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Abstract

In this work we present some current parameters of an altitude-triggered lightning using a 30-m

insulating cable of Kevlar. It was triggered during the summer of 2001–2002 at International Center

for Triggered and Natural Lightning Studies (CIPRIN) in Brazil. The flash connected to the tip of a

Franklin rod equipped with three different current sensors. Measurements of current intensity, done

at sample rate of 100 ns, enabled the study of some characteristics of seven return stroke waveforms.

The geometric mean peak current of the altitude flash strokes was 2 to 3 times higher than the values

usually reported for classical strokes. Except for the 2 first strokes, which exhibited chopped

waveforms, the charge destroyed in each stroke was similar to the geometric mean values usually

reported for classical strokes. Most of the other waveform parameters showed significant differences

from the usual values presented in the literature for classical triggered flashes.

The values presented here are unique and will add information to the very few current data

published on altitude-triggered lightning in literature.
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1. Introduction

A common technique for artificial lightning initiation involves launching a small rocket

trailing a thin, grounded copper wire toward the charged cloud overhead. This technique for

triggered lightning is called bclassicalQ triggering. The first one obtained over ground was

accomplished in 1973, at Saint-Privat d’Allier in France (Fieux et al., 1975). Most

frequently, triggered lightning are negative, that is, they occur when the background electric

field is oriented from the ground to the cloud, and hence negative charge is lowered from the

cloud to earth. Although the dart leaders and following return strokes are similar to those

processes in downward negative natural flashes, the initial processes are distinctly different.

In order to reproduce the initial phase of these natural lightning (stepped leader

followed by the first return stroke), an ungrounded wire must be used. This technique

is called baltitudeQ triggering and has the serious disadvantage of low probability of

current monitoring. The rocket usually spools out 50–100 m of insulating Kevlar

followed by 400–700 m of copper wire. When this last wire has been unreeled over a

sufficient length, a bi-directional leader initiates from its extremities. As the negative

downward leader from the lower end of the triggering wire approaches the triggering

facility, an upward positive connecting leader is initiated from the grounded object to

be tested (in this work three different lightning rods). Once the attachment between the

two leaders is made, the return stroke is initiated.

There is not much information on return strokes of altitude flashes in the literature. As far

as we know, only two flashes with direct current measurement have been reported (Laroche

et al., 1991; Lalande et al., 1998; Rakov et al., 1998). Although there are other triggered-

lightning experiments, where the bottom end of the conducting wire had an air gap or was

attached to insulating cables ranging from 6 m (Zhang and Liu, 2003) to 10 m long

(Nakamura et al., 1992), in these cases there were no registers of initial-stage returns strokes

previous to the initial stage as required to define them as an altitude type triggered flash

(Rakov, 1999).

In this work we will report some current measurements and related parameters of an

altitude type triggered lightning with 11 return strokes.
2. Description of the installation and instrumentation

The International Center for Natural and Triggered Lightning Studies (CIPRIN) is located

inside the National Institute for Space Research (INPE) campus at Cachoeira Paulista (S

22841.2; W 44859.0; altitude: 625 m), where there are about 80 thunderstorm days per year

on average.

The triggering site is located on a flat 120 m�70m area of a hilltop. The red laterite

soil provides a resistivity equal to about 1000 V m (Fig. 1).

The instrumentation and control container is located 45 m away from the rocket

launcher that has a capability of launching up to 12 rockets during the same event. The

rockets are 0.85 m long and carry the wire spool with them. They are ignited through a

battery connected to a switch that is turn on via air pressure from the control room. They

reach the speed of 200 m/s in about 1 s from ignition.



Fig. 1. Photograph of the site: the launching system surrounded by three different lightning rods and the control

room behind it.
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The electric field at ground level, a crucial parameter to decide if lightning triggering is

viable, is monitored by a field mill situated at a distance of 60 m from the rocket launcher.

It is connected to the control room via fiber optic link, and has a time resolution of 0.25 s.

Four standard VHS video cameras are distributed around the launcher. Two are

manually activated and other two VHS cameras are automatically activated with lighting

occurrence, using an electronic circuit that can be triggered either by magnetic field or

optical sensors. Their distance from the launcher and field of view dimensions is listed in

Table 1. A high-speed digital camera, manufactured by Redlake Imaging, allows the

acquisition of high-speed sequences up to 8000 frames per second. This camera is

controlled by a portable computer and can be moved easily to meet observation

requirements. The record memory length is 2 s.

Around the launcher system there are three different lightning conductors (two Early

Streamer Emission rods and one conventional Franklin rod) connected to ground with a
Table 1

Characteristics of the cameras and light sensor

Camera no. Frames per

second

Distance from

launcher (m)

Horizontal field

of view (m)

Vertical field

of view (m)

Observed vertical length

of the channel above the

tip of the lightning rod (m)

1. Automatic 30 1000 430 300 250

2. Automatic 30 75 71 47 27

3. Manual 30 50 43 33 17

4. Manual 30 45 33 25 12

5. High-speed 1000 45 12 25 11

6. Light sensor – 45 6.5 8 8



M.M.F. Saba et al. / Atmospheric Research 76 (2005) 402–411 405
grounding resistance of 29 V. All lightning conductors have the same height (11.5 m) and

have a common grounding cable. The current flowing in this common cable is sensed by a

1-mV coaxial current viewing resistor (shunt) with a 20-ns 10–90% risetime and 50-V

output impedance manufactured by the Laboratoire d’Aplications Spéciales de la

Physique, Centre d’Etudes Nucléaires de Grenoble, France. It is located 1 m above the

ground. The signal from the shunt is transmitted via a fiber-optic system to a LeCroy 9314

digitizing oscilloscope operating at a 10-MHz sampling rate and with an 8-bit amplitude

resolution. The accuracy of the current measurements is considered to be better than 1 kA

for currents between 20 and 50 kA.

Each lightning conductor is also wired up to measure the current of the upward leaders

with a dynamic range of 10 A. The sensor, placed 4 m below the tip of each lightning rod,

is a 5-mV coax shunt able to withstand current up to 60 kA and 500 Joules in the case of

return stroke. A faraday box containing a 12 V independent power supply transmits the

signal via an optical fiber.

Peak current values in various places are also estimated (with an error of about 15%)

using magnetic cards. The magnetic field generated by the lightning return stroke current

passing through a conductor erases a portion of a pre-recorded signal on the magnetic card.

Knowing the geometrical configuration of the conductor to be monitored, the peak current

can then be evaluated.

The luminosity produced by the lightning channel current is monitored by a J6503-2

Tektronix optical sensor (field of view in Table 1), placed at a distance of 45 m from the

launching system. Its signal output is recorded simultaneously with the current signal in a

LeCroy 9314 digitizing oscilloscope operating in bwindowsQ mode. The number of

acquisition windows was set at 10. The total acquisition time of each window was 2 ms,

with a 1-ms pre-trigger and temporal resolution of 100 ns.
3. Observations and results

From 1999 to 2002, 41 rockets were launched. Out of 30 rockets using the altitude

method of triggering only 8 flashes were triggered, and out of 11 rockets using the

classical method 5 flashes were triggered. The overall efficiency of triggering was 32%,

and the efficiency for the classical method was approximately two times greater than the

efficiency for the altitude method.

No triggering occurred when ground electric field just before launching was less than

7.6 kV/m for the classical ones and less than 8.6 kV/m for the altitude ones. Successful

triggering required higher electric fields than reported by Rakov (1999), for triggering

attempts in Florida, and similar electric fields to those reported by Hubert et al. (1984) in

New Mexico.

Current waveforms data were obtained for two classical (9 strokes waveforms) and one

altitude flashes (7 stroke waveforms). More details about the peak current intensity of the

classical ones are reported by Saba et al. (2002) and Pinto et al. (2005).

The altitude-type lightning was triggered in February 11, 2002, and transferred negative

charge to the ground. The rocket, using a 30-m Kevlar insulator cable under the copper wire,

was launched when the electrostatic field at ground was�8.7 kV/m, as observed by a field-



Fig. 2. Electric field changes caused by the altitude-triggered lightning at a distance of 60 m from the launcher.
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mill (see Fig. 2). After 2.8 s the field decreased to�13.3 kV/m, as it is expected in an altitude

type triggering, and the initial return stroke occurred. The flash, recorded by the high-speed

camera at 1000 frames per second, was composed of 11 strokes with a total duration of 1.3 s.

An initial continuous current luminosity was observed after the second return stroke and

lasted for 380 ms. The time of each stroke is presented in Table 2. After the ending of the

flash the field started to return abruptly to previous values as can be seen in Fig. 2.
Table 2

Altitude triggered lightning stroke parameters and geometric mean values

Parameters Stroke number Geometric

mean

Classical other papers

1 2 3 4 5 6 7

Timea (ms) 0 4.6 386 410 428 560 633 – –

Return-stroke current

peak (kA)

31 22 33 39 26 42 44 33 12 (Fisher et al., 1993)

Total stroke charge (C) 0.039 0.041 1.9 2.6 1.7 3.2 2.5 0.7 (2.3b) 2.5 (Fisher et al., 1993)

Total stroke action

(A2 s)

0.4 0.3 11 16 6 20 16 4.5�103

(12.5�103)b
3.8�103

(Fisher et al., 1993)

Peak di/dt (kA/As) 180 190 155 224 151 185 327 195 91 (Depasse, 1994)

10–90% di/dt (kA/As) 35 176 88 104 69 112 117 107 28 (Fisher et al., 1993)

10–90% current rise

time (As)
0.7 0.1 0.3 0.3 0.3 0.3 0.3 0.25 0.37

(Fisher et al., 1993)

Half-peak width (As) 0.8 0.8 2.4 1.3 1.3 2.0 1.6 1.35 18 (Fisher et al., 1993)

The last column shows geometric mean values for classical triggered flashes.
a The time of the four last return strokes were 857, 1021, 1137 and 1301 ms, respectively.
b Discarding the two first initial-stage return strokes.



Fig. 3. Altitude lightning striking one of the lightning rods.
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No images were obtained of the complete length of the copper wire spooled out, but we

estimate this length as being approximately 280 m. This estimation is based on the value

obtained for another triggered lightning when the whole extension of the copper wire was

observed. Considering that the same kind of motors and coils used in both events produced

the same initial velocities and time of flight before triggering for both rockets, this

estimation is very reasonable.

Although the triggered lightning was obtained by an altitude method (LRSA), all

strokes attached to the Franklin rod, allowing direct current measurements. The image in

Fig. 3 obtained by camera number 2 (see Table 1) illustrates the tortuous channel of the

lightning between the lower end of the copper wire and the tip of a Franklin lightning rod.

From this photograph, the estimated length of the upward positive leader when connecting
Fig. 4. Current and light intensity waveforms. Each window is 2 ms long and is triggered independently.



M.M.F. Saba et al. / Atmospheric Research 76 (2005) 402–411408
the downward negative leader is approximately 15–16 m, a value similar to the one

reported by Lalande et al. (1998).

The oscilloscope that was, as mentioned before, operating in the bwindowsQ mode

registered only seven strokes. In this mode, it was not possible to monitor the continuing

current that occurred after the second return stroke. The current waveforms are presented

in Fig. 4. From these waveforms several important parameters, important for engineering

applications, were obtained and summarized in Table 2. Geometric mean values were

calculated and compared with the results reported from classical-triggered lightning listed

in other papers. We found no records of these parameters for altitude-triggered lightning

available in the literature.
4. Discussions

All strokes of the triggered lightning obtained in this study have uncommonly high

peak current intensities (between 22 and 44 kA). These values were confirmed by the

magnetic field registered by two magnetic cards placed at different positions. They

indicated a maximum peak current of 38 kA. Note that this value corresponds to the

biggest registered peak current of the 11 strokes. The difference between the maximum

values given by the two types of sensors may be attributed to their errors and also to the

non-perfect alignment of the magnetic card with the wire that conducts the current.

The existence of two high peak current initial-stage return strokes (31 and 22 kA) in the

very beginning of the flash, just before the initial continuous current, is new. These strokes

were independent and separated by 4.6 ms, a different situation from the two pulses

observed by Lalande et al. (1998), 5 kA and 12 kA, separated by 5 As due to the explosion

of the 50-m lower wire, not present in our experiment.

The usage of a 30-m insulating cable made of Kevlar was sufficient to produce an

altitude type triggered lightning. This may be explained considering that, as estimated by

Lalande et al. (1998), the step length of the downward leader is 3–5 m.

It is possible to observe in Figs. 4 and 5 that the both strokes waveforms are narrower

than the other strokes that occur after the initial continuous current phase. In fact, their

charges are about 10 times lower than the others (see Table 2). This is confirmed by the

recordings of the sensor designed to measure the upward leaders current of the lightning

rod. The data from this sensor, with a dynamic range of F 10 A, is presented in Fig. 6. It is

possible to see that, contrary to the other 5 strokes, the first two strokes saturate the sensor

by less than 1 ms. Also, measurements given by the light sensor confirm that the

waveforms of the two first strokes were also narrower than the others. However, this effect

is not as pronounced as seen in the current waveforms (see Fig. 4).

The fact that the width of the current waveform of the first initial-stage return stroke is

appreciably smaller can be explained by a theory suggested by Rakov et al. (1998) and

Rakov (1999). They report that one likely explanation for the difference between the first

return stroke and the other return strokes is the relatively short length (in their case, of the

order of 1 km) of the channel available for the upward propagation of the return stroke

wave. As a result, the return stroke process can only propagate for 10 As or so after which

it must transform itself into a more intense upward moving positive leader. When the



Fig. 5. Current waveforms of the first three return strokes. Note that the x-axis of the two first graphs has a

different time scale.
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upward moving return stroke front catches up with the upward moving leader tip (after 10

As or so), an opposite-polarity downward going reflected current wave is produced that is

responsible for the chopped shape of the channel-base current waveform. In our case the

very short length of the insulator cable reduces the length propagated by the upward

positive leader, thus anticipating the chopping of the return stroke. Other prior reflections

may also have occurred at the discontinuity regions at opposite ends of the wire and could

explain the intense fluctuations in the return stroke current waveform.

However, we believe that the occurrence of a second initial-stage return stroke with the

same characteristics of the first is surprising. Although during the time interval between

them, 4.6 ms, the upward positive leader would have propagate only approximately
Fig. 6. Current measured by the 10-A current sensor.
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another 500 m, and consequently the channel formed would still be short, there would not

be another attachment process between the downward and upward connecting leader to

initiate another similar return stroke.

Except for the 2 first strokes of the altitude flash, the charge destroyed in each stroke

was similar to the geometric mean values usually reported for classical strokes.

Considering that the geometric mean current peak is 2 to 3 times higher, this should

indicate that the average duration of the strokes is shorter. In fact, they are much shorter

than the typical values of classical strokes (see half-peak width values). Only one stroke

among 41 registered by Fisher et al. (1993) presented a half-peak width lower than 4 As,
while all 7 strokes of this altitude flash had half-peak widths lower than 3 As.

The parameters peak di/dt, 10–90% di/dt, and total stroke action presented higher

values than the typical value for classical triggered lightning.
5. Conclusion

Although only seven strokes of altitude-triggered had current measurements so far, the

number of strokes with current measurements in the literature is even less, making these

measurements, and the several calculated parameters associated with them, a significant

contribution to the study of the altitude-triggered lightning.

The observation of high peak current values in this type of triggered flash may be an

indication that they can be used to calibrate lightning locating network sensors.

The presence, and the narrow character of the current waveform, of a second initial-

stage return stroke, are intriguing observations that may help the understanding of the

connection process in altitude-triggered lightning. More data is needed.

Most of the other waveform parameters of the strokes also show significant differences

from the usual values presented in the literature for classical triggered flashes.

New measurements are planned to be done in the next summers to provide more data

on altitude-triggered lightning.
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