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Leader properties determined with triggered
lightning techniques

P. Lalande,’ A. Bondiou-Clergerie,* P. Laroche,’ A. Eybert-Berard,”
J.-P. Berlandis,? B. Bador?> A. Bonamy,® M. A. Uman,* V. A. Rakov*

Abstract, This paper presents current and electric field measurements from two triggered
lightning flashes, 9519 and 9516, initiated by the “classical” and “altitude” technique,
respectively, at Camp Blanding, Florida, in 1995. The current measurement for flash 9519
shows that the upward positive leader, initiated at the top of the grounded wire unreeled
by the triggering rocket, propagates in a discontinuous pattern made of successive current
pulses of tens to a few hundreds of amperes and separated by intervals of 20-25 ps. The
downward negative leader in flash 9516, initiated from the electrically floating conductor,
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has a velocity greater than 1.3 X 10° m s™7, a stepping interval of 18 ps, and step length
of about 3-5 m; the associated peak currents inferred from the electric field steps are at

least 600 A,

1. Iniroduction

Understanding the mechanisms of leader inception and
propagation is one of the main issues in the problem of pro-
tection of struclures against lightning. When the ambient elec-
tric field under the thunderstorm is positive (negative charge
overhead), the leader phase of a lightning flash could be of two
types. It is an upward developing positive leader if lightning is
triggered by the tops of tall ground structures, or it is a down-
ward stepped negative leader if lightning is natural and starts in
the cloud,

Using triggered lightning techniques, both kinds of leaders
can be investigated. The experiments reported here were car-
ried out during the summer of 1995 at Camp Blanding, Florida.
Specific measurements were performed to study the develop-
ment of the different types of leaders involved in different
types of triggered flashes. The aim of the present paper is to
describe the basic phenomenology of these leaders, including
their inception and propagation, as deduced from electrical
field measurements, current measurements, and streak pho-

tography.

2. Techniques of Triggered Lightning Initiation
2.1. Classical Triggered Lightning

The sequence of major events occurting when using the
“c|assical” triggering technique is depicted in Figure 1. When
the ambient electrostatic field E, at ground due to the thun-
derstorm cloud reaches a eritical value of 10 KV m™!, a small
rocket that spools cut a thin copper wire connected to the
ground is launched. When the wire reaches a critical length
(typically in excess of 100 m), the electrostatic field enhance-
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ment at the rocket tip is high cnough for inception and devel-
opment of an upward positive leader. This leader propagates
toward the cloud and initiates a continuous current, typically
for a few hundred milliseconds. After cessation of the initial
continugus current, several downward leadet/upward return
stroke sequences usually follow. Positive leader properties are
investigated here by analyzing the current flow through the
wire during the discharge development as measured by a 1 mil
shunt installed at the rocket launcher. The length of wirc
spooled out at the leader inception is determined by a still
photograph.

2.2. Altitude-Triggered Lightning

The “altitude-triggered” lightning technique is illustrated in
Figure 2. The rocket first spools out 50 m of grounded wire,
followed by 400 m of insulating Kevlar, and finally, a second
(trigeering) copper wire is extended. When this last wire has
been unreeled over a sufficient length, 4 bidirectional leader
initiates from its extremitics [Laroche et al., 1991]. A positive
leader is initiated from the top of the triggering wire or the
rocket tip and propagates toward the cloud. A few milliseconds
later, a downward negative leader is initiated from the bottom
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Figure 1. Sequence of cvents occurring during the formation
of classical triggered lightning.
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Figure 2, Sequence of events occurring during the formation
of the first return stroke in altitude-trigpered lightning,

of the triggering wire and propagates toward the ground. Its
connection to the pround is produced by an upward connecting
positive leader initiated from the lower grounded wire.

The current flowing through the 50-m-long wire attached to
ground was measured by a 1 m{l shunt. The fast electric ficld
variations were measured by two capacitive antennas, A; and
A, located 50 m from the lightning channel. Measurement of
magnetic field variations associated with the return stroke
phase was made by a sensor at a distance of 55 m from the
launch site. A streak camera was also used to film the last
phase of propagation of the downward stepped leader, just
before the connection.

3, Results
3.1. Classical Triggeved Lightning

In the present paper, the description of the triggered flash
will be limited to the leader phase; that is, we disregard all
following lightning processes. Current measurements can be
used as a guide to analyze the main chronological sequence of
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events which occurred before the first return stroke in flash
0519, The first measured current appears as isolated oscillating
pulses separated by quiet periods of 5 ms average duration
(Figurc 3). At ¢ = 0, 7.53 ms after the last isolated pulse
{occurring at —7.53 ms in Figure 3), the current measurement
indicates that the discharge enters into a stable propagation
regime without any interruption. At that time the wire length
is about 115 m (sce the photograph in Figure 4). After the
assumed actual eader inception (f = 0 ms in Figure 5), the
measured current is initially composed of a sequence of repular
pulses (Figures 5b and 5¢). These current pulses, first oscillat-
ing and later (after 200 ps of leader propagation) unipolar in
shape, geadually disappear, while the continuous current grows
(Figure 5a) and reaches 200 A after a few tens of milliscconds.
The first return stroke oceurred 800 ms after positive leader
inception.

3.2, Altitude-Triggered Lightning

Electric field and current measuremenis performed on fiash
9516 have been used to derive the main chronological se-
quence of events which occurred before the first return stroke
{Figure 6). From time ¢, {t = 0 ms) to ¢,, the clectric field at
ground inereases slowly with 8 mean slope of 30 KV m~! ™!
(Figure Ta). As discussed in section 4, this field variation is
related to a posilive leader extending from the top of the wire,

At time t,, two small field steps {about 3.5 V m™? each,
unresolved in Figure 7a) are superimposed on the continuous
field inerease. If these field steps are assumed to be due to the
sudden appearance via corona of a point charge (or a roughly
spherical repion of charge), and if heipht and approximate
range from the sensor 10 that charge are available, the magni-
tude of the charge can be determined through application of a
simple electrostatic forrula. The field steps, occurring at time
¢y, are consistent with a charge AQ of about 40 pC placed at
450 m above ground. They can be either associated with iso-
lated negative coronas or to the first two steps of an aborted
negative stepped leader.

From time ¢, tot,, a further slow field variation is obsenved,
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Figure 3. Oscillating pulse current associated with the attempted inception of upward positive leader in
classical triggered lightning 9519. Time ¢ = 0 ms is associated with the beginning of the stable propagation
phase of the positive leader. This phase corresponds to the beginning of the continuous current phase.
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Figure 4. 5till photograph of classical tripgered lightning 9519,

similar to the one measured from ¢ 1o ¢, with a mean slape
varying from 30 to 49 kv m~! 57! (Figure 7a; ¢, is labeled in
Figure 7b).

From time t, to {5, a fast stepped eleetric field variation is
detected which is atirbuted to negative leader inception at the
lower end of the wire (Figure 7b). Each step is of about 15 ¥
m ™" and is consistent with a charge of ahout 170 pC at 450 m
above ground, After cight steps, at time ¢, the negative leader
development appears to pause. As reported in Figure 6, it is
likely that the positive leader cxhibits a continuous upward
development, while the negative leader starts and stops a few
times (arcund time t, and between time ¢, and £5).

Irom time 1,4 to ¢, the positive leader apparently continues,
as indicated by the further field increase after t4 (Fipure Ta; ¢4

Go.0 ! T

15 labeled in Figure Th). The increase of the electrie ficld slope
after ¢, (121 kV m™" s7) relative to the slope prior to ¢,
(30-49 k¥ m~! 57" suggests that the positive leader acceler-
ated following the downward negative leader inception.
After time ¢, (Fipure 7a), the negative leader resumes with
a mean step field variation equal to 23.5 V m™! (consistent
with A = 270 pC at 450 m) with a time interval of 18.5 ps
(Figure 7¢). Current measurement at the botlom of the.
grounded wire indieates thal an upward connecting positive
leader starts at time ¢; from the top of the grounded wire
(Figure 81, 1 ms after the nepative stepped leader onset at{,.
At the time of inception of this upward connecting positive
leader, the eleetric field at ground reaches 10 XV m™?! (Figure

da). During its propagation, this leader exhibits pulses sepa-
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Figure 5 Current associated with the development of upward positive leader in classical triggered lightning
9519. Time ¢ = 0 ms is the same as in Fipure 3 and corresponds 1o the beginning of the stable propagation

of the positive leader.
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Figure 6. Chronological sequence of events during altitude-
triggered lightning 9516 as inferred from electric field mea-
surements for the bidirectional leader and from current mea-
surement for the conneeting positive leader,

rated by 20 ps or so (Figure 8b}. At time ¢5 the streak pho-
tography (Figure 2a) shows that there are two main branches
of the negative leader whose lower tip is at 120 m above the
ground. The axial velocity of the downward negative leader is
measured to be 1.3 % 10° m 57*, which is obviously lower than
the actual three-dimensional velocity, From the streak photop-
raphy, the negative step lengths are about 3-5 m with a mean
stepping period of 21 ps (Figure 9b).

At time £; the contact between the negative stepped leader
and the upward connecting positive leader is established. From
the photograph in Figure 10, the estimated length of the con-
necting posilive leader at this time is about 20 m. The current
rapidly increases to 5 kA (Figure 11a), at the bepinning of the
return stroke process, and the electrie field decreases from 44
10 37 kV m~! (Figure 11h).

The current is cut off afier ¢; (Figure 11a) because of the
high impedance of the exploding 50-m lower wire, indicating
that the lightning channel is disconnected from the ground. At
this time, the £ field (Figure 11b) increases again as il the
“disconnected channel” extended to the ground through the
wire residue channel at a speed of 107 m s™', At time ¢, the
connection occurs, allowing the return stroke Lo continue {Fig-
ure 11a). It is worth noting that the first return stroke in the
altitude-triggered flash is an unusual one, composed of two
unipolar pulses separated by an interval of 5 pes, with the first
pulse (5 kA) smaller than the second one (12 kA). After this
first return stroke, three more return strokes initiated by dart
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Figure 8. Plots of altitude-triggered lightning 9516 showing
(a) electric field variation measurcd by antenna A; at 50 m
from the lightning channel and (b) current produced by the
upward connecting positive leader from the grounded 50 m
wire.

leaders from the cloud, with peak currents of few k&, are
observed.

4. Analysis and Discussion

4.1. Properties of Positive Leaders Initiated
From Grounded Condugtors

The triggered lightning techniques presented in this paper
allow the investigation of the propagation of positive leaders
initiated from grounded conductors in different ambient field
conditions, generated either by the thunderstorm or by the
approach of a downward negative leader.

In the classical triggering technique the rocket spools out the
wire in a quasi-stationary field £, produced by the thunder-
cloud. The positive leader inception and development are di-
rectly related to the electric field distribution at and above the
rocket. tip. This distribution depends on the wire length, the
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Figure 7. Electric field variation measured by antenna A at 50 m from lightning channel (9516).
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Figure 9. Streak photograph of allitude-triggered lightning 9516: (a) streak photograph of the first return
stroke and (b) nepative of the streak photograph shown in Fipure 92. The contrast of Ithc negative is strongly
increased to accentuate the steps of the negative leader. Note that horizontal and vertical scales are the same

for the two photos.

ambient field £, and, eventually, on the presence of space
charge at the rocket tip.

In this case, the peneration of isolated current pulses in the
first phase of the discharge is attributed to a series of aborted
streamer-leader inceptions due to values of eleetric field at and
above the rocket tip being insufficient to sustain stable prop-
agalion. Each isolated current pulse corresponds to a charge of
several tens of microcoulombs. In the laboratory these values
of positive corona charge always lead to the development of a
positive leader [Les Renardieres Group, 1972], so we can as-
sume that these isolated current pulses are associated to a
positive leader development which stops after few meters of
propagation,

The interval between isolated current pulses around 5 ms

can be attributed to space charge effects. Indeed, in a long air
gap submitted to positive impulse voltages, a “field shocking
cffeet” is observed, due to the imjection of posilive space
charge due to the first corona develapment at the rod. This
reduction of local field inhibits the development of subsequent
coronas unless the eleciric field is restored because of the
applied voltage [Les Renardieres Group, 1972]. In rocket-
triggered lightning, as positive ions drift slowly in the local field
{average velocity around 100 m s~ [Badafoni and Gallimbert,
1972]), the field at the rocket tip can be only restored by the
ascending motion of rocket (rocket velocity 200 m 5~ 1, which
leaves the space charge behind. If a simple spherical approxi-
mation is used for the space charge geometry, it can be shown
easily that the space charge effect becomes negligible when the

Figure 10.

5till photograph of allitude-triggered lightning 9516.
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Figure 11. Plots of altitude-triggered lightning 9516 showing
{a) current of the first return stroke, (b) electric ficld variation
measured by antenna A; at 50 m from the lightning channel,
and {c) magnetic field at 50 m from the lightning channel.

rocket tip has moved through half of the space charge extent
{or less when considering more relevant peometries for the
space charge, such as cllipsoid [Gallismberti ef af., 1982]). Since
the thne separation between pulses is around 5 ms, the dis-
tance covered by the rocket, during that time, is equal to 1 m.
This is consisient with the interpretation inferred [rom streak
photography of an upward positive leader triggered in similar
conditions which gave a minimum corona length of 5 m [fdone,
1992],

In altitude-triggered experiments the grounded wire has a
constant length (50 m) and the E field variation is produced by
the approaching negative [zader: the positive upward connect-
ing leader reaches the conditions for its stable propapation in
a much shorter time without going through the preliminary
phase described above.

In both experiments the actual leader onset (at time ¢ = 0
s in Figure 5 and time ¢, = 4.02 ms in Figure 8) is associated
with series of current pulses with a repetition period ranging
from 20 to 25 ps. In previous experiments [Laroche e al., 1958]
using the classical tripgering technique, streak photopraphs of
the discharge tip have also indicated that the discharge prop-
apates in a discontinuous pattern made of successive restrikes
of similar time period, although the leader was optically unde-
tectable until it reached a height of about 1000 m. This dis-
continuous propagation mode s specific for lightning leaders,
as it is generally not observed in laboratory long sparks, cxcept
for slowly varying applied voliages,

The analysis of the shape of the current pulses must take
inlo account the filtering effeet of the wire and the lengthening
leader channel that may be considered, in first approximation,
a5 a resistance inductance capacitance {RLC) transmission line
with time dependent parameters. It has been shown [Bondiou
et al,, 1994] that the oscillating shape of initial pulses similar 1o
those in Figure 5 is associated with the response of the wire to
fast rising current pulses produced at the discharge tip (in the
case of altilude-triggered lightning, the grounded wire is of
shorter length, the current amplitude is lower, and this effect is
not detectable). This oscillating shape progressively disappears
because of the high resistance of the growing leader channel.
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4.2. Properties of the Bidivectional Leader Produced
in Altitude-Triggered Lightning

The altitude-triggering lechnigque offers a unique opportu-
nity 1o study the bidirectional leader process similar to one
involved in aircraft-initiated ghtning [Mazer, 1989]. It is worth
noting that the time delay between inception of the positive
and negative parts of the bidirectional leader is around 3 ms (6
ms in the work by Laroche et al. [1991]); this value is in the
same range as the one existing between the onsel of the pos-
itive and negative leaders involved in the initial phase of the
aivcraflt striking process [Mazur, 1989; Boxday, 1991]. This delay
is related to the difference in inception thresholds for positive
and negative polarities observed in laboratory experiments
[Les Renardicres Group, 1972, 1981]. The coupling between the
two leaders is likely evidenced by the acceleration of the pos-
itive leader (increasing of the electric field slape) following the
negative leader inceplion. This is alliributed to an enhance-
ment of the clectric field at the tip of the positive leader aloft
due to the lowering of the potential of the floating conductor
(wire) cavsed by the downward propagation of a negative dis-
charge from the bottom of the wire.

The £ field measurements enable the investigation of the
main parameters of the negative parl of this bidirectional
leader. This negative leader shows the main characteristics of
a stepped discharge as abserved in laboratory and in natural
lightning. The stepping period is around 21 ps, and the averape
velacity is higher than 1.3 % 10° m 57%, these parameters being
in the range of those observed for natural stepped leaders. The
mean step charge 1s deduced from the £ feld variations asso-
ciated with an individual step: an average charge of 300 C. In
the laboratory this value of charge is associated with a negative
leader step whose peak current 5 about 600 A. We can note
that this charge is measured at the beginning of the downward
nepgative leader propagation. As the negative leader ap-
proaches the ground, this charge value and the peak current
are likely to increase,

5. Conclusion

The two triggered lightning techniques presented in this
paper have been used to analyze specific properties of leaders
of both polaritics. The results will be used in the development
of self-consistent models based on theorctical analysis of the
different discharge phases investigated in laboratory long
sparks [Bondiou and Gallimberii, 1994). Furthermore, the alti-
tude-trigeered lightning technoique appears to be a valoable
tool to study the connection process between a negative down-
ward leader and an upward positive leader originatiop from a
groundad conductor,

Acknowledgiments. The Camp Blanding experiments were made
possible through the efforls of many French and ULS. organizations, in
particular, through the support of the Camp Blanding Army Mational
Guard Base (Charles Golden). We are alsa grateful ta DRET, which
partly funded this experiment, ?nd to IRED, which provided dats
acquisition equipment.

References

Badaloni, 5., and L. Gallimberti, Basic data of air discharges, Lipes
72/05, Univ. de Padova dé Elettrotee. ¢ di Elleteon., Padava, Italy,
June 1972,

Bondiow, A., and 1. Gallimberti, Theoretical modelling of the devel-



LALAMDE ET AL.: LEADER PROPERTIES OF LIGHTNING

opment of the positive spark in long gaps, . Fhys. O Appl Phys., 27,
1252-1266, 1994,

Bandiou, A., P. Laroche, and I, Gallimberti, Modelling of the pasitive
leader develapment in the case of long air gap discharges and trig-
gered lightning, paper presented at the 22nd International Confer-
ence on Lightning Protection, Tech. Univ. of Budapest Flung. Elec-
trotech. Assoc., Budapest, Hungary, Sapt. 19-23, 1994,

Boulay, J. L., Current waveforms observed during lightning strikes on
aircealt, paper presented at the 1991 International Acrospace and
Ground Confetence on Lightning and Static Elecidcity, NASA,
Coco Beach, Fla., April 16-19, 1991,

Gallimberti, L, M. Galdin, and E. Poli, Field ealculations for modelling
lang sparks, Upee 8297, Univ. de Padova di Elletrotee. e di El-
letron., Padova, Italy, hMay 1982,

Idone, ¥., The luminous development of Flonda triggered lightning,
Res, Late. Atrmos. Elecer., 12, 2328, 1992,

Laroche, P, A. Eybert-Beeard, L. Barret, and J. P. Berlandis, Obser-
vaticns of preliminary discharpes initiating flashes trigpered by the
rocket and wirs technique, paper presented at the Sth International
Conference on Atmospheric Electricily, Uppsala Univ., Swed. Nat,
Sei, Bes, Counc., Uppsala, Sweden, June 1316, 1958,

Laroche, P., V. Idone, A. Evbert-Berard, and L. Barret, Obzervations

14,115

of bi-directional leader development in a tripgered lightning fash,
paper. presented at the 1991 International Aerospace and Ground
Conference on Lightoing and Static Electricity, Cocoa Beach, Fla.,
April 16-19, 1991. ; ;

Les Renardieres Group, Research on lang air gap discharges, Electra
23, Moret Sur Laing, France, 1972,

Les Renardieres Group, Megative discharges in long air gaps, Electra
74, Moret Sur Laing, France, 1981,

Mazur, V., A physical model of lightning initistion on aircraft in
thunderstorms, J Geaphys. Rer., #(D3), 33263340, 1959,

E. Bador, I.-P. Berlandis, and A. Evbert-Berard, Commissarat a
I'Energic Atomique, 33054 Grenoble, France.

A, Bonamy, EDT, 77250 Moret sur Loing, France.

A Bandiou-Clergeris, P. Lalande, and F. Laroche, ONERA, 92322
Chatillon, France. {e-mail: lalande@onerafr)

%. A. Rakov and M. A. Uman, Department of Electrical Engineer-
ing, University of Florida, Gainesville, FL 32611-6200.

{Received Movember 28, 1996; revised August 26, 1597,
accepted August 29, 1597.)



