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1. Introduction

A rocket-triggered lightning experiment has a merit that it
allows the direct measurement of a lightning current which Is
one of the important parameters for protection agalnst lightning.
It also has a merlt that tests on a variety of electric and
electronic equipment and arresters can be made by using actual
lightning currents. Because of such merlts rocket-triggered
lightning experiments have been carried out acttvely In and out
of Japan with significant results. Lightning parameters that
have been given much attentlon Iin such experlments Include, in
addition to 1llghtning current, the velocity of propagatlon of
the 1llightning return stroke, lightning channel configuration ,
and corona currents; many parameters are dlrectly related to
lightning and are normally measured at a relatively short
distance.

Oon the other hand, the lightning current and the assoclated
electromagnetic fleld changes are theoretically related with each
other by Maxwell's equations. Just llke the cases of natural
lightning, electromagnetic fleld changes are considecred to be
Important Indirect or remote sensing measurement paramcters for
rocket-triggered lightning. In additlon to It, as exemplified by
the success of SAFIR (1) by the ONERA group of France, the UNF
radiation is one measurement parameter worthy of attcntion for
the' realization of an Interferometeric system for the
localizatjon of lightning dlischarge position. In other words,
the use of UHF radiation will allow us to know the statec of
propagation of lightning discharge with higher space and temporal
resolutlons(“. Furthermore [t will enable us to quickly know
the conditions just before the initiation of a lightning strokec.
Thus the comblnation of observation of e¢lecctric and magnetic
fields that have been practiced extensively over many ycars and
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observation of UHF radlation has a high possibjlity of providing
an effective measure of protecting an electrlc power system
against lightning.

With such views fn mind, we conducted rocket-triggered
lightning experiments (at Okushishlku Kogen) In fiscal 1989, and
‘measured the electromagnetic fleld changes and the UHF radlation
intensity accompanyling triggered lightning, by means of a slow
antenna, a fast antenna, a loop antenna, and a discone antenna,
at a base camp 2.5 km away from the rocket launching sfite. This
paper presents the results of the observation, and discusses the
rocket-triggered lightning from the view points of
electromagnetic field changes and the UHF radiation.

2. Observation System

The observation system used in the rocket-triggered
lightning experiments of fiscal 1989 will be outllned below, in
two parts; the sensor block and the recordling block,
respectively.

{Scnsor Block)
(a) Measurement of electric fleld changes at the ground level

To grasp the state of lightning discharge, the electric fleld
changes were measured with two disc antennas. A disc antenna was
a combination of an electrostatic antenna and an amplifier. The
electrostatic antenna was a metal disc of several tens of
centimeters in diameter placed horlizontally at a level of several
tens of centimeters above the ground. One disc antenna was the
fast antenna with a time constant of 1 ms and a frequency band
ranging from several hundreds Hz to 2 MHz, that was designed to
cover rapid changes of electric fields assoclated with return
strokes of lightning. The other dilsc antenna was the slow
antenna with a time constant of 5 s and a frequency band ranging
fro.m 0.1 Hz to 1 kHz, that was desligned to cover relatlively slow

changes of electric flelds before and after a lightning
dlscharge(z).

(b) Measurement of changes of magnetic fields
Magnetic fleld changes associated with lightning dlischarges wecre

measured with a single loop antenna. This antenna output was
also used as a trigger signal of the recording system (4 ch




digital memory) that will be explalned later.
{c) Measurement of UHF radlation

UHF waves (327 MHz) radlated In the early stage of the discharge
were measured by means of the discone antenna. We used the
discone antenna (4) because It has the following merlts:

(1) As the antenna has a wide band, It 1is convenlient for
selecting, during measurement, a frequency range with less
background nolses such as radlo broadcasting waves;

(2) As the antenna Is nondlrectional, it Is capable of recelving
atmospherics from any dlrection; and

(3) It does not give corona discharge even in strong electric
fields.

{Recording Block)

The outputs of the fast antenna, slow antenna, and dlscone
antenna were recorded by a 4-ch digltal memory unlit (System 1) In
which one word comprises 12 bits to have a wide dynamic range.
The sampling frequency was 1 MHz, and the total capaclty of the
temporary storage was 64 kllowords for each channel, and the
working record length was 64 milli-seconds. Measurement of
electric fleld changes by means of the long-time waveform
recorder described In reference (5) was also made simultancously.
Although detajled descriptlon Is omitted here, the reccorder Iis
indicated as System 2 in this report. The configuration of the
total system Is shown in Fig. 1. '

3. Electromagnetic Fleld Changes and Rocket-triggered Lightning

Rocket-triggered 1lightning {s a method of triggering a
lightning by launching a small rocket of about 20 cm in length,
to which a steel wire of 0.2 mm in dlameter Is connected, under
thundercloud. When the rocket ascends, an electric field Iis
concentrated at the top end of the rocket, and a leadcr will
initiate towards the thundercloud, and lightning will be
triggered along this weakly lonized channel. In a rocket-
triggered 1llghtning experiment, two kinds of rocket-triggercd
lightning tests, rocket-triggered lightning to the ground, and
rocket-triggered lightning to the tower, are normally made undecr
different conditions. The rocket-triggered lightning to the
ground 1s a system in which the wlre connected to a rocket ls
extended to the ground. On the other hand, the rocket-triggcered



lightning to the tower means that the rocket itself Is [solated
to the ground. A nylon thread 1s pald out up to a helght of
about 100 m above the ground, and then from that polnt a steel
wire lIs pald out. As the rocket assembly Is Insulated up to 100
m above the ground, a downward-moving leader can be iInftlated
from the lower end of the wire to- a power transmission tower of
60 m hlgh(a)'(s) .

The rocket-triggered lightning experiment of fliscal 1989 was
conducted by using the test transmission line and a tower on the
top of Mount Okushishiku (930 m above the sea) from November 6,
1989 to December 5, 1989. The observational results of the
individual rocket-triggered lightning experiments are summarized
in Table 1. Marks O x - denote successful collection of
data, fallure in data collection, and no observatlon,
respectively. Examples of actual observed waveforms are shown
below, one each for the lightning to the tower and the lightning
to the ground. Ez and B of the dlagrams indicate the vertical
electric fleld strength on the ground and the (interlinkage
magnetic flux density, respectlively. Thelr Intensitles are
relative ones. '

Flg. 2 shows waveforms of electromagnetic field changes for
the experiment number 89-07 (rocket-triggered 1llghtning to
tower). Fig. 2-a shows of electric fleld change for a portion of
512 mlcro-seconds which 1Is consldered to correspond to the
Initiation of triggered lightning, out of the whole record length
of 64 milli-seconds. Flig. 2-b shows magnetic fleld change for
the same time perlod. Fig. 2-c¢c shows electric field change
triggered by this rocket-triggered lightning experiment for 262
milli-seconds; the data of the entlre trlggered-lightning
experiment were recorded by the long-period waveform recorder.
On the other hand, Fig. 3-a, b, ¢ show the electromagnetic field
changes of the portion corresponding to the Inltiation of the
triggered lightning and the whole signature of lightning of the
experiment number 89-11 (rocket-triggered lightning to ground).
Although not shown here because of the limited space, all of the
other results of observation were similar to those shown in Flg.
2 'and Fig. 3. In the electromagnetic fleld changes of rocket-
triggered lightning, we found no rap!d changes corresponding to
return stroke of natural lightning. Moreover, the relatively slow
changes, as shown In the traces, were superimposed with Impulse-
like waveforms. The phenomenon of superlm'poslng with many
impulses was simflar to the result obtained by Yoda et al.(” for
the direct measurement of lightnlng stroke current.

Next, we will compare the waveforms of the electromagnetic
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fields obtained in the rocket-triggered lightning to tower and
those of the rocket-triggered lightning to ground to lidentify
discrepancy between the two methods. In the case of rocket-
triggered lightning to the tower, as shown in Flg. 2-a and b, a
bipolar pulse of & relatively large amplitude is present [n the
portion corresponding to the Inftiatlon of trlggered llghtning.
In contrast, as shown in Fig. 3-a and b, {n the case of the
rocket-triggered lightning to ground, there Is no blpolar pulse
with a relatively large amplitude at the Inlitlation of triggered
lightning, and the amplitude of the Impulses tends to get larger
gradually. Such differences of waveforms of electromagnetic
fields between the two triggered-lightning methods were not
confined to the particular cases shown above, but common to all
of the results of observation durlng this experiment.

From the results of observation of the past rocket-triggered
lightning experiments, it Is known that, In the case of rocket-
triggered 1lightning to tower, as the rocket and the wire
connected to It are Insulated from the ground, leaders of
different polarities propagate upward from the 1llghtning Inducing
point of the rocket and downward from the lower end of the wire,
respectively, to eventually trigger a lightning, whereas, in the
case of rocket-triggered lightning to ground, as the rocket Is
grounded by the wlre, the leader propagates only upward from the
lightning inducing polint of the rocket.(s) The differences of
the waveforms of electromagnetic flelds at the Initlation of
triggered lightning between the triggered-lightning to tower and
the triggered-lightning to ground and the presence of bipolar
impulse of a large amplitude of the present results were
attributed to the differences between the llghtning triggering
mechan{sms of both the methods as described above. We arc now
examining the causes In detall.

4. Prcceding UOF Pulses

In thls sectlon we wlll dlscuss the relatlionship bectween
electromagnetic fleld changes during a rocket-triggercd lightning
and accompanying UHF electromagnetic radiation.

Flg. 4 shows magnetlc fleld changes before and after the
Initlation of the triggered lightning of the experiment number
89-04 (triggered lightning to the tower) and the accompanying UIF
electromagnetic radiation. As discussed in the preccding
section, the magnetic field waveform has a blpolar pulse, which
is a feature of the rocket-triggered lightning to the tower, at
the Inlitiation of the triggered 1llightning. On the other hand, as

60-56




clearly shown by the dlagram, the UHF electromagnetic radiation
preceded the bipolar pulse of the changes of magnetic fleld
corresponding to the initiation of the discharge. Pulses were
isolated each other before the bipolar pulse, but after the
bipolar pulse the radjation intenslity Increased suddenly and the
state of radlation was like a burst. Such a sudden change of the
UHF radlation iIntensity was simllar to the states of UHF
radiation before and after a return stroke of natural lightnlng
shown in Fig. 5. .

The burst-like change of UHF radlation of natural lightnling
Is attributed to the net-shaped propagation of the return stroke
in the cloud after it reaches the bottom of the cloud.(g) If the
change of UHF radiation observed in rocket-triggered lightning
were generated by the same cause with natural lightning. the
isolated UHF pulses of Fig. 4 could be attrilbuted to leaders
moving upward from the rocket or leaders moving downward from the
lower end of the wire. The mean time Intervals of the Isolated
pulses of Filg. 4 is about 27 micro-seconds which is close to the
statistical values ranzlnf from 29 to 52 micro-seconds for time
Intervals of stepped leaders. 16)

The distributlons of time intervals of isolated UHF pulses
observed in the experiment numbers 89-04 and 89-7 (trlggered
lightning to the tower) are shown In Fig. 6. The transitfons of
time {ntervals of these pulses are shown in Flg. 7. The pulse
number of Fig. 7 indicates the numbers glven to the {solated
pulses initiation from the first pulse. Thus Flg. 7 shows that
the time interval between two consecutive pulses get shorter with
the passage of time. This feature ls simllar to that observed in
stepped leaders of natural lightning.(!!) '

We have described the magnetic fleld changes and UNF
radliation of the rocket-triggered lightning to tower. Similar
phenomena were observed In the rocket-triggered lightning to the
ground although there were some dlfferences. Fig. 8 shows the
changes of magnetic fileld and UHF electromagnetlic radiation of
the experiment number 89-11 (rocket-triggered 1llightning to the
ground). The UHF radlation showed isolated pulses preceding the
first magnetic fleld change. The changes from lIsolated pulses to
burst-llke pulses, however, were not so rapid as those observed
in the rocket-triggered lightning to the tower.

Some statistics of the UHF lIsolated pulses preceding the
magnetic field changes observed during the rocket-triggered
lightning to the tower and to the ground are shown In Table 2;
the number of pulses, pulse Intervals, and the time duration up
to the changes of magnetic fleld. In the table the polarity
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indicates the polarity of the lightning stroke current measured
at the launching point of the rocket.(lz) For those to which this
datum Is not available, the polarity of the point corona current
at the time of launching of the rocket is shown in
parentheses.“”When the number of pulses and the polarity of
induced 1llghtning were examined for the rocket-triggered
lightning to tower according to the statlstics, the positive
rocket-triggered lightning tended to have smaller number of
pulses than those of negatlive polarity. On the other hand, In
cases of the rocket-triggered 1llghtning to the ground, the
relationship between the number of pulses and the polarity was
not as clear as that of the rocket-triggered lightning to tower.
When we examined the number of pulses and the time duration from
rocket launching to triggering “3). the lightning, both to the
tower and to the ground, having longer time duratjion up to
triggering tended to have a greater number of pulses,

5. Concluding Remarks

' In the rocket-triggered lightning experiment of flscal 1989,
we observed electromagnetic fleld changes and UHF electromagnetic
radiation accompanyling rocket-triggered lightning. The findings
were as follows:

(1) No rapid changes corresponding to the return stroke of
natural lightning were observed in the electric fleld changes
accompanying rocket-triggered lightning. Continuous currents,
however, were present.

(2) In the case of the rocket-triggered lightning to the tower,
in electromagnetic field changes corresponding to the inltlation
of triggered lightning showed a bipolar pulse of a relatlvely
large amplitude. 1In contrast, the rocket triggered lightning to
the ground did not have such a bipolar pulse.

(3) The UHF radlation accompanylng the rocket-triggered
lightning preceded the waveform portions corresponding to the
first changes In electromagnetic flelds. In partlicular, In the
case of the rocket-triggered lighting to the tower, the UHF
radiation showed a change from Isolated pulses to burst-like
pulses of larger amplitude across a blpolar pulse of a relatlively
large amplitude In magnetic fleld.

(4) The number of isolated pulses In the UHF radiation showed a




correlation with the time duration from rocket launching up to
triggered 1lightning. The time interval between consecutive
Isolated pulses tended to get shorter with the passage of tlme
Just like the stepped leaders of natural lightning.

Physical Interpretation of the above-mentioned features of
the rocket-triggered lightning of the present experiment s a
future task, and Is expected ¢to contribute much to the
undérstandlng of winter lightning of Japan.

To be more specific, the feature of (1) above differs from
that of the electric field changes observed in the rocket-
triggered lightning experiment at the U.S. Kennedy Space Center
indicated in reference (14) in that the changes in electric fleld
of the latter showed a rapld change corresponding to return
stroke. The difference is attributed to that our experiment was
conducted in a mountalnous area while the U.S. experiment was
conducted In a place of the sea level. In other words, thelr
experimental condition was close to an ordinary lightning stroke
with the bottom of the cloud belng falrly high above the ground,
whereas our experiment was made In the thundercloud, and the
triggering conditlons were similar to those of Intracloud

discharge. It should be noted that the transmisslon towers
erected in the mountalnous areas of Hokurlku Dlistrict tend to be
covered by thunderclouds in winter. As thelir environment |lIs

comparative to that of our experiment, the result of our
experiment discussed in Section 3 or relatlvely slow changes
overlapped by many pulses 1Is attrlbuted to propagation of
negative leaders from the top of the rocket to the Interjor of
the cloud. This, In turn, Is expected to be of some help In
understanding the mechanism of the "triggered lightning™ that Iis
started by an upward-moving leader from a transmission tower.

One possible cause of (2) may reflection of current. It,
however, is difficult to make a concluslon on the basls of the
present experiment alone. Nevertheless, as clearly shown In

reference “5). the results of our measurement and the results of
the direct measurement of current conducted by the Chubu Electric
Power Co., Inc. agree well with each other. This agrcement
suggests our method of observation can be applied to lightning
strokes to transmission towers to which the direct mecasurement Is
not applicable.

With regard to (3) and (4), It Is indlcated in reference (1)
as well as In reference (16) that VHF radlation waves are used Iin
the Interferometoric system to understand the discharge Inception
mechanism; nevertheless, such research efforts are not present at
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all In Japan. We will try to utllize our results In development
of techniques for measuring Inside thunderclouds by means of UHNF
or VHF.

To the best of our knowledge, the slignificant difference
between the discharge Iinception portion of the rocket-triggered
lightning to the ground and that of the rocket-triggered
lightning to the tower have not been reported up to now. Thls
may provide, i{f we repeat experiments and continuc thecoretlical
investigation, a clue to the discovery of the "discharge
inception mechanlism.” Furthermore, the UHF Isolated pulses
preceding to the discharge Inception portion suggest a
possibllity of prediction of lightning stroke although the time
allowance s very short. It will mark a step forward towards the
ultimate objective of elimination of lightning.

We would like to acknowledge that this research recelved a
scientific research grant from the Ministry of Education
(Experimental Research Program No. 63850055).
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Flg. 1 A schematlc of the observatlon system
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Fig. 2-a The initiation of an electric fleld change caused by the

rocket triggered lightning to the power transmlssion tower
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Fig. 2-b The initiation of a magnetic fleld change caused by the

rocket triggered lightning to the power transmission tower
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Fig. 2-¢  The whole slgnature of an electric fleld change caused

by the rocket trl_ggered lightning to the power transmission tower
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Flg. 3-a The inltlatlon of an electric field change caused by
the rocket triggered lightning to the ground
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Fig. 3-b The Initliation of a magnetic field change caused by the
rocket triggered lightning to the ground

R

< 26 2ms >

Fig 3-c The whole signature of an electric fleld change caused by
the rocket triggered lightning to the ground
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UHF lsolated pulses
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Fig. 4 The pPreceding UHF isolated pPulses of the rocket triggered
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Flg. 5 The electric field change and UHF radlations by a natural
positive cloud to ground strike
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.Fig. 6 The statistics of time intervals for UHF lsolated pulses
preceding the triggered lightning to the power transmission tower
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Fig. 7 The transitions of time intervals for UHF isolated pulses
preceding the triggered lightning to the power transmission tower
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Flg. 8 The preceding UHF lIsolated pulses of the rocket triggered
lightning to the ground
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Table 1 The results of the seasurement during
the rocket triggered lightning experiment

Rocket No. SYSTEM I SYSTEM 1
URF | FAST | SLOW | Lo0P | WIDEBAKD SLOW
89-04 O|o0}10}0 O
89-05 0O]l10}101]60 O
89-06 0l0]0O0}|O O
89-01 0]0|0 |0 O
89-08 "0 ] 01070 O
89-09 00|10 }{0 x
89-10 O{oO0 {00 @)
89-11 oo |0} O O
89-12 ) - - 10 x
89-13 -1 -1-1- -
89-14 ol - - 10 O
89-15 - -1 -1- -
89-18 o | - - (0 @)
89-17 QO - - 10 O
89-18 O - - 10 O
89-19 X X x x x
89-20 X X x x X
89-21 x x x x O
89-22 0] - - 10 O

O denotes data can be recorded.

% denotes no data can be recorded.

—~ denotes no measurement.
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Table 2 The statistics of the UHF isolated pulses
of the rocket triggered lightning

Fregquency Pulse intervals Durations | Pola-
Rocket No. | of pulses |AV. & SD.(u sec.) | (u sec.) | rity

89-04 45 21.2 13.8 951 -
89-05§ 63 26.17 39.8 1695

: 39-01 41 22.1 15.2 1036

»

o | 89-08 s 28.1 10.0 221
89-10 10 29.2 3.5 1917
89-1¢ 3 $1.¢ 20.8 1015 -
89-08 13 41.§ 61.8 §87 -
89-11 11 2.1 13.8 385 -

h -

=

=2

=3 89-14 2 312 312

[ =Y

()
89-18 0 +
84-22 1 53 -
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