellite sensor for a storm
located at 0° latitude - 0° longitude, that occurs every days at the same time, with 3 hours duration. The time shape of
the total activity of the storm has been deduced from previous measurements at ground. This simulation indicates the
re-visiting period is around 20 days; with this orbit, an individual storm of sufficient duration may be observed at
different times of its evolution. These first simulations then indicate that the choice of a low inclination orbit leads to
very promising sampling capabilities.

120 1 . ¢
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0 20 40 60 80 100 days » Activity detected by the satellite sensor

Figure 4 : 13° inclination orbit. Simulation of the activity detected by the satellite sensor
for a 0°lat-0°long storm of 3 hours duration

5. CONCLUSION

The ORAGES project is now entering the main phase of sensor development. A first sensor model will be tested on a
stratospheric balloon during summer 2000 or 2001. This validation experiment is expected to provide the system
location accuracy, its detection efficiency and its capability of noise rejection. In parallel to the payload
development, ONERA and the Laboratoire d”Aérologie are opening a specific research program to investigate the
correlations between lightning activity and storm convective properties ; this program includes the extension of
existing numerical models and the analysis of ground data.
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Abstract: The first RF pulse from “total lightning” discharges (cloud and ground flashes) has been used
in different ways to locate the origin of flashes in two new types of lightning detection systems. The
muitisensor LASI time-of-arrival (TOA) system uses GPS timing of the first pulse. The ATLAS single
sensor system uses the amplitude of the first pulse, which is invariant in magnitude and polarization for
all lightning discharges, to determine distance from the sensor. It is significantly more accuracy than
past single sensor lightning mapping systems. The polarity of the first puise generally identifies lightning
type (IC or CG). Both systems utilize only the first pulse which makes signal processing much simpler
than with previous lightning locating systems. Knowing the position where lightning begins (maximum
electric fields, mixed phase hydrometeors and updrafts) is valuable for identifying convective cells
producing the hazardous meteorological conditions caused by thunderstorms. it is also important for
research studying thunderstorm electrification and associated microphysical problems.

A. “First Pulse” Principles

Every lightning flash has an initial discharge at its onset. This electrical breakdown is controlled
primarily by electric field intensity and the shape of ice particles and liquid filaments, as well as to a
lesser extent by pressure, temperature and the dielectric constant of air. These factors control the onset
of corona from the sharp tips of ice particles and/or liquid filaments [Blyth et al., 1998]. The corona leads
to the first pulse breakdown of thousands or more which follow through the life of the lightning flash as it
grows with all its tortuous branches extending through much of the cloud volume.

The first pulse serves as a well defined signal in time and space. We helieve it has a dimension
of one to several meters and leads to the subsequent cloud scale lightning flash with all its channels and
branching having dimensions on the order of 10 km or more. It has a rise time on the order of 50-100
nsec and a subsequent relaxation to baseline on the order of 200 nsec. Then there is a dead time with
no radiation for about 100 usec before the second pulse. So the first pulse stands alone and can be
identified. It propagates into virgin air and has no branching. Thus the location of the first pulse of a
lightning flash -- near the updraft region where mixed phase hydrometeors exist and interact, charge is
being separated, and electric fields maximize -- can be used to locate convective cells. This is harder to
do with systems that detect the multitude of radiation pulses which occur along the numerous channels..
Many of the subsequent pulses from separated channels overlap in time making them difficult to identify.
Also, the subsequent pulses in the channels generally are not vertical and move toward or away from the
sensor. These lead to polarization errors in the magnitude measurement and variable polarity. These
problems are avoided by only detecting first pulses and not accepting any signals not preceded by at
least one second of quite time where no radiation is detected.

The first pulse is vertical following the electric field lines from the typical horizontally stratified
space charge layers in clouds. Its polarity is a function of whether it will grow into a cloud-to-ground (CG)
discharge or an intracloud (IC) discharge. We find most CGs start at 3 to 6 km and are positive while
most ICs start at 4 to 9 km and are negative. This is consistent with a tripole model of charge distribution
in updraft regions with a horizontal layer of negative charge between about 5 and 8 km which we used in
agreement with the findings of Stolzenburg et al. [1998]. This characteristic allows identification of the
flash type and approximate height of the first pulse. It also allows the vertical electric field sensing
antenna to be in the same plane as the propagating electric field wave eliminating polarization errors in
measuring the amplitude of the first pulse. A schematic model of charge distribution, height, and polarity
of first pulses for each type of lightning in a convective cell is iliustrated in Fig. 1.

Because the primary factors controlling the initial breakdown (E field intensity and point
sharpness) are always about the same for all lightning, regardless of type, size, or intensity, the
amplitude of the first pulse is approximately invariant for all flashes. Therefore, since signal amplitude
decreases linearly with distance, it is possible to make a relatively accurate estimate of the distance to
the radiation source by a simple measurement of pulse magnitude. This has not been possible in the
past with the single sensor ELF/VLF lightning mapping systems that have been used.
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B. Application of “First Pulse” Lightning Detection and Advantages

LASI (Lightning and Storm Intensity), and ATLAS (Aircraft Total Lightning Advisory System),
new types of total lightning mapping systems, have been developed with particular application toward
location and quantification of convective cells. They are different than previous systems in that they only
detect and provide the location of the "first pulse” of all lightning flashes which are assumed to occur
near regions of intense convection. Updraft location and intensity are important for forecasting
hazardous conditions associated with convective weather -- regions of particularly concern in aviation
operations. All dangerous thunderstorm conditions are created in the updraft; these include severe
turbulence, supercooled water (airfframe icing), hail, heavy rain and lightning. In addition, the updraft
leads to the downdraft/microburst and its subsequent windshear near the ground. Thus, identification of
the updraft through increase in local total lightning rate in a cellular region can provide advanced warning
of windshear. Since lightning rate is proportional to the fifth power of updraft velocity, it can be used to
quantify storm severity and for prediction of severe weather such as high winds and tornadoes.

There are several advantages in detecting and depicting only the first pulse of lightning:

1) A single dot is shown for each flash rather than the multitude of radiation pulse positions along the
numerous lightning channels and branches that fill the cloud as depicted on past total lightning
mapping systems. This declutters the screen and aliows convective celis to be seen;

2) By having to detect and process only one pulse per flash the signal processing is greatly simplified;

3) Having to communicate only information from a single event eliminates for a TOA system the need
for expensive high data rate telemetry and phone lines can be used;

4) The invariant amplitude of first pulses allows accurate single station estimation of distance. This is
particularly valuable for an aircraft lightning mapping system.

5) Whether the lightning is IC or CG generally can be determined from the polarity of the first pulse.

C. LASI: A SIMPLE "FIRST PULSE" TIME-OF-ARRIVAL TOTAL LIGHTNING MAPPING SYSTEM

LASI is a TOA system utilizing a minimum off 4 remote sensors in an array for 3-D positioning.
Communication can be by phone line or other means. GPS provides timing. Five 4-station solutions
can be derived from 5-station arrays, their mean is the best estimate of position. LASI was tested at
Orlando during summer 1997 using a 9-sensor array in a 24 km diameter circle. Comparisons were
made with the KSC LDAR total lightning data and National Lightning Detection Network CG data (Fig. 2).
Most differences between LASI and LDAR were 1-4 km and between LASI and NLDN they were 1-6 km.
Some of the discrepancy between LASI and LDAR is because LASI locates the first puise while the
centroid of many points is listed for the LDAR position. Also, LDAR loses accuracy at the 65 km distance
from KSC to Orlando. The CG data depict where lightning comes to earth, typically many km away from
the initial breakdown location. Comparing solutions from different 5-station arrays (from the 9 sensors
around Orlando), the maximum in the difference distribution was within 100 meters and the mean was
200 meters. Thus LASI had an accuracy on the order of 100 m both in geographic position and height.

Figure 3 shows the distribution of LASI derived first pulse heights. For CG the maximum is in
the 4-6 km range and for IC it is in the 6-8 km range similar to the findings of Proctor [1991].

The LASI system should be valuable both for forecasting and diagnosing convective weather
and predicting microbursts near airports as well as for thunderstorm research.

D. ATLAS: A "FIRST PULSE" SINGLE-SENSOR TOTAL LIGHTNING MAPPING SYSTEM

ATLAS determines the distance to total lightning using the amplitude of first pulses and direction
from magnetic crossed loops which also sense only the first pulse. Previous single-sensor systems are
ELF/VLF and thus mostly detect CG return strokes. Since these vary in intensity by one or more orders
of magnitude, determining the distance from return strokes leads to large errors. For example, we find
"radial spread", a characteristic line of dots that often appears at various distances along a radial line
from the center of ELF/VLF system displays, is due to the different intensities of the multiple return
strokes in a flash. Also, ELF/VLF systems generally do not detect [C flashes, which emit much of their
radiation at higher frequencies. By not detecting IC lightning (which generally makes up most of total
lightning) such systems can not provide a measure of convective intensity.

ATLAS positions total lightning relatively accurately as a dot at a single location. A single point
is shown on the display which allows convective cellis to be defined -- the screen is not cluttered with
dots. ATLAS can determine if the flash is CG or IC from the polarity of the first pulse and thus estimate
its height. The aerial density of the dots is a measure of the convective velocity in updraft regions.
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Fig. 2 Comparison between ATLAS and other lightning mapping systems for same flashes. Note the
scale in the comparison between different sets of LASI sensors (lower right box) is 100s of meters.

Fig. 3 Distribution of first pulse heights for positive (CG) and negative (IC) flashes (summer Florida).
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Contouring lightning rate will provide a map of "convective intensity” much as contours of reflectivity
provide a map of rain rate on a radar display. The primary objective of the ATLAS program is to provide
a convective activity map to pilots.

The instrument is in its final development and testing phase. Current results with a ground
based system indicate an accuracy in direction of +/- 4° and in distance on the order of +/- 10%. The
apparent range of the system is greater than 200 km. Airborne {esting is scheduled for this summer.

ATLAS was developed for use on aircraft where range estimates must be made from a single
sensor without the benefit of cross-bearing or time-of-arrival networks which can be used on the ground.
However, with minor modification it can be used as a ground station capable of obtaining the position of
total lightning without the need of a network of sensors and the associated communications.

E. Conclusions

The use of first pulse detection to locate total lightning offers economic and powerful methods for
locating and quantifying convective cells in thunderstorms with ground based and airborne systems. It
makes possible the first reliable single sensor lightning mapping system and could provide convective
activity mapping for small aircraft which do not have radar. Such information may be more valuable
than radar. Light rain sometimes exists in hazardous regions and heavy rain sometimes is in non-
hazardous regions. Lightning always comes from regions with intense convective activity. Besides
pilots, potential uses include interfacing to AWOS/ASOS automatic weather observing systems,
providing information to air traffic controllers, the National Weather Service and weather research.
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ABSTRACT: The problem of retrieving lightning ground-strike location on a spherical Earth surface
using a network of 4 or more time-of-arrival (TOA) sensors is considered. It is shown that this problem
has an analytic solution and therefore does not require the use of nonlinear estimation theory (e.g., [
minimization). The mathematical robustness of the analytic solution is tested using computer-gencrated
lightning sources and simulated TOA measurement errors. A summary of a quasi-analytic extension of
the spherical Earth solution to an oblate spheroid Earth geometry is also provided.

INTRODUCTION

With the advent of high-speed digital computers, the method of 7 minimization is a highly practical
means for analyzing a wide variety of (otherwise intractable) nonlinear inversion problems in applied
mathematical physics. A minimal amount of effort is required to apply the ,r’ method to obtain quick and
reasonable estimates of a solution, and the method offers a means 1o assess retrieval errors. Because the
;[’ method is simple and practical it is sometimes applied to problems that, in reality, can be solved by
formal analytic or quasi-analytic means.

Presently, Global Atmospherics Inc. (GAI) finds the minimum of a 12 function to analyze time-of-
arrival (TOA) and magnetic bearing data derived from the National Lightning Detection Network
(NLDN); Earth curvature is taken into account [Cummins et al., 1998]. An analytic solution to this
problem has not yet been attained, but by considering and solving less general problem statements a
solution might eventually be found. In this work, an analytic solution is found for the case of a spherical
Earth, when only TOA measurements are considered.

ANALYTIC SOLUTION

It is assumed that four or more (n 2 4) TOA sensors are available and that the experimenter is
interested in accounting for the effects of Earth curvature. To solve this problem, a spherical coordinate
system as shown in Figure 1 is used. By definition, the Prime Meridian is associated with A = 0 and the

4>

o>

Figure 1. Spherical coordinate system used to
obtain a solution.

Equator with @ = 0. The spherical Earth radius is denoted by the variable r. If r = IT is the lightning
source location and r, = rft, is the location of the i sensor, one can write the unit vectors as:
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f, =cosg,cos AU +cosg,sinAv+singw

. . A (1)
F = cos@cos All + cos @sin AV +sin pw .
So the spherical form of the arrival time equation becomes
1
1, =t+—r& (2)
¢

where ¢ is the time of occurrence of the lightning at r, ¢, is the arrival time measurement at r,, and the

angle, &, , between the unit vectors in (1) is given by

£ =cos™ (K, cos@cos A+ y, cosgsin L+ 7, sin@) , (3)

t

where K, =cos@, cosA,, 4, =cos@,sin A, and 1, = sin @,. Note that the product r&, in (2) is simply

the great circle distance between the lightning source and the i” sensor. Using (3) and a standard
trigonometric identity, the arrival time equation in (2) can be written as

c c . c . c : :
cos—?,cos—t +sin—t, sin—t =k, cos@cos A + (4, cos@sin A+ 7,sing . (4)
r r r r

The form in (4) is invariant under coordinate system rotations. If one rotates the coordinate system
(0,v,W) into (0',¥/,W’) by an (Euler) angle A about W and then (Q’,V’,W’) is rotated into

Ak Ak

(0",¥",W") by an Euler angle ¢, about — ¥, (4) maintains the same form in the starred system

cos =t cos<t+sin=t sin St =k cos@ cos A +u cosg sin A 47 sing”. (5)
r r r ¥
Here, (k4,1 ) are identical to the expressions for (K, . .7, ) given in (3), but with (4.¢,)
replaced with (/1:,(0:). In (4), all latitudes and longitudes are referenced to the Prime Meridian and
Equator, but in (5) all locations are expressed relative to site 1. This fact will help simplify the
mathematics since (4 =0,¢ =0). If one now invokes the convention that site 1 excites at 7, = 0 the
transit equation in (5) evaluated at i = 1 is

c . .
COS—1=C0os¢Q COsA . (6)
4
: . C € . 2C i
Since 7, =0 and r < 1, one must have t < 0. Hence, sin—t=—{sin—¢#/=—(sin"—1)" ", or
r r r
. c c
sin—1 =—(1-cos*—=1)"* . (7
r r

Substituting (7) into (5) and using (6) allows one to write the remaining scalar arrival time equations as

a_ =S_ . hy+S_,h+S_ .0 i=23..n (8

i-1.3
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where:

. c
a_, =-sin—t,
14
S _ * i‘ E
1 = COS G, COS A —cos—,
* . *
S,.1, =Cos@, sin 4,
. *
Siay =sing, (9)
h =cos@ cosA[1-cos? ¢ cos® ']
1

h, =cosg sin A [l -cos’ @ cos®* A']"?
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h, =sing'[l-cos® @ cos’ AT
In matrix/vector form one has
a=Sh . (10)
Hence, for n = 4 sensors the vector h is
h=S"a . (11)
For n > 4 sensors the (over-determined) solution for h is
h=(SS)"'Sa . (12)
The location information is extracted from the components of h as:

A =tan™ (h, /1)

. h . 13
Q= tan‘{—%osﬂ) . (13
h,

By inspecting the standard Euler angle transformations between the coordinate system (U,V,W) and
(4",¥",W" ) the source location (A,¢) relative to the Prime Meridian and Equator can be written in

terms of (/f,(p‘) . With the aid of (6), the final solution is:

Hcos@’ cosA” +cosA cosg’sind — 7 sin 4 sin qa*]

Ar: t'dn_l * * . * * . *
K,cos@ cosA —sinA cos@ sind —1 cosA sing

@ =sin"' (n, cos@’ cosA” +cosg, sin (p*) (14)
T=T, -—Lcos"(cosw' cosd) ,
c

where 7, is the absolute time (e.g., in GPS seconds) that site 1 is excited by the RF ground wave. Note
that  the  principal values of the inverse cosine function are wused, e,
0<cos'(cos@ cosA)V<m, —m/2<A <z/2, —n/2<¢@ <m/2, and T is the absolute time-

of-occurrence of the lightning ground-wave emission, where 7' < T; .
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In summary, all the arrival time measurements and sensor location data is buried in the vector a and
matrix S. The matrix equation in (10} is inverted via (11) or (12) to determine the vector h. Certain ratios
of the components of h provide the lightning source location in the starred coordinate system. A standard
Euler angle transformation is employed to obtain the lightning location in the absolute (Prime Meridian
and Equator) reference frame as provided in (14).

SIMULATED TESTS

To test the mathematical validity and stability of the solution in (14), several known lightning sources
were computer-generated across the Maritime Continent Thunderstorm Experiment (MCTEX) analysis
region in Darwin, Australia [Keenan et al., 1996]; the region considered was about 660 km on a side and
was centered on the central site of the four station TOA network. The analytic solution described above
was used to analyze the arrival times produced from the known sources, and retrieval error was
determined. When no errors were added to the simulated arrival time measurements, the retrieval error
was below 10 meters across the entire analysis region; almost 50% of the region had retrieval errors
below I meter. When an error selected from an uniform random distribution with limits: [-100 to 100 ns]
and [-300 to 300 ns} was added to the simulated arrival times, the respective retrieval errors were under
0.5 km and | km for more than about 70% of the region.

OBLATE GEOMETRY
One can extend the results to an oblate spheroidal Earth geometry. Eq. (2) can be modified to

c(t, —1)=5,(p,A;¢,,A,), where the distance S, from source to station is measured along a geodesic.

Eq. (14) can be used as the starting point in a perturbation procedure. Expanding the modified version of
(2) in a Taylor series leads to ¢(t, —1) = S, = (3S, /09)Ag +(3S, /dA)AA + cAt from which corrections

can be calculated. Both § and its derivatives can be expressed in terms of elliptic integrals. These

quantities are evaluated at (@, A;@,,4,)as given by (14). This process can be applied repeatedly to yield

a Newton-type approximation procedure. An improvement in accuracy is expected particularly for distant
sources.

CONCLUSIONS

The incorporation of magnetic bearing information into these analytic solutions would lead to a
general and elegant analytic retrieval scheme that could at some point replace the 4 estimation theory
currently employed by Global Atmospherics Inc. (GAI). Explicit analytic or quasi-analytic solutions to
complicated inversion problems lead to improved physical insights, particularly with respect to the effect
of measurement errors on final solution retrieval error [Koshak et al., 1999].
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PERFORMANCE OF THE NEW LLP-IMPACT SYSTEM IN FINLAND
Tapio J. Tuomi
Finnish Meteorological Institute. P.O. Box 503, FIN-00101 Helsinki, Finland

ABSTRACT: In 1984-1997, the southern half of Finlund was covered by an LLP lightning location system based on
four model DF-80-02 direction finders. In August 1997, it was replaced by a system consisting of five IMPACT
sensors, with coverage extended further to the north. Parallel operation of the two systems in August and September
1997 showed a substantial increase in both the location accuracy and the detection efficiency, although the declining
thunderstorm season provided only limited data. The improvements are due to better-chosen sites and the inclusion
of time-of-arrival techniques, and to the higher sensitivity to detect weak strokes. The full season in 1998 provided
enough data for intrinsic analysis of the new system (the old system was closed down in October 1997). The angular
errors. given automatically by the system, show typical double-period sine curves with + 5° maximum errors. The
initial typical error of 2-3 km was improved to the 1-km level. The improving accuracy has remedied some bad
locations and even some non-intersecting cases, hence also improving the detection efficiency. A case study suggests
that a maximum flash detection efficiency > 80 % estimated by the manufacturer is reached in the central region of
the network.

INTRODUCTION

Figure 1| shows the map of Finland with the lightning
location sensor sites of the previous and present systems. The
four sensors of the old system covered the southern part, which
has a temperate climate, up to the 65-degree latitude. The short
summer of the subarctic northern Finland (Lapland) occasionally
produces quite a lot of lightning, and the new IMPACT-based
LLP location system was extended to cover at least the southemn
half of Lapland, up to the 68-degree latitude.

The two systems were run parallel in August and Septem-
ber 1997, but due to the declining season, little data for
comparison were obtained. Yet it was established that the old
system failed to detect weak lightning: most of the strokes below L
20 kA remained undetected. Consequently, the new system U S
detected 3.5 times as many flashes as the old one, but this factor : ;. ;0 2UTAJARV
was not constant. Full evaluation of the new system had to wait . ’ |
until the 1998 season, based on its own results because the old
system was closed down.

LOCATION ERRORS

The five-sensor Impact network was designed to have as
much coverage as possible, leading to a less than ideal con-
figuration with respect to accuracy. Due to the shape of the
country, the northern sensors form a chain rather than a triangle.
The south-western part, which is the most active thunderstorm
region, is slightly outside the best detection area, but this
confuration was expected to give satisfactory performance
because of the high sensitivity and the double location
techniques (triangulation and time-of-arrival).

All five sensor sites were carefully selected for openness
and low noise. However, two sensors had to be realigned by a
few degrees during the 1998 season, and the incoherent data did
not allow the best possible determination of the site errors, which will await the next season. The site errors for each
stroke are estimated by the system itself and can be simply collected for analysis (the central unit is the basic one,
without tools for automatic analysis). Two sensors had very small site errors while the three others showed the

21 22 23 24 25 26 27 28 29 30 31

Figure 1. Sites of the old and new sensors.
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typical double-sine behavior with an amplitude of about 5 degrees. When the uncorrected locations are optimized by
combining the triangulation and time-of-arrival methods, 55 % of the estimated errors are below 4 km and 17 %
below 2 km; some exceed 20 km (in the optimal detection arca). After corrections, 55 % of the errors are below 3 km
and 42 % below 2 km; some large errors still remain. As an cxample, Figure 2 shows the located flashes (first
strokes) of the most active day of 1998, June 16, when a warm and a cold front traversed from southeast to
northwest. A dot is negative flash, a cross is positive flash. The total number is about 23,500 flashes.

Figure 2. Uncorrected (left) and corrected (right) flash locations on 19980616.

Even when the typical correction is of the order of two kilometers, the increase of the solidity of the dense flash
patterns is clearly visible. This is especially true for the large cluster reaching over the western sea. It is conceivable
that the estimated error (semimajor axis of the 50 % probability ellipse) is not always the best descriptor of the error.
Two-sensor locations seem to be optimistic about the accuracy, while three-sensor cases may give an accurate
location {with two accurate bearings) with large error estimate {due to an inaccuracy of the third bearing). In some
cases, bearing errors tend to result in ambiguities of which strokes belong to the same flash. In Figure 2, the
improvement in the lightning pattern formation seems better than could be told by the increase of the estimated
accuracy. In other words, bearing corrections improve not only the estimated accuracy but also the consistency of
the data.

DETECTION EFFICIENCY

Figure 1 shows that the best detection area of the new location system is in the central part of southern Finland,
between latitudes 61 - 64 and longitudes 23 - 29, close to four of the five sensors. The typical distance between
sensors is 200 km which, together with the sensitivity threshold of the sensors, sets a limit to the weakest locatable
{by at least two sensors) strokes. The threshold appears to be near 10 LLP units (the strength reported by a sensor),
which is reflected in the lower limit of located-stroke strength, about 2.5 kA. In fact, this limit appears also in the
data for uncorrelated strokes (detected by only one sensor). For strokes in the central region, at a distance of 100 -
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150 km from four sensors, a case study gives the following rough statistics: for strength below 20 LLP units (5 kA),
a stroke is detected by | or 2 sensors; between 20 - 30 LLP (5 - 7 kA), by 3 sensors; between 30 - 40 LLP (7 - 9 kA),
by 4 sensors. Because of the high fraction of weak strokes, the mean strength in the best detection area remains
slightly below 10 kA. For the whole useful area (the whole country excluding northemn Lapland) the mean strength
is 16 kA because of the larger distances included.

When the numbers of strokes are considered imrespective of the strength, a case study from the central area
gives following results: uncorrelated strokes 1182, 2-sensor strokes 556, 3-sensor strokes 773, 4-sensor strokes 1771
and 5-sensor strokes 460. Thus 75 % of all detected strokes were located.

As another example, Figure 3 depicts the region around the two northernmost sensors. A thunderstorm
proceeded between them, producing 1303
located strokes. In addition to these, each sensor -
detected a lot of strokes for which there were no
coincident reports from the other (the three other
sensors in the south detected hardly any
uncorrelated strokes while they participated in
many of the located cases). The uncorrelated
reports are grouped into 10-degree sectors; the
longest lines correspond to about 90 strokes per
10 degrees. The uncorrelated signals are clearly
coming from that thunderstorm. Together they
represent about another 1300 unlocated strokes.
This sets an upper limit of 50 % for the detection
efficiency in this region; there are probably also
some strokes that were detected by neither
sensor. The manufacturer’s preliminary estimate
(without using actual data) for the flash
detection efficiency in this region is 70 %,
which would correspond to a stroke de_tec_ti_on Figure 3. Located strokes and unlocated bearings on 19980826.
efﬁqengy of 54 % for' the observed multiplicity Lines: 50 mm = 89 strokes per 10 degrees.
distribution (50 % single-stroke, 25 % two-
stroke, 12.5 % three-stroke flashes etc.).

This particular case clearly demonstrates
that the detection of a close enough stroke is not only a matter of its signal strength but is also subject to
probabilistic factors.

The data from the 1998 season, 144,000 strokes or 83,000 flashes in the useful area, is still too sparse and
regionally inhomogeneous to allow a full analysis of the detection efficiency.

]
LA

Points: 1303 located strokes.

FORKED LIGHTNING

It is evident from numerous photographs that a large fraction of cloud-to-ground lightning are forked,i.e. the
separate strokes of a multiple flash strike two or more points on the ground. According to a study byRakov et al.
[1994], half of all flashes, including single flashes, are forked, and the strike-point separation varies between 0.3 and
7.3 km. The study is based on 76 negative flashes only, observed in Florida, and the conditions in Finland, say, are
different enough for a possibility to give different results.

The improved accuracy allows some conclusions to be drawn about forked lightning, even though separations
below 1 km necessarily remain uncertain. A case study is again based on June 16, 1998, selecting a tight cluster of
flashes between 63 - 64 degrees latitude, 23 - 24 degrees longitude. The fraction of multiple flashes is about 50 %.
Of these, flashes were chosen for which the estimated error (semimajor axis of the error ellipse) remained below a
set limit, which was varied at 0.7, 1.0 and 2.0 km. The result was relatively independent of this limit, and it can be
said that the result with the lowest limit is fairly applicable to strike-point separations down to 1 km. The procedure
was to seek temporally adjacent strokes of a flash and see if at least one pair had a separation exceeding the limit.
The possibility of more than two strike points was ignored in this stady.

The numbers of all multiple flashes (including non-forked ones) were 1523 (error limit 0.7 km), 4024 (1.0 km)
and 9360 (2.0 km). Figure 4 shows an average distribution based on the three cases. 42 % of all multiple flashes has
a strike-point separation exceeding 2 km. If the interval 1 - 2 km is reliable, the fraction with separation exceeding |
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km is 60 %. The fraction of strike-point separation below 1 km remains uncertain in this study. In any case it can be
said safely that ar /east onc half of multiple flashes (one fourth of all negative flashes) are forked. Very few
separations cxceed 5 km. and the limit between 7 and 8 km is in accord with the result cited above.

% of muitiple flashes
20 |—
10 +—
— - 1
| ] | | ] [ ] ] | |
0 5 Strike point separation, km 10

Figure 4. Percentages of forked flashes of all multiple flashes per 1-km strike-point separation intervals.

The advent of the combined triangulation and time-of-arrival techniques has replaced the flash by the stroke as
a natural “unit” of located lightning, necessitated by the very principle of the time-of-arrival method. The high
occurrence of forked flashes is another factor which stresses the importance of the stroke concept, e.g. in studying
lightning damages to power lines and other structures. Yet the flash concept also remains important because the
strokes share a common upper section of the channel and are part of the same well-defined process. Lightning
databases should include all siwrokes with their individual properties, but also indicate their grouping into flashes.

DISCUSSION AND CONCLUSIONS

Lightning location technology has reached a stage which allows the combination of rather wide coverage with
acceptable accuracy and detection efficiency at a reasonable cost. After initial installation, the improvement of the
accuracy to the 1-km level is straightforward, at least within the network core area (the maximal polygon defined by
the sensor sites). The accuracy is partly compatible with the typical separation distance of forked lightning. Also, the
accuracy will allow new kinds of routine studies, for example of the effect of topography, includinge.g. the ever-
increasing mobile-phone masts, on lightning occurrence.

The detection efficiency remains a parameter which calls for improvements. While VHF interferometry is
capable of detecting virtually all electrical activity of a thundercloud, it is often too expensive for wide coverage,
and for many purposes produces too much data. Parallel study of VHF and Impact-type systems could perhaps help
to find means of identifying cloud-to-ground strokes from the signals and illuminate the “probabilistic” side of
detection efficiency.
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The NOAA Publication Storm Data has 3,239 deaths, 9,818 injuries, and 19,814 property-damage
reports due to lightning from 1959-1994 in the U.S. Spatial and temporal variations that are identifiable with
this dataset will be described by state, region, year, month, and hour of the day. The number of lightning

casualty and damage events is less variable from year to year than nearly all other weather causes.

There-

fore, lightning is a constant and widespread threat to people and property during the thunderstorm season.
Florida leads the nation in deaths and injuries, while the largest number of damage reports comes from

Pennsylvania. When population is taken into account, New Mexico and Wyoming lead the nation in death,

injury, and casualty rates per million people. Highest rates of damage reports weighted by population are on

the plains.

All types of lightning reports in Storm Data reach maxima during July. Damage reports are spread more

evenly through the year than casualties.

In northern states, casualties and damages have narrower

distributions centered on summer than southern regions. There are more damage reports during the night in

the plains and midwest states than elsewhere. Most incidents involve one person.

Locations of casuaities

in Storm Data are not well identified. Comparison with other datasets shows that Storm Data entries tend to
include more expensive widely-known events and to exclude most of the small losses.

INTRODUCTION

This paper summarizes casualties and
damages due to lightning in the U.S. based on
the NOAA publication Storm Data. Curran et al.
(1997) has expanded versions of these results.

Table 1 shows the number of deaths, in-
juries, and costs of property damage from con-
vective weather based on Storm Data. When all
weather deaths are examined, only flash floods
and river floods rank higher than lightning.

Knowledge of medical issues concerning
lightning victims has grown in recent years (e.g.,
Andrews et al. 1992; Cherington 1995; Cooper
and Andrews 1995; Primeau et al. 1995).
Improved understanding of medical profiles and
demographic distributions of victims has resulted
in a multidisciplinary effort concentrating on
safety and education (Vavrek et al. 1999). A sig-
nificant emphasis is being placed on sports and
recreation (Bennett 1997; Walsh et al. 1997).

LIGHTNING CASUALTY AND DAMAGES

Reports of damaging weather phenomena
are compiled monthly at National Weather
Service offices for the NOAA publication Storm
Data. Reports are sent to the National Climatic
Data Center where Storm Data is assembled.
This publication has been compiled with similar
procedures since 1959. Storm Data from 1959
to 1994 had 3,239 deaths, 9,818 injuries, and
19,814 damage reports from lightning. Each

report contains year, month, day, time, state,
and county, as well as number, gender, and
location of fatalities and injuries, and costs of
damages.

Lightning-caused casualties and damages
are often less spectacular and more widely
dispersed in time and space than tornadoes and
hurricanes.  Therefore, lightning deaths are
underreported by 28 to 33% (Mogil et al. 1977;
Lopez et al. 1993). The number of Storm Data
damage events was underreported by 367:1 in a
review of insured property (Holle et al. 1996).
So lightning-caused damages are similar to, or
exceed costs of other phenomena in Table 1.
Nevertheless, Storm Data is the only consistent
data source for several decades, and its
information was used without modification.

TABLE 1. Annual convective-weather deaths, injuries,
and property damage, 1992-1994 (National Weather
Service, Office of Meteorology). Order is by
number of deaths.

Convective Fatalities Injuries Damages
weather type ($million)
Lightning 51 345 32
Tornadoes 47 1,114 551
Thunderstorm wind 18 352 295
Hail 0 43 345
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FIGURE 1. Rank of each state in lightning impacts from 1959 - 1894. A) Number of casualties. B) Number of
damage reports. C) Casualty rate per million people. D) Damage report rate per million people.

VARIATIONS BY STATE IN REPORTS

Figure 1A shows the rank of each state in
lightning-caused casualties (deaths and injuries
combined). Florida has twice as many
casualties as any other state. Fewest casualties
are in Alaska, Hawaii, D. C, northwest states,
Puerto Rico, and small eastern states.

Previous studies of U. S. lightning fatalities
by Duclos and Sanderson (1990), Mogi! et al.
(1977) and Zegel (1967) had similar results for
smaller samples. Deaths by Canadian province
were compiled by Hornstein (1962), and
fatalities were plotted on a map of Singapore by
Pakiam et al. (1981). Deaths divided by
political boundaries were shown by Coates et al.
(1993) for Australia and Gourbiére et al. (1997)
for France. Deaths by county in U. S. states are
in publications listed by Curran et al. (1997).

The distribution of damage reports by state
(Figure 1B) shows a concentration on the plains
from South Dakota to Texas. The largest
number is from Pennsylvania, where less than
half as many casualties were reported as in
Florida. Six of the 10 states with the highest
damage counts are on the top-ten lists for
casualties, deaths, or injuries.

VARIATIONS BY STATE PER POPULATION
When population is taken into account, the
maxima shift from populous eastern states to

Rocky Mountain and plains states (Figure 1C).
The top two rates are in Wyoming and New
Mexico; these states were 35th and 21st in
number of casualties. Wyoming had most of its
casualties in the 1960s and 1970s. Southeast
states often have high rankings in both Figures
1A and 1C. The only states in the top 10 of both
casualties and casualty rate are Florida,
Colorado, and North Carolina.

A swath of high rates of damage reports is
located from Idaho to the Dakotas, Oklahoma,
and Arkansas (Figure 1D). The plains also had
high numbers of damage reports (Figure 1B) with
two exceptions. North Dakota did not have
many actual reports, but this less populous state
becomes sixth in damage rate. Texas had
numerous reports, but its damage rate became
small due to it being so populous. Recall that
Storm Data damage reports are greatly
underreported (Holle et al. 19986).

YEAR-TO-YEAR VARIATIONS

The number of lightning deaths decreased
from 1959 to 1994, while injuries increased
(Figure 2). As a result, the ratio of injuries to
deaths increased. After population growth was
taken into account (normalization), several
major trends were identified by Lépez and Holle
(1996, 1998). A 30% decrease was attributed to
improved forecasts and warnings, better light-
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FIGURE 2. A: Number of casualties, deaths, and
injuries. B: Ratio of injuries to deaths.
C: Number of damage reports by year.

ning awareness, more substantial buildings,
and/or socioeconomic changes. An additional
40% reduction may be due to improved medical
care and communications. The injury rate
decreased only 8% because of the transfer of
some deaths to injuries. Additional fluctuations
on the scale of one or two decades parailel
national changes in thunder-days, cyclones, and
temperature. An increase in damage reports
(Figure 2C) could be due to population growth.
Decreases in deaths were also documented
with long-term datasets in England and Wales
(Elsom 1993), Australia (Golde and Lee 1976),
and Singapore (Pakiam et al. 1981). Australian
deaths increased from 1825 to 1918, then
decreased to 1991 (Coates et al. 1993).

MONTHLY AND SEASONAL VARIATIONS

Lightning casualties and damages peak
during July. Monthly percentages increase
gradually before, then decline more quickly
after July. Cloud-to-ground flashes also show
these features (Orville and Silver 1997).
Casualties reach a higher July maximum than
damage reports. Prior Storm Data studies also
found a July maximum, a slower increase before
and a faster decrease after July (Zegel 1967;
Mogil et al. 1977; Curran et al. 1997).

Seasonal maps in Curran et al. (1997) show
that summer casualties and damage reports
follow annual maps. During other seasons,
lightning cases are more frequent in southern
states. Frequencies in the northeast are low
except during the summer, while they are high
on the West Coast during autumn and winter.
The largest number of Australian fatalities were
in January due to the reversal of seasons from
the U.S. (Coates et al. 1993). Singapore fatality
maxima in November and April (Pakiam et al.
1981) are similar to those found in the annual
cycle of local thunderstorms.

TIME OF DAY VARIATIONS

Most lightning casualty and damage reports
occur in the afternoon (Curran et al. 1997).
They show a steady increase toward a maximum
at 1600 LST, followed by a slightly slower
decrease after the maximum. Damage reports
are more broadly distributed in time. Narrower
distributions are apparent in the Rockies,
southeast, and northeast. The broad time series
in the plains and midwest are due to nocturnal
thunderstorm complexes. Similar maxima in
lightning casualties and/or damages were found
elsewhere (Curran et al. 1997)

OTHER INFORMATION IN STORM DATA

Males account for 84% of the lightning
fatalities, 82% of injuries, and 83% of casualties
(Curran et al. 1997). Similar results were found
in the U.S. (Duclos and Sanderson 1990},
Singapore (Pakiam et al. 1981), and England
and Wales (Elsom 1993).

The most common situation is for one victim
in a lightning incident. For death incidents
only, 91% had one fatality; another 8% had two
people killed in an incident.

Location categories in Storm Data are not
very useful. “Not reported” and “at various other
and unknown locations” account for 40% of the
entries. It is important to go beyond the Storm
Data digital record to find a victim's activity,
which tells more of the situation.
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Sunday has 24% more deaths than other
days; a slight tendency for more deaths is also
evident on Wednesday (Curran et al. 1997).

Nearly half of all lightning damages in Storm
Data are between $5,000 and $50,000 (Curran
et al. 1997). Holle et al. (1996) found that over
a third of insurance losses were between $251
and $1,000, and only a few were over $5,000.
Therefore, Storm Data damage report losses are
much larger than the insured lightning losses.

SUMMARY AND CONCLUSIONS

Florida led the nation in actual deaths and
injuries. The largest number of damage reports
came from Pennsylvania. When population was
taken into account, Wyoming and New Mexico
led the nation in death, injury, and casualty
rates. The highest rate of damage reports was
on the plains from North Dakota to Oklahoma.

Casualties had a strong July maximum,
while damage reports were spread more evenly
through the year. Casualties and damages in
northern states had narrower distributions
centered on summer than states to the south.

Two-thirds of casualties occurred between
1200 and 1600 LST. Damage reports lagged
casualties by two to three hours. There were
relatively frequent damage reports at night in
the plains and midwest states.

For incidents involving deaths (injuries) only,
91% (68%) of the cases had one fatality (injury).
The dominance of single-person events shows
the need for lightning safety education so that
people take personal responsibility for protection
from lightning.

Half of all lightning-caused damages were
between $5,000 and $50,000 according to
Storm Data, but comparison with other datasets
shows these entries to include more widely
known events and fewer small losses.
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RESULTS OF INVESTIGATIONS INTO
ANNUAL USA LIGHTNING COSTS AND LOSSES.

R. Kithil
National Lightning Safety Institute, Louisville Colorado USA

ABSTRACT: Researchers who attempt to describe the economic impact of lightning in the USA
are confronted with contradictory data. National Weather Service (NWS) figures place the most
recent yearly losses at some $35 million. Such a severe understatement of costs from an official
source tends to inhibit attentions focused at lightning problems. In general, lightning safety
issues are not taken seriously by individuals, by business, or by government. If actual dollar
losses were understood more fully, then awareness and mitigation measures might be raised to a
higher priority.

INTRODUCTION

Storm Data is the NWS reporting vehicle for collecting and describing severe weather
information. Each NWS field office has an appointed Warning Coordinating Meteorologist or
other staff person responsible for collecting local news to be forwarded to Storm Data.
Newspaper accounts are a frequent source of this information. If an incident does not appear in
the newspapers, or is overlooked by the reviewer, it may not get into the Storm Data statistical
base.

RECENT CONFIRMED ECONOMIC CONSEQUENCES

L. Source: St. Paul Insurance Company, St. Paul MN. During the 5 year period
1992 through 1996 some $USD 1.7 billion was paid out in lightning-related claims. All claims
were commercial in nature. Lightning accounted for 8.7% of the total number of claims and 3.8%
of the property dollar losses. The average annual paid claims for this period equaled $ 340
million.

2. Source: Anonymous Large Insuror (Holle, et al: Insured Property Damage
Due to Lighting in Three Western States, Proc. IAGCLSE, Williamsburg VA, Sept. 1995).
Lightning losses to residential and commercial property in Colorado, Utah, and Wyoming were
sampled over a six year period. Most claims (90%) were individual homeowners. When
extrapolated into national averages, 307,000 annual claims totaled some $ 332 million each year.

3. Source: The National Fire Protection Association (NFPA), Quincy, MA.
NFPA publishes Annual Averages of Fires and Losses Reported to U.S. Fire Departments
Caused by Lightning. Information is collated by property classification and by source of origin.
In the most recent reporting period 1991-1995, each year lightning was the cause of 30,190 fires
accounting for annual losses of $ 175.2 million.

4. Source: Insurance Information Institute (III), NY NY. A press release from I
in 1989 reported that 5% of all insurance claims were lightning related, amounting to more than
$USD 1 billion per year. In 1997 and 1998, press releases from III said that “lightning strikes are
responsible for over $ 250 million per year.”
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5. Source: Clausen Miller PC, Chicago IL During July 23, 1997 a lightning-induced fire
broke out at 5120 Race Court, Denver, Colorado to the CS Integrated refrigerated warehouse.
There was a total loss to building and contents of some $ 72 million. This is believed to be the
largest structural loss due to lightning on record.

6. Source: Project Report NOAA — 18 (Weber et al, An Assessment of the Operational
Utility of a GOES Lightning Mapping Sensor, MIT Lincoln Laboratory, 13 February 1998. “The
FAA currently estimates that thunderstorms cost the airlines and the U.S. public approximately
$2 billion per year in operating costs and passenger delay.”

7. Source: Electric Power Research Institute (EPRI), Palo Alto, CA, Ralph Bernstein;
Diehls, et al(1997). Some thirty percent of all power outages are lightning-related on annual
average, with total costs approaching $ 1 billion.

8. Source: The Ohio Insurance Institute, Colombus OH reports that 18% of all
lumberyard fires are originated by lightning. Further, they state that 30% of all church fires are
started by lightning.

9. Source: Joumnal of Hazardous Materials 40 (1995) 43-54. Lightning accounts for 61%
of all accidents in storage and processing activities where natural events were the root cause. In
North America, 16 out of 20 accidents involving petroleum products storage tanks were due to
lightning strikes.

10. Source: National Park Service, Gary Hasty, Risk Management. “We have determined
that about half the wildfires in the western USA are lightning-related. About 10,000 such fires
cost about $ 100 million annually. In 1996 the National Park Service experienced 517 lightning-
induced fires which cost $ 19,576,128. In 1997, the Boise National Forest fire cost $ 47 million
and took 45 days to bring under control.”

11. Source: National Lightning Safety Institute, Richard Hasbrouck, Director of
Engineering. “Low voltage electronic equipments are especially vulnerable to lightning upset.
Such insults include explosions, fires, burn marks, and mechanical distortion. Data corruption
and slow degradation of circuit boards are time-delayed, serious hidden problems. No one knows
the dollar cost or magnitude of damage here.”

12. Source: Department of Energy (DOE), Occurrence Reporting & Processing System
(ORPS), period from September 1990 to September 1998. ORPS-reported lightning incidents at
DOE sites for the 8 year period totaled 461 incidents, or 57.6 accidents per year on average.
Types of losses, but no costs, were identified. An examination of the incidents can be
summarized:

a. ORPS reporting frequency is not related to localized lightning frequency.
Hanford Site, for example, located in a low lightning area was second in numbers of reported
incidents. Savannah River site was the leader in reported lightning problems.

b. Lightning-caused incidents included failure of protective devices, equipment
malfunctions, standby generator failures, grass and range fires, power pole destruction, and injury
to personnel.

c. Voltage surges accounted for about 80% of the physical damage reported.
Affected equipment in this category included: transient limiters (arrestors, fuses, switches);
telephones, pumps & motors, and generator systems.

d. Alarm systems suffered the most damage. Areas affected included perimeter
security intrusion alarms, fire and radiation alarms (both failures and activations were reported),
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as well as communications systems equipment (pagers, public announcement speakers, telephone
and radio communications).

CONCLUSION

Accurate lightning cost and loss reports are elusive. There is not good agreement between
sources. The NWS Srorm Data reporting system appears to be flawed, since there is evidence
that annual lightning losses are in excess of the “official” $ 35 million figure. Further
investigation is needed to provide better statistical data. It seems a reasonable estimate that there
may be $ 4-5 billion in lightning costs and losses each year in the USA.
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THE TWO IMPORTANT CHARACTERISTICS OF GROUND FLASHES FOR THE HUMAN SAFETY
N. Kilagawa', A. Sugita®, and S. Takahashi-

'Central Lightning Protection Inc., Urawa-shi, Japan
* Franklin Japan, Yokohama-shi, Japan

ABSTRACT: For the safety of human beings against lightning, it is essential to keep away form direct strikes. A
person in the outdoors has to move into the safe space against the lightning incidence. To provide proper guides to
avoid lightning strikes, the following two factors have to be disclosed:

(D Time intervals between subsequent flashes that strike the ground within a small area

(@ The distances between struck points of subsequent ground flashes.

The authors analyzed the data obtained by the lightning location system, covering Kanto District, Japan for two years
and obtained the statistical distributions of the above two factors.

INTRODUCTION ,

Based on the clinical investigations of lightning injuries and the laboratory simulation experiments, Kitagawa et
al. [1985] studied the nature of lightning discharges on human bodies. [t was revealed that the internal organization of
the human body functions as an effective conductor and attracts the lightning incidence in the outdoors. When a person
stays close to tall objects, such as trees, poles, chimneys, etc., he is apt to be struck by secondary discharges from tall
objects struck by lightning and be severely injured. Therefore, when thunderstorms are active overhead, a person has
to move into the safe space, namely inside of buildings, cars, buses, trains, etc. to avoid the lightning incidence. The
time interval between subsequent flashes, that strike the ground within small area, is an important factor for a person
1o take refuge in a safe space.

When thunderstorms are approaching, a person has to take refuge in a safe space beforehand. The distance between
struck points of subsequent ground flashes, namely, skip distance of subsequent ground flashes is another important
factor for him to judge when he should start to take refuge.

For the skip distances of subsequent lightning discharges, Hatakeyama [1959] provided a statistics, based on his
multi-point electric field measurements. However, except Hatakeyama’s work no detailed data have ever been analyzed
regarding the above two factors. Nowadays, lightning location systems are widely operated and numerous data have
been accumulated concerning times and positions of ground flashes. The authors statistically analyzed the data for two
years and obtained the reliable results as to the above two factors.

LIGHTNING LOCATION SYSTEM, INVESTIGATED AREA AND
PERIOD

Figure | shows the positions of sensors of the lightning location
system that provided data for the present work. The system uses 6
IMPACT sensors to cover Kanto District, Japan. IMPACT is an
abbreviation for “Improved Accuracy from Combined Technology.” The
system combines the direction finding method and the arrival time
difference measurement, and locates the ground flashes with _higher
accuracy than the system using a single method. The time accuracy of the
system is 1.5 ps and the location accuracy for Kanto District is 500 m.

The authors dealt with data for two years in 1996 and 1997 and the
area covering the latitude from 35.2° to 37.1° and the longitude from
138.6° to 140.6° as shown in Figure 1.

TIME INTERVALS BETWEEN SUBSEQUENT FLASHES THAT
STRIKE THE GROUND IN A SMALL AREA B

For the safety of human beings, the time intervals between
subsequent flashes that strike the ground within a small area of a circle of

500 m radius seem important. The area where a person moves around in Figure 1. Positions of 6 IMPACT
one minute, is confined within such an area. When he is in the outdoors sensors (circles) and investigated
under severe thunderstorms, he has to refuge into a safe space. If he area (square). Bold line represents
knows the time intervals of such nearby ground flashes correctly, he can the border of Kanto District.
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judge whether he should move or stay while
keeping his posture low.

Based on the data obtained by the
lightning location system, the authors
statistically investigated the time intervals
between subsequent flashes that struck the
ground within a circle of 500 m radius. The
time intervals are divided intoOto 105, [0 to
20 s, 20 to 30 s and likewise up to 600 s.
The occurrence numbers of individual time
intervals are represented by the column
diagram. The tops of the columns thus
plotted indicate the statistical occurrence
distribution of the time intervals. Figure 2
and 3 show the results of data in 1996 and
1997 respectively, where the time intervals
longer than 600 s are abbreviated. The
numbers of the data deait are approximately
25,000 for each year. Since the numbers are
not large enough, the tops of the columns
exhibit somewhat irregular distributions, but
the smoothed curves of the column tops
would represent the statistical distribution of
the intervals.

As no essential difference is noticed
between the column diagrams in Figures 2
and 3, it is interpreted that the year to year
variation does not exist in the distribution of
occurrence numbers. As shown in Figure 4,
the authors plotted the data in 1996 and 1997
together in one diagram and drew the
smoothed curve for the column tops. The
curve in Figure 4 represents the best
statistical distribution of the time intervals
treated in this section,

Since 500 m is the limit of the location
accuracy of the system, the reliability of the
above statistics should be checked in some
way. Based on the same data, the authors
statistically investigated the time intervals of
subsequent ground flashes that struck the
ground within a circle of | kmradius. In this
case, the location accuracy is high enough for
the statistical analysis. The authors made the
column diagrams for the data obtained in
1996 and 1997 respectively, ascertained no
year to year variation and composed them in
one diagram. Figure 5 shows this diagram
where the smoothed curve of the column tops
is drawn. Comparing Figure 4 and 5, they
show essentially the same statistical charac-
teristics; the difference is that the most fre-
quent interval is approximately 40 s in Figure
4, while the one approximately 30 s in Figure
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Figure 2. The occurrence number of time intervals between
subsequent flashes that struck the ground in a circle of 500 m
radius, based on data in 1996
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Figure 3. The occurrence number of time intervals between
subsequent flashes that struck the ground in a circle of 500 m
radius, based on data in 1997
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Figure 4. The occurrence number of time intervals between
subsequent flashes that struck the ground in a circle of 500 m
radius, based on data in 1996 and 1997

5. It is apparent that statistics in Figure 4 is equally reliable as one in Figure 5.
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The authors anticipated that the time intervals
between subsequent flashes that strike the ground
within a circle of 500 m radius would be longer
than 60 s. However, the results of the statistical
investigation reveal that most of the intervals
range from O to 600 s, having the maximum
frequency at around 40 s. When a ground flash
strikes open field under active thunderclouds, it is
most likely that the next flash strikes the ground
40 s later after the first strike within a circle of
500 m. Under such condi.lion, itis very dar':ger(')us 0 0 100 200 300 00 500 600 ()
that a person keeps walking or running with high Time interval
posture. When safe spaces, such as buildings, Figure 5. The occurrence number of time intervals
cars, buses, trains, etc. exist nearby, he should between subsequent flashes that struck the ground in a
enter into the nearest one. When tall objects, such circle of 500 m radius, based on data in 1996 and 1997
as trees, poles, chimneys, etc. exist nearby, he
should keep away from them as far as possible, at least, more than 2 m from all projected points of the objects.
Essentially a person is advised to lower his posture as low as possible. '
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SKIP DISTANCES OF SUBSEQUENT GROUND FLLASHES

In Japan, an extensive thunderstorm research project was executed in
the summer from 1940 to 1944, in Northen Kanto District. In the project,
Hatakeyama [ 1958] operated 5 electric field measuring stations scattering
with mutual distances from 5 to 10 km. Analyzing the data obtained, he
calculated the charge neutralized by individuai cloud flashes and plotted
their positions on the map, postulating the positive dipole model. He
presented the statistics of the occurrence distribution of the skip distances  Figure 6. Occurrence percentage of skip
between subsequent cloud flashes as shown in Figure 6. The statistics  distances of subsequent cloud flashes
indicate that most of the skip distances lic between 2 and 6 km and they
range from O to 10 km. The statistics contain important information to judge when a person should start to take refuge,
when thunderstorms are approaching. For the safety of human beings, the information concerning the skip distances
of ground flashes are essentially needed.

Figure 7 shows the distribution of one large group of struck points, obtained by the lightning location system from

Percentage
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Saitama-Prefecture

%) Figure 8. Movement of
o O<D o © Tokyo-Metropolice individual struck points from
16:00 to 16:30 JST
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Figure 7. A large group of struck points
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16:00 to 18:00 JST, August 3, 1997 over the southwestern border of Kanto District. The circles that indicate the
positions of struck points are classified into the following four groups:

Plain circles: indicate the positions of struck points occurred from 16:00 t016:30 JST

Light-gray circles: indicate the positions of struck points occurred from 16:30 to17.00 JST

Dark-gray circles: indicate the positions of struck points occurred from 17:00 to17:30 JST

Black circles: indicate the positions of struck points occurred from 17:30 to 18:00 JST.
Figure 8 shows the movement of each struck point from 16:00 to 16:30 JST, putting the order number on it. When
Figures 7 and 8 are combined, they indicate that the whole lightning activity moved toward east-north-east direction
while the individual struck points exhibited a so-called “random walk.”

The authors found 7 similar large groups of struck points in the data obtained in 1997. They measured all skip
distances and counted the occurrence numbers for each range of 0~ 1 km, 1~2 km, 2~3 km and likewise up to 30 km.
The occurrence numbers of individual time intervals are represented by the column diagram. Approximately 3,100 data
are analyzed and the results are shown in the column diagram in Figure 9, where the left ordinate indicates the
occurrence number and the right one indicates the occurrence percentage. The statistical characteristics of the skip
distances thus obtained turned out to be almost the same as that Hatakeyama had found for the cloud flashes in
1958.

Figure 9 indicates that though most of the
skip distances lie between 2 and 6 km, the
occurrence percentage is still 2% for the skip
distance of 12~13 km. Since the audible
distance of thunder is usually 14 km, this
result is very notable. When a person hears
thunder, he is already within the range where
a next ground flash will occur with the
probability of 2%. Therefore, he should
immediately take refuge into the safe space. ] ' 0
The audible distance of thunder sometimes 0 8 10 12 14 16 18 20 22 4 26 28 300w
extends up to 20 km under the favorable Horizontal distance

condition, and the occurrence percentage of ]
20 km skip distance is 1%. Therefore, a Figure 9. The occurrence number and the occurrence percentage

of skip distance of subsequent ground flashes
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person also should start to take refuge in this
case. The corresponding flash-to-bang time is 41 s.

SUMMARY

As to the time intervals between subsequent ground flashes that strike the ground within a circle of 500 m radius,
the reliable statistics have been obtained. Most of the intervals range from 0 to 600 s, having the maxim frequency at
around 40 s. It is concluded that there exists no safe time interval during which a human being is free from direct
strikes.

When a person takes refuge from thunderstorms in the outdoors, he should behave, taking the above statistics in
account. When safe spaces such as buildings, cars, buses, trains, etc. exist nearby, he should enter the nearest one.
When tall objects such as trees, poles, chimneys, etc. exist nearby, he should move away as far as possible, at least, 2
m away from all projected points of the objects. In case no safe space exists nearby, he should lower himself; wait till
the lightning activity diminishes and then start to take refuge toward safe spaces.

As to the skip distances of subsequent ground flashes, the reliable statistics have been obtained. Though most of
the skip distances lie between 2 and 6 km, the occurrence percentage of 12~13 km is 2%. This is a very notable result,
because 14 km is usually the audible limit of the thunder. When a person hears thunder, he is already within the range
where a next ground flash will occur with the probability of 2%. For the safety, a person should start to take refuge,
when he hears even faint thunder.
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COMMENTS ON THE E.S.E. AIR TERMINALS
C. Guo
Shanghai Institute of Meteorology, Shanghai, PR.CHINA

ABSTRACT: Based on analyzing the “E.S.E. lightning conductor assessment procedure” provided by
the French Standard NF C 17-102, it is inferred that if the product is manufactured following this
assessment procedure, the declared improvement or performance could not be insured, mainly due to
imperfect simulation of natural condition. In tumn, the products manufactured under such a Standard cannot
be considered with enough experimental evidence as having declared performance.

Some suggestions are provided to improve such a situation.

INTRODUCTION

The Early Streamer Emission (E.S.E.) air terminals or E.S.E. lightning conductors have been
introduced into and sold in China for years. The device differs from a conventional air terminal , lightning
rod or lightning conductor in that it is equipped with a device that supposedly initiates an upward streamer
earlier than the conventional one does under the same background field and its change, thus resulting in
earlier connecting with the downward leaders. In tum, it supposedly could offer a longer striking distance
and wider protection zone than the conventional one could.

Careful laboratory experiments, field experiments, long term data collection and analyzing and
theoretical work are all needed to obtain a completely accepted and fully convinced assessment, in order to
answer if it is a real improvement and an invention.

Here, some comments are provided for assessing the laboratory experiment following the French
Standard (NF C17-102, 1995)(hereafter, the Standard), which probably offers the only existing criteria
available for manufacturing and performance assessment.

The main point we have to make or accept is that the manufactured E.S.E. air terminal could perform
early streamer emission under such an experimental condition.

DISCUSSION

First, the small distance (C2 and d of Fig.C1) (around 1m or so) between the test plate and the rod,
and the restriction of the size of the plate, provides a condition that whenever there is a small discharge, it
will be very easy to have a spark over between electrodes, since the background field would increase
appreciably for small gap, instead of keeping roughly constant as in the natural condition.

Requirement for a full size laboratory experiment, size of the rod and especially the limited capacity of
the experimental high voltage device cause such a hard-to-overcome shortage. Under such a condition, since
the E.S.E. air terminal would emit earlier than the single rod would, it will provide more chance for E.S E.
air terminal operating, otherwise at least some of the small discharges would stop developing and extinguish.

Second, in C1.1 ground field simulation of NF C17-102, it says, “ The natural ground field
existing before a lightning stroke affects the conditions of corona formation and of space charges. The
natural ground field should therefore be simulated: its value ranges from 10kV/m to 25 kV/m.” The
statement of simulating natural ground field is, of course, correct. But the set range of field is not practical,
since the natural ground field is always lower than 10 kV/m. This simulation will usually cause corona
around the rod, which would prevent from initiating leader by space charge effect. For E.S.E. air terminal, it
will absorb more energy and to be more prepared for streamer of emission.

To make sure if this effect really exists, simple experiment with different background fields could be
easily made or just simply define a smaller ground field.

Third, the standard defines a waveform slope range of 0.2 to 2 kV/m/ps (C1.2).Let us look at the
natural condition. It has been estimated that the voltage of the stepped leader channel to ground is around
107V or higher, and the downward speed of the leader, when close to the ground, is 10° m/s or higher. And if
the striking distance is around 100 m, then the lower limit of the waveform slope should around 1 kV/m/ps,
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which is at the upper end set by the Standard. It tells that usually, the natural condition provides faster field
change than that the test ,set by the Standard, does. It is quite possible that within certain range, the faster
the field change, the shorter the triggering advance will have. The test result, due to slower slope range set
by the Standard, could exaggerate the triggering advance.

Fourth, the Standard defines a reference waveform with rise time of 650us (C4.2 and Fig.C2) for
normalization and a rise time range of 100us to 1,000us (C1.2) . The way of normalization infers that it
accepts that faster slope waveform will result in shorter triggering advance, as also pointed out in our last
paragraph. And in turn, some questions should be raised. If we accept this idea, then there won’t be any
fixed triggering advance, for different lightning , there are different rise times, then there should be different
triggering advances. How can we use such an ESE. air terminal to improve lightning
protection ? Especially, a stronger lightning might have shorter triggering advance, which would diminish
the expected improvement.

Talking about the simulation of the natural condition, it should also be pointed out that when the
downward negative leader is approaching, the ground field will increase faster and faster, the slope of which
will become steeper and steeper, instead of become slower, which would make the triggering advance longer.
This is another difference from the natural condition.

Fifth, if we consider the stepped leader process further into its fast change, it will be found that the
pulses with about one microsecond width superimposed on the relatively slow field change are indicators of
the existence of stepped leader. The triggering of the upward leader is mostly possible, when the last
downward step starts to emit a last pulse, the field of which is quite large due to the short distance in
between. Hence, the real triggering advance could be less than one microsecond, no matter what kind of
E.S.E. air terminal is used.

Test set by the Standard does not simulate this field impulse, which could be essential for the real
initiation of the upward leader from any ground object including any lightning conductor.

CONCLUSIONS AND SUGGESTIONS:
It seems that the assessment procedure set by the French Standard NF C17-102 is inadequate to

simulate natural condition for assessing the real triggering advance, and cannot provide comparable and
consistent results. Under certain conditions, it could provide a better environment for E.S.E. device to
trigger discharge. At present, it is probably hard to use laboratory experiment to get a convinced result.

As partly improving the experiment, a rod to rod setup might be a better simulation than that of the
Standard the background field should be set lower than 10 kV/m, and a fixed field peak and rise time
waveform, similar to that occurs under thunderstorm, should be decided. Since the trick for the triggering
advance depends possibly on a relatively slow slope, it is probable that a successful triggering advance
would need an waveform and field peak that do not exist in most natural condition.

The analysis gives an impression that the slower slope of the waveform set by the Standard will make
it possible to carry out appreciable triggering advance by the E.S.E. air terminal, otherwise a negligible
advance will appear and means no real improvement.

Since lightning striking a fixed place is a very, very low probability event, a full scale comparison
using artificially triggered lightning might be a choice for some people to have a better understanding of the
real performance of all the existing E.S.E. lightning conductors. It should be emphasized that only real
striking to the E.S.E. air terminal can be some kind of proof.

ACKNOWLEDGMENTS: The author would like to thank Dr. R. Cohen of Panamax for providing
useful papers.
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French Standard NF C17-107, Lightning Protection, Protection of Structures and Open Areas Against
Lightning Using Early Streamer Emission Air Terminals, June 1995.
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LIGHTNING INJURIES TO HUMANS IN FRANCE
STATISTICAL, PATHOPHYSIOLOGICAL, AND CLINICAL CHARACTERISTICS OF LIGHTNING INJURIES
RESEARCH ACTIONS AND PLANS, ESPECIALLY IN THE FIELD OF INDIVIDUAL PROTECTION
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ABSTRACT: The pathology of lightning, or keraunopathology is known only to a few specialists. In an average year
in France, lightning kills ten people and injures another 60, often with serious sequelae. Because of the seriousness
of the lightning accidents, increased promotion of awareness among the entire population is essential and not
necessarily expensive.

INTRODUCTION

In France, few doctors except those specializing in emergency care are familiar with the specific effects of
lightning accidents on humans. Consequently, public awareness about these effects is nearly nonexistent. This injury
is defined by the passage of lightning current through the body of a person struck, directly or indirectly, by lightning.
It is a particular type of high tension electrical accident.
There is a widespread belief that anyone struck by lightning is killed. It has long been known, however, that this
belief is wrong. Pliny the Elder wrote : « Man is the one creature that is not always killed when struck--all others are
killed on the spot ; nature doubtless bestows this honour on man because so many animal surpass him in strength ».
One explanation of why mortality from being struck by lightning probably does not exceed 20% is the phenomenon
known as the external flashover: in most cases, only a small part of the current passes through the body, while most
of it spreads out over the body’s surface. The other reason is the extreme brevity of the current’s duration.

STATISTICAL DATA

The climate in France is, on the whole, temperate. Its keraunic level (number of days/year that thunder is heard)
is roughly 20. The ground flash density is, according to Météorage, 1.2 impacts/km?/year, on average, for the entire
country. It can exceed 2 or even 3 in the South, especially the Southeast. Similarly, lightning injuries (or, more
specifically, deaths) occur most often in the South (the regions Provence-Alpes-Céte-d’Azur, Auvergne, Rhéne-
Alpes, Aquitaine and Midi-Pyrénées). During the 1979-1996 period, the mean number of lightning deaths per year
was 10 (minimum 5, maximum 19) [French National Cause-of-Death Statistics, Inserm]. Eighty per cent of the
victims were male. The distribution by age class showed that 61% (110/180) of the victims were between 15 and 44
years old.
The mean annual frequency of lightning deaths has diminished substantially in France over the 20" century, falling,
according to our estimations, from 1.80 cases per million inhabitants around 1900 to 0.17 today. This reduction is
largely due to the urbanization of the population and the improvements in emergency medical care [Gourbiére, ICLP
1998]. A similar trend has been observed in the US and has been studied in detail by Lopez and Holle [1998].
Our principal sources of information about the circumstances of lightning injuries are newspapers, physicians
(especially SAMU Mobile Emergency Medical Services teams), and some survivors. Despite our efforts, we have not
been able to obtain detailed information except for a few cases, generally the most serious (deaths, permanent
disabilities) [Gourbiére et al., 1997, Gourbiére, 1998].
Accidents most often occur outside, during the two months of summer vacation (July and, especially, August). They
primarily involve those who, alone or in small groups, are involved in sports or other recreational activities - walks,
hiking, biking or boating excursions, etc. - or during such everyday activities as crossing open spaces. Occupational
accidents are rare. We know of cases that have occurred inside homes, especially in rural areas where the electrical
lines are overhead, these cases are associated with use of the telephone or various electric devices. Outdoor accidents
always involve at-risk situations: the victim did not check the short-range weather forecasts, or did not pay attention
to the deterioration, which can be rapid, in meteorological conditions. In some cases, the victims, moving on foot or
by bicycle, were targets, isolated and projecting upwards into space; in other cases, they held objects above their
shoulder or head, instruments (golf clubs, fishing rods), tools (hayforks, saws), or, simply, umbrellas. Many victims
thought they were finding a safe shelter under a tree, high and relatively isolated, along the road or at the edge of a
forest; others have sought shelter in telephone booths or inside a shed. Multiple accidents (groups of children and
teens, hiking or camping) can become medical disasters, especially when they occur in the mountains, in areas
difficult for rescue teams to reach.
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PATHOPHYSIOLOGICAL AND CLINICAL DATA

The pathology of «classic » electric shocks, most often due to current at industrial frequencies, is much better
known than that of lightning injuries. There are, of course, similarities between these two categories of electrical
trauma: the primary likeness is that the victim’s body is accidentaily and transiently included in an electric circuit. It
is crucial, however, to know the differences, which are essentially related to the physical characteristics of the
lightning current and the mechanisms of the lightning injury. There are four principal mechanisms by which lightning
strikes a person: a direct lightning bolt, a side flash, contact voltage and step voltage. Because previous reports
analyse them in detail, such a description is not necessary here [Gourbiére et al., 1995, Leikin and Cooper, 1997,
Andrews and Cooper 1992]. Table | below outlines the pathophysiological and clinical differences between
lightning injuries and electrical injury from high-voltage alternating current.

TABLE .- Comparison of the characteristics of injuries from lightning and from high-voltage industrial current
(taking into account the most common voltages and frequencies used in France)
[Gourbiére, 1998, Lee, 1997, Leikin and Cooper, 1997, Ten Duis, 1998]

Accident characteristics « Industrial » current Lightning current
(Repair of electric installations /
Work on construction sites near (Direct hit - Victim standing, feet in contact
overhead power lines. with the ground - Sports or other recreational
Feet are supposed to be at the ground activities, more rarely occupational)
potential).
Source - Electric installation - Natura! atmospheric discharge

(transmission line, transformer
substation)

Type of current - Alternating sinusoidal 60 Hz - Impulse followed by a continuing current
Contact voltage ] - Typically 20 or 63 kV - Approximately 300 kV (peak current)
Points of contact - Typically located on the upper limbs - Prominent parts of the body
(hands, wrists) Head (skull, face), neck, shoulders
Duration of current passage - Up to 500 ms (rarely more because - Several us or ms
through the body the victim is often thrown far from - Most of the current passes over the surface
the live conductor) of the body (external flashover)
Burn injuries - Deep, sometimes extensive, - Small cutaneous deep burns, at the entry and
electrical burns, at the points of exit points
contact - Other cutaneous burns, most often
- Possible deep tissues destruction superficial
along the entire current path
Blunt injuries - Falls - Being thrown - Blast explosive effects - Falls
Leading cause of immediate - Cardiopulmonary arrest by - Cardiac arrest (asystole) that may be
death ventricular fibrillation (VF) transient, but persisting apnoa may lead to a
secondary cardiopulmonary arrest (VF) due to
hypoxia
Consequences of burns - Myoglobinuria - Kidney failure - - Exceptionally life-threatening.
Infection ... - Diagnostic and forensic interest

- Fasciotomies - Amputations

Lightning injuries are varied and take many different forms. The most dangerous (and possibly fatal) immediate
complications are cardiovascular and neurologic. It must be kept in mind that only immediate and effective
cardiorespiratory resuscitation (started by rescuers), followed as soon as possible by emergency medical treatment,
can save victims who are in cardiopulmonary arrest, or avert the serious consequences of cerebral hypoxia. Some
victims remain in a coma despite intensive resuscitation and die of secondary causes including hemorrhages and
multiple lesions (encephalic, cardiac, pulmonary, intra-abdominal).
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Table 2, below, outlines the many complications of lightning injuries. Of the sequelae that subsist among roughly
70% of survivors, the most common are neuropsychiatric and sensory (vision, audition). Early testing should be
systematic, because these can develop insidiously, becoming apparent only much later. The harmful effects on family
and social life, school, and work can be substantial.
TABLE 2. Causes of lightning deaths, and the most typical disorders reported in the literature and in the author’s
experience [Gourbiére et al., 1995, Gourbiére, 1998, Leikin and Cooper, 1997, Ten Duis, 1998, Andrews and
Cooper et al., 1992, Cherington et al., 1995]

- Asystole / Ventricular fibrillation

Lightning deaths - Inhibition of brainstem respiratory centers
(~20%) - Multi-system failure (delayed death)

- Arrhythmias - Arterial pressure changes
Cardio-pulmonary injuries - Electrocardiographic changes

- Myocardial damages (infarction)
- Cardiac dysfunction
- Pulmonary edema - Respiratory distress syndrome

- Loss of consciousness / coma
- Amnesia / Anxiety / Confusion / Aphasia / Seizures /
- Electroencephalographic abnormalities

Neurologic / psychiatric injuries - Brain / Cerebellum damages

(Patients with sequelae must be - Numbness / Weakness in limbs / Impossibility to move / or typical complete
referred to specialists and support but transient paralysis (called keraunoparalysis)

groups) - Neuropathy / Pain syndromes / Paralysis /

- Spinal cord injury / Parkinsonism /
- Sleep and memory disorders / Concentration disturbances / Irritability /
Depression / Various disturbances, including headaches, tiring easily,
lightning storm phobia, etc.

- Posttraumatic Stress Disorder

- Small, deep entry/exit points (typical)

Burns and - Contact, metal chain heating (typical)
Cutaneous marking - Superficial linear
- Flash

- Lichtenberg figures (arborescent, fernlike marking): pathognomonic (on
trunk, arms, shoulders)

Clothing, shoes - Exploded off, torn out, shredded, singed...

Blunt trauma (explosion) - Contusion, internal hemorrhage (brain, lungs, liver, intestine...)
- Rarely: fractures (skull, cervical spinal column, extremities...)

- Tympanic membrane rupture: typical
Auditory and ocular injuries - Deafness / Tinnitus / Vertigo
- Transient blindness / Photophobia-Conjunctivitis - Corneal damage
- Retinal abnormalities (macular hole) - Optic neuritis
- Cataract

INDIVIDUAL PROTECTIVE MEASURES - PROSPECTS AND CONCLUSIONS

Insufficient information is available to the French public about the risks of lightning. Various groups of experts,
such as those from the Association Protection Foudre, have published recommendations for individual caution,
similar to those of American experts [Vavrek et al.,1999], but they have received only limited diffusion. We also
participate in the work of the International Electrotechnical Commission on the effects of lightning on humans
(Technical Committee 64, Lightning Ad Hoc subgroup of the Working Group 4). The tendency - or rather, the
temptation — to work only among specialists often predominates, to the detriment of multi- and interdisciplinary
collaboration. One advantage of the latter is that it maximizes the number of population groups to whom information
is furnished. State-of-the-art techniques include nowcasting, used for the French Tennis Open (Rolland-Garros),
aviation, and urban hydrology [Météo-France, 19971, as well as early streamer emission air terminals used for the
Grand Stade de France (80,000 seats). Little use is made, however, of some elementary and relatively inexpensive
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means of informing the public and promoting general awareness. These could include short information sessions in
schools, in small sports associations and groups, and in occupational settings. The speaker could integrate
consideration of the electric risks of residential current and of lightning, the means of avoiding them, and, of course,
steps to take for survival and to provide first aid when accidents occur.

ACKNOWLEDGEMENTS: The author expresses her thanks to all those who support and encourage her work on
electric risks and lightning, both in France and internationally, in particular: J. Lambrozo, MD, her director; R.
Kithil, president & CEO of the NLST and M. Cherington, MD, president of the LDC, who have named her to their
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Several Internet sites focus on keraunopathology and individual protection:

- Service des Etudes Médicales d’Electricité de France/Gaz de France: French/English site, in the first trimester of 2000.

- Lightning Data Center, directed by M. Cherington (Denver, Co):
http:/fwww.centura.org/services/lightning_dara_center/lightning_data_center.htm

- Lightning Injury Research Center, directed by M. A. Cooper (Chicago, II): http://www.uic.edu/~macooper/cindex.htm

- National Lightning Safety Institute, directed by R. Kithil (Louisville, Co): http://www.lightningsafety.com/
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ABSTRACT: The U.S. National Lightning Detection Network (NLDN) and the recently-completed Canadian
Lightning Detection Network (CLDN) are operated as an integrated North American Lightning Detection Network
(NALDN), employing 187 sensors covering nearly 20 Million square kilometers. This large network provides a
unique opportunity to study lightning characteristics over a wide range of climate and terrain. In this paper we
briefly discuss the NLDN and CLDN and their performance characteristics. The first measured continental-scale
(U.S./Canada) annual ground flash density is presented. Taking advantage of the vast range in latitude covered by
the NALDN, we also provide evidence for a latitude and regional dependence for cloud-to-ground flash parameters.
An example “storm day” with over 200,000 cloud-to-ground flashes is shown to cover large portions of the U.S,,
Canada, and Mexico.

INTRODUCTION

In February 1997 Atmospheric Environment Service (AES) of Canada contracted with Global Atmospherics to
provide a Canadian National Lightning Detection Network (CLDN). AES has the ongoing objective to enhance its
predictive capability by the year 2003, especially with regard to its Severe Weather Program. The implementation of
CLDN is one of the cornerstones of this modernization. The CLDN system was designed to provide 90% cloud-to-
ground (CQ) flash detection efficiency with a median location accuracy of 500 meters throughout most of Canada.
Integration with the existing U.S. National Lightning Detection Network (NLDN) at the sensor level was also a
requirement for the CLDN, resulting in two key benefits. Sharing of sensors across the Canada-USA border assures
uniform detection performance along the border. In addition, a single network control center can operate as the
primary processing, monitoring, and distribution facility, thereby minimizing operating costs. This integration is
accomplished by employing a satellite-based communications system for both sensor and user-related
communications.

The NLDN is described in detail in Cummins et al. [1998]. The NLDN is comprised of 59 LPATS-III Time-of-
arrival (TOA) sensors and 47 IMPACT sensors that provide both TOA and direction-finding information. These
ground-based sensors transmit lightning data to a Network Control Center (NCC) in Tucson, Arizona, via a two-
way satellite communication system. Data from the remote sensors are recorded and then processed in the NCC to
provide the time, location, an estimate of the peak current, and other waveform and data-quality parameters for each
detected cloud-to-ground lightning return stroke. The real-time solutions are then recorded in an on-line database
and then transmitted via satellite to real-time users. All this takes place within 30-40 seconds of each lightning
flash. All recorded data are reprocessed off-line within a few days of acquisition and then stored in a permanent
database that can be accessed by users who do not require real-time information. The median location accuracy
provided by the NLDN is 500 meters, and the estimated flash detection efficiency varies between 80 and 90 percent
for peak currents greater then 5 kA. Performance of the NLDN in the New York area has been evaluated in detail by
Idone et al. [1998a,b].

In the following section, we provide a brief description of the CLDN and its estimated performance. This is
followed by some lightning observations made possible by combining the NLDN and CLDN into an integrated
North American Lightning Detection Network (NALDN). The first measured continental-scale (U.S./Canada)
annual ground flash density is presented. Taking advantage of the vast range in latitude covered by the NALDN, we
also provide evidence for a latitude and regional dependence for CG flash parameters. An example “storm day” with
over 220,000 CG flashes is shown to cover a large portion of the U.S., Canada and Mexico.
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THE CANADIAN LIGHTNING DETECTION NETWORK

The CLDN is an 81-sensor lightning detection network covering more than 9 Million square kilometers of
Canada. The design utilizes a heterogeneous mix of 26 IMPACT/ES sensors and 55 LPATS-IV sensors. These
sensors are the next-generation beyond those employed in the NLDN. By utilizing the LPATS-IV sensors, the
CLDN is also able to detect and locate inter- and intra-cloud discharge. Because these sensors are separated by 300-
500 km, only a small percentage of cloud discharges are located by the network. Even with this low detection
efficiency, preliminary studies indicate that cloud discharge detection by the CLDN may provide excellent early
waming of impending CG lightning. A study of 7 storms distributed throughout Canada yielded advance-warmning
times ranging between one and 60 minutes, with a median of about 5 minutes. This is comparable to the lead-times
provided by the LDAR 3D total-lightning system at NASA’s Kennedy Space Center [Maier et al., 1995].

CLDN Network performance has been characterized using location accuracy and detection efficiency (DE)
models developed by Global Atmospherics. A description of these models is provided in the appendix in Cummins
et al. [1998]. These models were verified in a two-year study by the State University of New York in Albany,
carried out on behalf of the Electric Power Research Institute [/done et. al. 1998a,b). The estimated CG flash DE for
peak currents larger than 5 kA ranges between 80 and 90 percent throughout Canada, and is 90 percent in most
areas. This projected performance relied upon successful integration of the U.S. based sensors with the new
Canadian owned equipment.

Location accuracy is characterized by the median expected location error for a CG discharge (first or
subsequent stroke). By utilizing a network combining Time-of-Arrival technology (LPATS-IV) and IMPACT ES
sensors, the CLDN is expected to provide a median location accuracy of better then 500 meters throughout most of
Canada. As with DE, this level of performance across the southern border of Canada can only be achieved if the US
NLDN sensors are included.

In order to accommodate the significant increase in the number or sensors and related data, a new central
processing system was developed for the NALDN. The system utilizes streamlined dual redundant processing paths
with dual communications systems in an on-line/backup configuration. The new system is composed of the newest
APA2000 suite of central processing software running on four multi-processor Sun Microsystems SPARC
computers. The system is configured to handle the load of both the US and Canadian network datasets and provides
user access to the data via satellite broadcast and dial-up phone lines. A large DA2000 was configured with
Redundant Arrays of Independent Disks (RAID) technology which forms the databases backbone for user-access to
lightning data. This system is capable of processing over 200,000 discharges per hour, and storing 5-years of data
for on-line use. See Pyle and Fournier [1998] for a detailed discussion of the CLDN network and related project
logistics.

CONTINENTAL-SCALE OBSERVATIONS

There are a number of unique lightning-related
observations that are made possible by the creation of
this single homogeneous network covering nearly 20
Million square kilometers, with latitudes ranging
from 25 to 60 degrees North. Figure 1 shows the
measured ground flash density (GFD) from the first
year of operation of the NALDN, depicted in a gray-
scale with 10-km grids. The GFD ranges from over
16 flashes/km? in central Florida to a fraction of a
flash/km? in the Northwestern U.S. and Canada. The
eight rectangular regions depicted in this figure were
evaluated in terms of CG flash peak current and
number of strokes in a flash (multiplicity), as
discussed later in this paper.

Figure 1. 1998 Ground Flash Density for the NALDN
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A particularly striking feature in Canada is the
dramatic increase in GFD that occurs along the
eastern edge of the Canadian Rockies. This
“boundary” appears as a Southeast to Northwest
“line” in Western Canada, separating a western area
with 0.25-0.5 flashes/km’ from an eastern area with
2-4 flashes/km?. Comparison of this 1998 GFD to
the U.S. NLDN 1996 GFD (see Figure 2) illustrates
the effect of degrading DE along the Canadian
border prior to integration with the CLDN. It also
clearly shows a dramatic increase in the detectability
of lightning in Maine (Northeastern U.S.) when the
CLDN is included.

The limitation of these figures to single-year

] ; N — and gray-scale images does not illustrate the
Figure 2. 1996 Ground Flash Density for the NLDN. compelling relationship between lightning GFD and
terrain. Accumulating GFD data over many years
provides a much clearer picture of the large-scale lightning climatology and its relation to terrain, but the
information can only be properly conveyed using color mapping.

The large North-south extent of the NALDN provides an opportunity to evaluate CG flash characteristics as a
function of latitude. Using flash data for the month of August, 1998, negative first stroke peak current distributions
and flash multiplicity were studied in the eight 5-degree-by-5 degree regions shown in Figure 1. Table 1
summarizes the mean multiplicity and mean peak current for each of these regions, and provides the number of
flashes used to obtain these statistics. The multiplicity values range from 1.7 to 2.5. As discussed in Cummins et al.
[1998], these values are smaller than the generally accepted values of 3-4, partially due to limited detection
efficiency of subsequent strokes (50-60% in the NLDN). The results shown in Table 1 do not indicate any
relationship between latitude and multiplicity. Note from the table that average multiplicity varies more between
regions at the same latitude than it does between regions at different latitudes. The results shown in Table 1 do
indicate a significant and stable reduction in the mean peak current in regions 5-8, relative to regions 1-4. The
latitude boundary between these areas is 45 degrees North, It is not likely that this 15-20% reduction is a result of
relative performance of the network in these regions, for the following reasons. Regions 5 and 6 “straddle” the
boundary between NLDN and CLDN sensors, and are predominantly in the NLDN. In addition, if low DE were the
reason for a high median peak current in Regions 1-4, then one would also expect a lower average multiplicity in
these regions. As shown in Table 1, this is not the case.

Table 1. Flash Statistics for Selected NALDN Regions

Region 1 2 3 4 5 6 7 8
Flash Count (Thousands) 225 268 113 94 74 35 43 22
Ave Multiplicity 23 2.5 1.9 2.1 2.2 1.7 24 1.7
Ave. Peak Current 234 237 228 228 197 195 191 199

As part of this study of the peak current and multiplicity, the relationship between first stroke peak current and
multiplicity was also evaluated. All eight regions exhibited a very strong relationship between estimated first stroke
peak current for negative flashes and the number of strokes in the flash. Figure 3 depicts the relationship between
mean multiplicity and first stroke peak current for Region 1, aggregated in 10-kA bins. The bin for 50 kA includes
all events with peak currents above 50 kA. This same relationship existed in all eight regions, and is consistent with
previous unpublished studies involving three different regions in the U.S. NLDN. It is likely that these observations
are somewhat contaminated by “threshold effects” resulting from imperfect detection efficiency. However, it is
unlikely that the factor-of-two effect shown in Figure 3 is strictly due to instrumentation. Similar results have been
obtained in Austria, where CG flash and stroke detection efficiency are quite high [Diendorfer and Schulz, personal
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— communication]. These findings might indicate that key
factors that determine the charge in the lower portion of the

Negative Flash Summary

> 3'§ lightning channel are also related to the total charge

8 25 available for producing a flash.

é: 24 As an illustration of the spatial scope of thunderstorms

Z 1'? ) in North America, Figure 4 shows lightning for the 24-hour

é 0.5 period commencing at 00z on August 1, 1998. In this case,
0 there is a continuous line of thunderstorms from central

Mexico to Northern Canada, isolated storms in Missouri and
Northern Ontario, and a large storm system in the
Southeastern U.S. that continued off the East coast and into
Figure 3. Mean Multiplicity as a function of the Gulf Stream, More than 220,000 CG flashes occurred
Peak current, aggregated in 10-kA bins. during the 24-hour period. Of these flashes, 1.5 percent had
peak currents in excess of 200 kA. The largest flashes were
just over 300 kA, and were located using information from
8-12 sensors. Interestingly, CG discharges with estimated
peak current in the range of 100-200 kA were invariably
located using 30-40 sensors. When lightning peak currents
are this big, it is not unusual for nearby sensors (within 200-
300 km) to saturate and thereby not participate in
determining the location or parameters of the discharge.
Also, such big discharges usually remove charge from large
regions of the cloud, resulting in very complex and long-
duration discharges, thereby complicating detection. Based
on preliminary evaluations of these hi-current discharges,
there is reason to believe that lightning detection networks
with a small number of sensors may not be able to properly
detect these events.

Mean Peak Current (kA)

Figure 4. Thunderstorms on August 1, 1998.

REFERENCES

Cummins, K., Murphy, M., Bardo, E., Hiscox, W., Pyle, R., Pifer, A., A combined TOA/ MDF Technology
Upgrade of the U.S. National Lightning Detection Network. Journal of Geophysical Research, 103: 9035-9044
1998.

Fournier, G. and R. B. Pyle, The Canadian National Lightning Network, presented at the 1998 International
Lightning Detection Conference, Tucson, AZ Nov 17-18 1998.

Idone, V., Davis, D, Moore, P., Wang, Y., Henderson, R., Ries, M., Jamason, P., Performance evaluation of the
U.S. National Lightning Detection Network in eastern New York 2. Location Accuracy. Journal of Geophysical
Research, 103: 9057-9069 1998

Idone, V., Davis, D., Moore, P., Wang, Y., Henderson, R., Ries, M., Jamason, P., Performance evaluation of the
U.S. National Lightning Detection Network in eastern New York 1. Detection Efficiency. Journal of
Geophysical Research, 103: 1998

Maier, L., L. Lennon, T. Britt, Lightning Detection and Ranging (LDAR) system performance analysis,
Proceedings, 6th Conference on Aviation Weather Systems, AMS Society Meeting, Dallas, Texas, 1995.

221



S57-#7

ELECTRIC-FIELD CHANGES OF LIGHTNING OBSERVED WITH BALLOON-BORNE SLOW ANTENNAS
William H. Beasley', Kenneth B. Eack?, Heidi E. Morris®’, W. David Rust*, Donald R. MacGorman*

' School of Meteorology, University of Oklahoma, Norman, OK 73019

? Los Alamos National Laboratory, Los Alamos, NM 87545

? Department of Physics and Astronomy, University of Oklahoma, Norman, 73019
4 National Severe Storms Laboratory, Norman, OK 73069

ABSTRACT

During the Summer and Fall of 1998 we launched five balloon-borne slow antennas into thunderstorms to observe the
changes in electric field caused by lightning. Four of these were for measurement of field change only. The fifth was
part of a larger package that included an x-ray detector and a GPS receiver on board. We have processed electric-field-
change data from two of these flights. Interpretation of the field-change waveforms has not been as straight-forward
as we had hoped. Several appear to be coincident in time with cloud-to-ground lightning flashes that were recorded
by the National Lightning Detection Network (NLDN). We discuss examples of field changes observed at altitude and
compare them with data from the NLDN. Limits on time resolution and timing accuracy prevent us from making
unambiguous identification of the lightning processes that caused the field changes. It appears that the ficld changes
we have observed may have been caused by charge movements relatively near the instruments as compared with the
ground-strike location of coincident flashes, but nonetheless possibly related in some way to the ground flashes.

INTRODUCTION
As reported in Eack ct al.(1996), x-ray pulses have been observed above a mesoscale convective system at an altitude
of about 15 km msl with no significant steady electric field present. This raises the question of whether lightning
flashes might be a cause of changes in clectric field at those altitudes that are of duration too short to be recorded by
the standard clectric-ficld meters (EFM) of the typc used for studies of the charge structure of storms (Winn and
Byerley (1975), Marshall et al. (1995)), but perhaps of sufficient magnitude and duration to cause production of
bremstrahlung x rays such as those observed. Furthermore, if the cause of such field changes were cloud-to-ground
lightning flashes, it might be the same ficld changes that, according to some hypotheses (Taranenko and Roussel-Dupre
(1996), Pasko et al. (1996), Bell et al. (1995)) may be causing, or at least related to the causes of, high-altitude
discharge phenomena such as sprites and blue jets. Therefore, in order to attempt to observe such field changes
directly, we undertook to design an instrument of the type commonly called a “slow antenna” that could be deployed
on a free balloon and flown along with
with an EFM and conventional sonde.

INSTRUMENT DESIGN

An example of the primary configuration
of the instrument we used to observe
electric-field changes at altitude is shown
in Figure 1. A CD-ROM is shown in the
figure for size comparison. The principle
of operation and basic electronic design
arc similar to that of "slow" and "fast"
antennas discussed in MacGorman and
Rust (1998). The terins "slow" and "fast"
refer to the character of the response of a
system to a step-function input. For a
typical "slow" antenna the response to a
step input decays to zero in a few
seconds, more or less. In our instruments
we sct the 1/e decay time at 30 ms, or
about 150 ms to zero. We chosc this Figure 1. Electric-Field-Change Antenna for Balloon Deployment.
relatively short decay time because we  The bottom hemispherical shell has been removed to expose the
knew that the instrument would be going  clectronics. CD-ROM shown for size comparison.
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through regions of storms that could produce slowly varying fields that might saturate the electronics if the decay time
were too long. Since 30 ms is long enough that we can expect to sec field changes caused by individual strokes of a
cloud-to-ground lightning flash that is within range, we have chosen to call our instruments "slow antennas”. The term
"slow" does not nccessarily mean that the bandwidth of the system is limited severely at the high-frequency end. In
our case, the high-frequency limit was dictated by the trade-off between bandwidth and telemetry capabilities. In the
case of the instruments that measurc ficld change only, the 3 dB rolloff was sct at 15 kHz for an A/D rate of 32 kHz.
In the case of the instrument flown with an x-ray detector in the same package, the A/D ratc was limited to 15 kHz,
so we sct the 3 dB rolloff at 7.5 kHz. Though the basic design of the sensor is conventional, its application in
instruments to be launched on balloons into thunderstorms presented a few challenges. We deliberately chosc the same
well known and well characterized configuration for sensing elements as that which has becn used for balloon-borne
clectric-ficld meters (EFM) for at lcast a decade: two six-inch alumninum spheres mounted on a fiberglass rod. As
in the EFM design, we enclose the electronics within the spheres, one of which serves as the "ground" reference and
the other of which serves as both the sensor plate and the telemetry antenna. We used lithium batterics to power the
sensor electronics, a microprocessor, A/D converter, and telemetry transmitter. The batteries typically last for at [cast
two hours. This instrument does not need to rotate in either the vertical or horizontal plane, so there is no motor and
there are no styrofoam vancs as on an EFM. All of the clectronics and the batteries are in the lower spherc. The total
mass of a complete instrument, including battcrics, is about I kg. The weight is sufficient to keep the spheres aligned
within a reasonable anglc from the vertical, at lcast for these preliminary obscrvations.

DEPLOYMENT and OBSERVATIONS
We have processed and analyzed data from two flights. The larger single-sphere package, with x-ray detcctor in
addition to the ficld-change

antenna, was launched at

97 4 97 2 970 96 8 96 6 0010 UTC.on Junc 19,1998

25000 T — - T - from latitude  34.58°N,
7 20000 L o ] fongitude 97.41°W into a

s I o storm in the vicinity of
E 15000 - = Elmore City, Oklahoma. The
E 10000 b o ] instrument reached a pecak
2 - o ®s § altitude of 22.6 km at 0105
5 5000 | .’ @26 = UT, at which time its position
[ . . . L L was at latitude 34.60°N,

3466 - ' ! ) A ) ] fongitude 97.00°W.  This

i /” instrument had rough GPS

o T / ] timing to the nearest second
E 3462 | 17 . . /n . gn boa‘rjd. The flight lpalh i;
© I ' e o 1 cpicted in vertical an
- 3460 i / JaE (753’ 4 T ho[r)izomal plancs as a
3458 |- s ” function of longitude in
- E——— : P T ees ss5| Figurc 2. The numbers along

the flight path denote the

Longitude order of successive trigger

times. In Figure 3 we show

the waveforms recorded for
triggers 9 and 21. In the case
of event 9, there were two
field changes separated by 60 ms when the instrument was at about 12 km altitude, latitude 34.59°N, longitude
97.12"W. The first of these field changes was about 160 V/m +/- 30 V/m. The second ficld change was about 70V/m
+/- 30 V/m. At the same time also separated by 60 ms in time, there were two positive cloud-to-ground flashes
recorded by the NLDN. The first was at latitude 34.32°N, longitude 97.57°W, which is 50.8 km along the ground
from the sub-balloon point and and 52.2 km from the balloon itself. The second was at latitude 34.24°N, longitude
97.58°W, which is 50.2 km along the ground from the sub-balloon point and and 51.6 km from the balloon itself. Both
of these had peak currents, according to the NLDN estimate, of about 60 kA, In the case of trigger 21, the instrument

Figure 2. Flight Path of Instrument Launched June 19, 1998, UTC.
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was at an altitude of approximately 14.5 km, at latitude 34.59°N, longitude 97.01°W. The field change was
approximatecly 235 V/m +/- 30 V/m. There was a positive cloud-to-ground flash located by the NLDN (2 s earlier,
within our timing uncertainty) at latitude 34.21°N, longitude 97.67°W, which is 73.4 km along the ground from the

' sub-balloon point and and

74.8 km from the balloon

itself. The peak current,

-400 200 0 200 400 cstimated by' the NLDN,

4800 T T . T ; Y r was approximately 130
4600 | Trigger 9 1 KA. We have also

j examined data obtained

£ 4400 with a field-change-only
S 4200 i instrumem (the one shown
w i in Figure 1) launched at
4000 0319 UTC, September 22,

] 1998, from latitude

3800 ' ' ‘ ' ' ’ ) 35.38°N, longitude
5500 [ " j j 97.27°W, ' cast of
5250 | Oklahoma City. The next
=000 | day, we recovered the
3 L instrument from a location
E 4750 1 near Prague, Oklahoma,
w4500 latitude 35.65°N,
4250 longitude 96.68° W, about
4000 . ) N L . . . . 62 km, from the launch
-400 -200 0 200 400 point. One of the 9 events

Time (ms from trigger point) recorded had four ficld

changes of about 100 V/m

Figure 3. Ficld Changes Obscrved 6/19/98, UTC. Icl?ccl]:] g;l;}go;;rr;iotﬁ:v e;r:

the same time, within the
+/- two-second time uncertainty, and within about a 50 km radius, there were 15 NLDN located flashes, somc with
multiplicities of 3, 4, and 5, and all but one were negative. However, we feel that there are too many ambiguities that
cannot be resolved in order to attribute the at-altitude field-changes to a particular flash.

DISCUSSION

The waveforms of field changes presented here are not as easy to interpret in terms of lightning as we had hoped. For
the cases on Junc 19, there were relatively few cloud-to-ground lightning flashes, so that coincidences in time at least
invite our further attention. For example, in the case of trigger 9, Figure 3, there were two ficld changes with 60 ms
interval between them, two cloud-to-ground flashes separated by 60 ms at the same time as the ficld changes, and no
other cloud-to-ground flashes within reasonable range at that time. However, the time resolution of the waveforms is
insufficient for us to identify them with any particular process in a cloud-to-ground flash. Furthermore, we note that
the NLDN rcported the flashes that were coincident with the field changes as positive and at about the same distance,
with about the same peak currents, yet the two field changes at the balloon were of opposite polarity and differed in
magnitude by a factor of 2. Indeed, we cannot rule out the possibility that the field changes we observed could have
been caused by an undetected cloud-to-ground flash or an intracloud discharge that might or might not have been
related to the NLDN located ground flashes but relatively near our instrument at 12 km altitude. In the case of trigger
21, Figure 3, our measured ficld change was larger, the distance from instrument to NLDN located flash farther, and
the NLDN peak current estimate larger thanin the casc of trigger 9. If we assume that the field change of trigger 21
is the result of the charge transfer that occurs during the return-stroke, a process that appears to be completed in about
1 ms or so (Beasley ct al., 1982), we can estimate the amount of charge transfer it would take at a distance of 74 km
to cause the observed field change of 235 V/m at the balloon. It turns out to be 400 C, which seems unrealistically
large even for a positive return stroke. By comparison, creation of a positive charge of 0.03 C at a distance of | km
dircctly below the instrument would cause a field change of about the magnitude observed. This increases our
suspicion that the field change we recorded was caused by motion of charge closer to the balloon than the NLDN
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located ground strike point of the coincident flash. Another feature of interest of trigger 21 is the ramp following the
fast field change. It might at first appear to be evidence for a continuing current, but, noting that the decay time
constant of the system is 30 ms, the actual ficld change would have been much larger than the observed 700 V/m over
a period of about 235 ms. If the field change were a result of a flow of charge in the channel of the NLDN located flash
to ground, 74 km distant, it would have taken unrealistically large amounts of charge. This again suggests that the
field changes, both fast and slow, in Figure 3, are the result of charge motion relatively close to the balloon, possibly,
but not necessarily associated in some way with the distant ground flashes, and, in these cases at least, near the top of
the cloud.

CONCLUSIONS

We succeeded in observing electric-field changes of lightning at altitudes in and above thunderstorms. However, we
cannot unambiguously identify the process responsible for the field changes because of limitations of our time
resolution and timing accuracy. Our tentative conclusion is that the field changes we saw were more likely a result
of charge motion relatively near the instrument as compared with the distances of 50 km to 75 km to time-coincident
ground flashes. Clearly we will need better timing accuracy and time resolution in the future to be able to identify the
processes responsible for the field changes observed at altitude.
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A NEW, HIGH YOLTAGE, ARBITRARY WAVEFORM GENERATOR
FOR SIMULATING PRE-RETURN STROKE C-G LIGHTNING ELECTRIC FIELDS

F. D’ Alessandro, I.R. Gumley
ERICO Lightning Technologies, Hobart, AUSTRALIA.

ABSTRACT: In this paper we describe the main features of a new prototype high voltage impulse generator
designed to produce a variable, programmable wavefront up to a 150 kV peak voltage. This generator is capable of
precisely simulating the range of rapidly escalating electric fields due to a lightning downward leader as it
approaches an attachment point near or on the ground. It utilises a computer-controlled interface that drives a unique
set of series-stacked flyback transformers. The resulting output is any desired, monotonically increasing waveform or
“wavefront”, downloaded from the computer.

INTRODUCTION

Research into direct-strike lightning protection design and, specifically, comparative air terminal performance,
is usually conducted by one of three means: (i) “natural” field experiments where air terminals are placed in locations
of high lightning incidence [Gumley, 1990, 1994], (ii) “artificial” field experiments where air terminals are exposed
to lightning triggered by rockets [Rison et al 1998, Uman et al 1996}, and (iii) laboratory experiments using high
voltage impulse generators [Gary et al 1989, Berger 1994, 1995].

The last of these is an attractive option because testing of air terminals on demand can provide results much
more quickly than having to rely on the vagaries of field testing. However, progress in the laboratory has been
limited for a number of reasons. One problem relates to the scaling of results from the laboratory to the field,
although some aspects of this limitation can be overcome by performing a large number of systematic experiments. A
more difficult problem stems from the fact that the Marx-style impulse generator [Marx 1923, Kuffel & Zaengl
19847, which is used in most high voltage laboratories around the world, produces an RC-type wavefront. Hence,
these generators are unable to simulate the temporal electric field wavefronts evident in natural lightning phenomena
prior to the return stroke.

In simple terms, the natural, pre-return stroke electric field at ground level has two components: a “‘permanent”
(or DC) and an “impulse” component. The latter component is a rapidly escalating wavefront for a nearby lightning
strike [Beasley et al 1982] which cannot be reproduced by the present generators. Figure 1 illustrates the difference
between the two basic waveforms.

Researchers have attempted to circumvent this problem by using switching impulses and a peak voltage for a
given terminal-plate air gap such that the field risetimes are similar to those observed in nature, typically of the order
of 1 kV/m/us [Gary et al, 1989]. However, this practice disregards the importance of the build-up to breakdown and
the role it plays in air terminal performance. Furthermore, it disregards the fundamental difference in driving voltage
between the two wavefronts. As the gap between the upward discharge and the overhead electrode decreases, the
natural wavefront voltage drives the discharge in an ever-increasing manner whereas the Marx-style wavefront
voltage has reached its peak or may actually be decreasing. For example, a laboratory leader discharge travelling at 2
cm/its would take 500 ps to transit a 10 metre gap, by which time a 250/2500 ps switching impulse is well beyond its
peak value.

The remainder of this paper describes the main features of a new prototype, high voltage, arbitrary waveform
generator (HVAWG). This prototype was developed in order to demonstrate that the aforementioned problems can
be overcome by generating wavefronts that more accurately reflect those observed in natural conditions.

GENERATOR DESIGN

The generator is comprised of a 10-stage, series connected stack of 15 - 20 kV high voltage output modules,
giving a maximum output voltage of ~ 150 kV. The key to the whole concept lies in the combined effect of series
stacking a number of specially tailored transformers. A personal computer installed with a high speed digital I/O card
is used to output a 10-bit data word which is a pulse width modulated (PWM) representation of the rate of rise of a
point on the desired waveform. Typically, the PWM frequency is 100 kHz and the data rate is 2 MHz. This enables a
PWM resolution of 5 %. Consequently, delays can be inserted between each bit in the data stream in 5 % steps,
creating a ripple effect. A simple example of this “interleaving” principle is illustrated in Figure 2.
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The output stage of the generator uses transformers configured in a flyback topology to eliminate the need for
output inductors. When the transformer primary winding switches are activated by the amplified SMPS outputs, the
primary side of each transformer acts as an inductor due to the blocking action of the output diode. When the
switches are deactivated, the voltage reverses and the inductive energy stored in the primary is released through the
secondary winding. The output diode then conducts so that a negative voltage appears on each output capacitor, as
shown in Figure 3.

Hence, the computer sends pulses to each generator module which produces an output voltage step. The
overall generator output voltage magnitude and rate of rise depends on the number of modules fired in series, pulse
width, amount of pulse width interleaving (by relative delay of bits in the output data stream), pulse repetition rate
and the total number of pulses. Therefore, the more modules that are used, the higher the degree of interleaving and
the smoother the output wavefront.

Risetimes > 1 kV/us are achievable with this system. A further advantage of series-stacking the modules
comprising the generator is that each module only needs to be able to output a voltage of V,./n and, more
importantly, output it at a rate of only 1/n of the required slew rate, where # is the number of modules.

Each module can maintain a constant voltage output, thus allowing the waveform to rise from a predetermined
static level. No attempt has been made to simulate the common return stroke current waveforms produced by
conventional Marx generators. This prototype has been designed to simulate only a millisecond or so immediately
prior to the return stroke of a lightning discharge and hence is a voltage generator rather than a current generator.

Other advantages of this new generator system include: (i) the test waveform can be changed from one
waveshape to another in a relatively short period of time (~ seconds) so that empirical corrections for variations in
temperature, pressure and humidity are not needed; (ii) computer control means that the waveshapes can be stored
and recalled at a later time to repeat a test under identical conditions.
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Figure 3. Schematic diagram of the prototype, 200 kV, high voltage, arbitrary waveform generator.

PRELIMINARY TESTS
The prototype generator described in this paper had a design objective of producing a variable, programmable
wavefront with a 150 kV peak voltage. Tests conducted so far show that this objective has been met, within the
practical constraints of such a new development. Test results characterising the generator and its capabilities can be
summarised as follows:
e Pulse widths to 5 us and data rates up to 4 MHz.
e Risetimes of ~1 and ~ 0.5 kV/us for a Marx and natural wavefront respectively.
o Peak voltage of 150 kV using 10 modules.
e Breakdown of air gaps up to ~ 200 mm.
s Drive current capability of 300 A.
e Negligible loading of the voltage waveform as the discharge is created and progresses to breakdown.
¢  Maximum allowable capacitive loading of ~ 50 pF.
o Superior speed of testing and recording: existing generators ~ 20 shots per hour, whereas the new HVAWG is
capable of ~ 100 shots per hour (only limited by space charge clearance time)
*  Ability to generate multiple impulses with delays that match those of natural lightning (10— 200 ms).
¢ Generation of any monotonically increasing waveshape, such as:
¢ wavefront due to vertically descending, stepped downleader
e “angled” lightning (e-field waveform depends on the lateral distance between object and downleader - this is
calculable and can be downloaded from the computer)
e any other waveform with a sufficiently long front time

The main results obtained from air terminal testing using the generator are:

* geometric shape has a significant effect on the length of the air gap that can be broken down
e geometric shape has a significant effect on the time to breakdown and the breakdown voltage
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¢ the scatter in breakdown times can be drastically reduced if the time to breakdown is controlled and optimised.

The above results are only preliminary and cannot be generalised because the discharge from the air terminal
cannot enter the “leader regime” over such short inter-electrode distances. We believe that a true streamer-to-leader
transition will not be observed with a generator producing much less than 1 MV. Of course, the voltage required to
observe this transition is not known with any certainty. All past testing with Marx-type generators has a
progressively reducing rate of rise of electric field from t = 0 to the wavefront peak. At the time the generator has
reached the general area of the critical breakdown voltage, the dV/dt is considerably reduced. On the other hand,
this generator can produce the typical waveforms observed in nature and, hence, provides a streamer with the
electric field conditions that can initiate and sustain upward leader propagation when the rate of rise of electric field
is rapidly increasing.

CONCLUSIONS

This paper has described a completely new design of high voltage impulse generator which is capable of
producing a waveform that faithfully replicates the type of lightning electric field waveforms observed in nature.
Tests with the generator are still in progress and form one component of a broad program of lightning protection
research which also involves computer modelling and field testing.

The ability to generate any monotonically increasing waveform has implications for the broader application of
the generator. For example, with the addition of a waveshaping “bleed resistor” and the ability to generate bipolar
output voltages, it is conceivable that the HVAWG could be used for switching impulse testing of insulators,
fundamental tests concerning the insulation strength of long air gaps, etc.

It 1s our intention to increase the capacity of the generator to 2 | MV. If this is achievable, it will revolutionise
high voltage laboratory experiments in general and, specifically, comparative testing of lightning air terminals.
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A PRELIMINARY ASSESSMENT OF THE LONG-TERM PERFORMANCE IN THE FIELD
OF AN ENHANCED AIR TERMINAL AND THE LIGHTNING PROTECTION DESIGN METHOD

F. D’ Alessandro
ERICO Lightning Technologies, Hobart, AUSTRALIA

ABSTRACT: The aim of this study was to assess the performance of an enhanced air terminal installed on a wide
range of structures in Hong Kong using a design method based on an improved electrogeometric model. Lightning
strike statistics for 161 suitable installations over the period 1988-1996 have been collated. Analysis of these data
shows that there is a highly significant positive correlation between the actual and expected annual strike frequency
to the air terminals. The result provides strong evidence that the air terminal, and the lightning protection design
principle, is performing according to its specifications.

INTRODUCTION
Lightning is an extremely variable phenomenon which necessarily involves the use of statistics. For example,
the probability P(n) that a given area will be struck by lightning exactly 0, 1, 2, 3 ..... n times over a given period of
time may be expressed by the Poisson relation,
Pr)y=e*u"/n! H

where p s the average number of strikes to the area. The same can be said about lightning protection and risk
assessment where, for example, one is interested in the probability of a strike to a particular building or other
structure. In general, two factors determine the probability of a strike to a structure, namely the local ground flash
density, GFD (strikes/kmzlyr), and the attractive (or exposure) area of the structure, A, (km?). If these two
parameters are known, then the average strike frequency (ASF, strikes per annum) can be computed using

ASF = GFD x A (2)

The average GFD for a particular region can be obtained over a period of time (usually years) using lightning
flash counters or lightning detection and location systems such as LPATS. In many countries, this information is not
available and only the number of thunderstorm days per year (TSD) is known. The latter is called the keraunic level
of the region and the corresponding contour line plot of TSD is called an isokeraunic map. Many empirical
relationships have been derived between TSD and GFD over the last twenty years or so [Uman, 1987]. One of the
most quoted ones is from Anderson & Eriksson [1980] who, using CIGRE 10 kHz flash counters, obtained the
relationship GFD = 0.023 (TSD)'?. Popolansky [1992] recently obtained a relationship using lightning flash counter
data from 14 countries spanning 4 continents, and obtained the relationship GFD = 0.0086 (TSD)'*.

On perfectly flat ground with uniform properties, lightning will strike each square kilometre with equal
probability. However, an object that is taller than the surrounding area has an “equivalent attractive area” greater
than the ground area it occupies. Hence, the attractive area of a structure is defined as the equivalent area on flat
ground which would be struck with the same frequency. It depends on the structure height, the charge on the
lightning downward leader (which, in turn, is related to the return stroke peak current) and to a lesser extent the
ground surface area occupied by the structure.

Invariably, the attractive area is computed using the equivalent attractive radius, Req, of the structure. For free-
standing structures, the area is approximated by A¢q = nRqu whilst for structures of significant extent such as power
lines the area is given by A.q = L (b + 2R.,), where L is the line length and & is the line effective width. In the present
study, only the former equation is needed.

A number of expressions have been derived for R.q, using electrogeometrical [Mousa & Srivastava, 1989],
statistical [Bazelian er al, 1978] and other models such as those based on the streamer zone method [Rakov & Lutz,
1990]. Electrogeometric models are based on the concept of “striking distance”, R,, defined as the distance between
the object to be struck and the tip of the downward-moving leader at the instant that the connecting (upward) leader
is initiated from the object [Uman, 1987]. The striking distance depends on the charge on the downleader and hence
return stroke current. Some workers have extended this concept to include a dependence on structure height and
atmospheric conditions [Petrov & Waters, 1995]. As a very crude approximation, the striking distance can be used
in place of the attractive radius although readers should note that R, is an overestimate of R.,. Some of the more
common attractive radius or striking distance models in past and present usage include:
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Golde [1977]: R, =2h 3
Anderson & Eriksson [1980]: R, = 16.3 p* )
Eriksson [1987]: R, = 084 l,,074 he 5)
Rakov & Lutz [1990]: Rey = [*(h* + 206)%°, where hi*=+16In(h1)-31 (6)
Rizk [1994]: Ry = 27.1 K™ )
Petrov & Waters [1995]: R, = 08 [(h+15). [,)*" (8)

where N is the height of the structure in metres and /, is the return stroke peak current in kA,

In Equations (3), (4), (6) and (7), the dependence on /, is in-built whereas in (5) & (8) it is explicit. The latter
make the computation of R, more involved because the lightning peak current varies from 0 to 150 kA or more.
There are variations in the reported current distributions (relative percentages of each) because there are differences
between the three main measurement techniques used - shunts or Rogowski coils on tall structures, magnetic
induction on chimneys and power line towers, and those deduced from remote electric and magnetic field
recordings, predominantly of strikes to ground. The median peak current resulting from each technique is 32, 26 and
23 kA respectively [Popolansky, 1992]. There is also evidence that the distribution is latitude dependent [Torres et
al, 1996].

Standards committees have adopted an “average™ distribution taken from a number of sources and ~ 32 kA is
often taken as the median peak current. The computational implications are clear - for a structure of given height,
there is a spectrum of attractive radii according to the current distribution. A rough but sufficient method of
obtaining a single representative value of R,, for a particular structure using Equation (5) or (8) involves a piecewise
integration of a tabulated distribution.

LIGHTNING PROTECTION SYSTEM

The remainder of this paper describes the correlation analysis performed on the lightning strike data obtained
from air terminal installations in the Hong Kong region. This region was chosen as the case study because of the
high level of lightning activity (~ 80 TSD per year), large number of installations with registered maintenance
contracts which validate the counter readings / data, and large range of structure types, heights and locations.

Lightning strike data taken from the field under natural lightning conditions is arguably the most valid way of
assessing the performance of air terminals and the particular design method used to optimise their placement on
structures. The particular air terminal assessed in this analysis is essentially an “enhanced Franklin rod”, comprising
a central grounded conductive rod surrounded by a conductive but electrically isolated sphere. The sphere couples
capacitively to changes in the ambient electric field and hence rises in voltage as the downward leader descends
toward ground. When a critical potential is reached, a triggering spark is produced from the sphere to the central
rod, creating a sudden change in the electric field above the air terminal which assists the production of an upward
streamer. This configuration satisfies two key criteria: (i) prevention of early corona emission and (ii) by producing
a triggering spark at the optimum time, a streamer is launched at a time when the electric field conditions can sustain
upward leader propagation.

A lightning event counter placed around the lightning current downconductor cable was used to register strikes
to the air terminals. One or more of these air terminals are installed on each of a large number and variety of
structures in Hong Kong. The placement of air terminals on structures is often performed by implementing the
Rolling Sphere Method, which is based on the electrogeometric model (EGM). The EGM states that the striking
distance is a function of the prospective peak stroke current. However, this model disregards the physical basis of
the spark discharge initiation and the importance of the structure height or the geometry of the launching point, e.g.,
air terminal. The modified EGM allows for the electric field intensification of the structure or air terminal. The
theory is described in Eriksson (1979, 1980, 1987), is commoniy known as the “collection volume method” (CVM)
and is synthesised in part by Equation (5). The placement of the above air terminals was optimised using the
collection volume method as the basis of the overall lightning protection design.

ANALYSIS

Data spanning the period 1988-1996 were selected using the following criteria: (i) known length of downconductor,
and (ii) existence of a registered maintenance contract with certified counter readings. The primary information
extracted from this exercise was the structure height, estimated from the length of downconductor in the installation
and ranging from 14 to 430 metres, and the counter readings at the start and end reading dates, giving the actual
number of strikes over the time interval. This information was then used to compute the structure attractive area
using Equations (3)-(8) and hence the expected number of strikes to the structure per annum. A sample size of 161
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valid air terminal installations was available after the application of the above criteria. Approximately one third of
these had non-zero annual strikes. The retention of the remaining two thirds of zero-strike data is important, because
it is characteristic of the statistical nature of lightning.

In this preliminary analysis, it was necessary to make a number of assumptions, namely the: (i) GFD for Hong
Kong is in the range 5 — 6.8 strikes/km%yr, using the relationships described earlier; (ii) probability weighted
median peak current is 32 kA; (ii1) building height is 10, |5 and 20 % less than the downconductor length for
lengths 0-99, 100-299, and 300+ metres (this allows for the extra cabling needed for taller structures); (iv) counters
recorded all genuine strike events; and finally (v) no discrimination between downward and upward flashes.

The main statistic used to assess the performance of the air terminal and the design method was the degree and
significance of correlation between the expected and actual strikes per annum to the lightning protection systems.
The most common estimator is Pearson’s linear correlation coefficient, r. Unfortunately, this is a rather poor statistic
for deciding whether an observed correlation is statistically significant because it is ignorant of the individual
distributions of the two variables being correlated. Hence, tests such as the complementary error function, Student’s
t-distribution, or Fisher’s z-transformation, [e.g., see Press et al 1989 or Neave 1979] must be used to return the
probability that the correlation is not statistically significant. However, nonparametric correlation methods are far
more robust techniques because they do not assume the data set has a bivariate normal distribution. Rank correlation
methods are examples of such a method, returning the Spearman (r,) or Kendall (1) correlation coefficients. The
correlation based on rank results in a slight loss of information (it desensitizes the correlation) but this is a small
price to pay for a major advantage - when a correlation is demonstrated nonparametrically, it is real.

In the present analysis, the correlation coefficients were computed using both methods, along with their
respective probabilities. Also, a series of experiments were performed in order to assess the effect on the correlation
coefficients of: (i) using building heights derived from the length of downconductor according to the 10, 15 and
20% rule of thumb, (ii) using different models for the equivalent attractive radius, (iii) combining counts from
installations that are close together, (iv) changing the GFD figure used, and (v) changing the median peak current
used.

The only parameter that could not be included in the correlation tests is the specific region-to-region GFD
within Hong Kong, where geographical features can result in departures from the average strike density. This
detailed information was not available at the time of writing. Using a constant GFD will average out the
underestimates and overestimates of the expected strikes. This can easily reduce the degree of correlation found in
the data because the expected strikes in regions where there were large numbers of zero-strike (actual) data would
have been lower than those computed using a constant GFD, and hence closer to the actual data. Therefore, the
correlation coefficients shown in the next section are considered to be lower limits.

The primary information used in the analysis can be summarised as follows: sample size of 161 air terminal
installations in service for a total of 640 years, with 246 strikes captured. Figure 1(a) shows the distribution of
structure heights and Figure 1(b) shows the number of strikes captured as a function of structure height, where the
heights were binned in 50 - 200 m ranges.
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Figure 1: Summary of the primary data used in the analysis. (a) Histogram of structure heights.
(b) Recorded strike data as a function of structure height.

RESULTS
A simple, broad-brush indicator of performance is the ratio of actual to expected strikes per annum across the

whole sample of structure installations. Taking an average of all the attractive radius models (Eqns 3-8) and GFD’s
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in the range 5 — 6.8 km™ yr™, this ratio is in the range 0.8 — 1.1, whilst use of Eriksson’s [1987] model alone (Eqn.
5), on which placement of air terminals is based, results in a ratio of 0.9 — 1.2.

In the main analysis, both the linear and rank
correlation coefficients were computed along with
their respective probabilities. These are shown in
Table 1. The percentage quoted in the table
represents the probability that the correlation
coefficient is exceeded if the two variables are
uncorrelated, i.e., a small probability indicates the
correlation is highly significant. The Kendall rank
method gave a similar probability to that obtained
using the Spearman method.

The results quoted in Table 1 were based on the attractive radius model computed with Equation (5). A final
check on the robustness of the correlation found in the raw data was undertaken in the form a series of realistic
changes to the variables that could bias the result, such as the method of calculation of building height, attractive
radius model, GFD estimate, median current, etc. The results shown in Table | were found to be remarkably
insensitive to these changes, with only minor variations in the coefficients and probabilities. The linear correlation
coefficient was always in the range 0.39 — 0.55 and, importantly, always with a no-correlation probability of < 1%.

Table 1: Coefficients and probabilities obtained from
the correlation analysis of expected vs actual strikes
per annum. Both linear (Pearson) and rank
(Spearman) correlation techniques were used.

Technique Correl. coeff. | Probability
Pearson linear, r 0.43 <0.1%
Spearman rank, r, 0.65 0.3 %

CONCLUSIONS

The preliminary statistical analysis described in this paper has shown that there is a highly significant positive
correlation between the measured annual lightning strike frequency to air terminals installed on structures in Hong
Kong and the rate expected using a range of empirical and theoretical models for the capture area of the structures in
the absence of the lightning protection system. In other words, the design principle of the air terminal and the
reliability and efficiency of the design method used to optimise their location on the structures (the Collection
Volume Method) has been validated. This conclusion is further strengthened if one considers that there are no
documented cases of bypasses (zero “shielding failure rate™) of these installations in Hong Kong.

More specifically, the manufacturer of the air terminals, ERICO Lightning Technologies, claim that the
lightning protection design packages offer a protection level between 85% and 98%, depending on the level
requested by the customer. It can be readily seen from the Results section that the ratio of actual to expected strikes
is entirely consistent with these general claims.

A more rigorous analysis of the data is presently being carried out in order to account for some of the second
order effects listed