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Abstract. Characteristics of the electric fields produced by a stepped or initial leader starts to progress from cloud to
stepped and dart-stepped leaders 28Qust prior to the re- ground. The stepped leader usually takes tens of millisec-
turn strokes during natural negative cloud-to-ground (CG)onds to reach the ground and initiates the first return stroke.
lightning discharges have been analyzed by using data fronThe name of the stepped leader comes from the step-like na-
a broad-band slow antenna system with Q«88ime resolu-  ture of the air breakdown from photographic observations
tion in southeastern China. It has been found that the electrigvhen it progresses downward to the ground. When the
field changes between the last stepped leader and the first retepped leader approaches the ground (within a distance of
turn stroke could be classified in three categories. The firsseveral tens to a few hundred meters), an upward progressing
type is characterized by a small pulse superimposed on th&eader is emitted from the ground, which bridges the leader
abrupt beginning of the return stroke, and accounts for 42%ip and the ground and is usually called attachment process.
of all the cases. The second type accounts for 33.3% and i$he connecting leader initiates a return stroke, which prop-
characterized by relatively smooth electric field changes beagates upward along the leader channel and effectively adds
tween the last leader pulse and the following return stroke positive charge along the channel and in the cloud, thereby
The third type accounts for 24.7%, and is characterized byneutralizing the existing negative charge there. A normal
small pulses between the last recognizable leader pulse amkgative CG lightning discharge usually consists of several
the following return stroke. On the average, the time intervalreturn strokes to the ground.

between the successive leader pulses prior to the first return ynderstanding the initiation mechanisms and propagation
strokes and subsequent return strokes was$ahd 9.44S,  of a leader during CG lightning discharges is essential for
respectively. The distribution of time intervals between suc-designing of structure protection against lightning. In the
cessive stepped leader pulses is quite similar to Gaussian diggst few decades, the millisecond-scale electrostatic field of
tribution while that for dart-stepped leader pulses is morestepped leaders has been reasonably well understood and
similar to a log-normal distribution. Other discharge fea- has been adequately modeled. In the 1940's, stepped lead-
tures, such as the average time interval between the lasdrs and dart leaders were first studied photographically by
leader step and the first return stroke peak, the ratio of théschonland and Collens (1934). They stated that all return
last leader pulse peak to that of the return stroke amplitudestrokes were induced by one of the three initial processes:
are also discussed in the paper. stepped leader, dart leader and dart-stepped leader. These

Key words. Meteology and atmospheric dynamics (atmo- Photographic measurements were supplemented by Clarence
spheric electricity; lightning) — Radio science (electromag-2and Malan (1957), Krider (1974), Krider and Radda (1975).
netic noise and interference) Kitagawa (1957) studied the electric field change due to the
leader processes. It has been made clear that the leader
to the first return stroke is always a stepped leader. The
most frequent pulse intervals are 40+65) they are gener-

ally longer in the initial part and gradually become shorter
towards the final part, where they have the minimum value of
13us immediately before the initiation of the return stroke.

It has been confirmed that the time interval of stepped leader
pulses is between 5-2, with a mean value of 15s by
measuring the electromagnetic fields radiated by individual
Correspondence taX. Qie (giex@ns.lzb.ac.cn) leader steps with microsecond and sub-microsecond resolu-

1 Introduction

Most of the negative cloud-to-ground (CG) lightning dis-
charges start with preliminary breakdown activities inside
the cloud, the time duration of which varies from several
milliseconds up to a few hundreds of milliseconds. Then
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Fig. 1. Electric field produced by a negative CG lightning discharge that occurred at 12:33:44 (Beijing time) on 25 July 1999 by using the
wideband slow antenna syste(a) for about 160 ms time scalfh) time expanded electric field change about 25Qust beforer1.

tion (Orville and Idone, 1982; Beasley et al., 1982, 1983;tric fields produced by natural CG lightning discharges were
Cooray and Lundquist, 1985). Thomson et al. (1985) theoretmeasured with a “wideband slow antenna” system, which is
ically discussed the propagation behavior of a leader for dif-similar to the slow antenna system originally developed by
ferent charge distributions by analyzing waveforms of dE/dt.Brook et al. (1982). It consists of a capacitive antenna con-
More recently, characteristics of current and electric fieldsnected to a charge amplifier. In order to measure the fast
produced by a leader have been extensively studied by uselectric field changes in the lightning discharges for several
ing small rocket-triggered lightning discharges (Laroche ettens of milliseconds, the system has been modified with a de-
al., 1991; Lalande et al., 1998; Wang et al., 1999). In thiscay time of about 100 ms, and a 3 dB frequency bandwidth of
paper, we present the results on the characteristics of thé Hz—1.5 MHz, which is much higher than that of the origi-
stepped and dart-stepped leaders 28Mefore the first re- nal slow antenna system. The output signals were digitized
turn stroke in natural negative CG lightning discharges withat a sampling frequency of 12.5 MHz with an amplitude res-
sub-microsecond resolution, to help the understanding of thelution of 12 bits. The digital data were recorded with a per-
related physical processes. sonal computer. The recording length is 2 Mbytes, providing
a recording duration of 160 ms. The data acquisition is trig-
gered by the fast field variation of the return stroke with a
2 |nstrumentation pre-triggered mode. During the observation period, the sen-
sor of the wideband slow antenna system was installed on the

The experimental site is located at the Guangzhou area, ifoP of a 3-story building which is about 18 m high.
southeastern China, about 180 km north of the South China
Sea. The altitude of this area is close to sea level. Elec-
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Fig. 2. Histogram of the time interval between the peak of the last leader pulse and the following first return stroke peak.

Table 1. Time intervalAT{ gr and ratioR| g between the last stepped leader pulse peak to the following first return stroke peak.

Author Region Rang (km) MeanTir (uS) RLR
Krider and Radda (1975) Florida, USA 100-200 14.9 0.1
Krider et al. (1977) Arizona, USA 30-100 11.0 0.13
Arizona, USA 20-50 - 0.07
Corray and Lundquist (1985) Sri Lanka 100-200 9.8 0.1
Qie et al. (this paper) Guangdong 6-10 12.7 0.1

3 Features of electric field changes produced by a natu- stepped leader pulses within 206 prior to the initiation of
ral negative-stepped leader first return stroke have been analyzed.

All the data analyzed in this paper were obtained on 25 July3.1 Characteristics of electric field changes produced by a
1998. An example of the electric field recorded by using the stepped leader prior to the first return stroke

wideband slow antenna system is shown in Fig. la. It was

produced by a negative discharge that occurred at 12:33:4fetajled analysis was processed based on time-expanded
(Beijing Time) at a distance of about 7km. Three return electric field waveforms produced by stepped leaders of 45
strokes are marked WiﬂRl, R2, and R3 with time inter- negative CG ||ghtn|ng discharges_ Figure 2 shows a his-
vals of 41 ms and 60 ms, respectively. Figure 1b shows theogram of the time interval between the peak of the last leader
time-expanded waveform before the first return str@iéein  pulse and the following return stroke peak. The time interval
Fig. 1a. The abrupt changes in the first return strBfeare  petween the first return stroke and the last step leader pulse
shown together with small pulses due to the stepped leadersy 7;  is from 2 to 30us , with a mean value of 127s and

It can be noted in Fig. 1b that the individual pulses of a standard deviation of 7/8. The value agrees very well
leader steps can be more easily distinguished when they anith the result given by Krider et al. (1977) of 11u8. The
near the initiation of return strokes, especially within 260  results from different authors at different areas are listed in
of the return strokes. This may be due partly to the longer dis-Table 1. It can be noted that meaT, R is not very differ-
tance from the observation site to the upper part of the chanent among different areas and different ranges. The biggest
nel and the relatively low breakdown electric field needed forvalue is 14.9s by Krider and Radda (1975) in Florida, and
leaders propagating along the upper part of the channel withthe smallest is 9.8s by Cooray and Lundquist (1985) in Sri
relatively low atmospheric pressure. Lanka. Our result is in between.

Forty-five negative CG lightning discharges to ground The electric field variation between the last step pulse and
with obvious impulsive electric field changes preceding thethe following first return stroke can be classified in three cat-
first return strokes have been analyzed. The distance of thesegories. Examples of time expanded electric field change
lightning discharges was about 6—10km. In this paper, thefrom the three different types of stepped leaders are shown
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Fig. 3. Three categories of electric field changes between last stepped leader and the first return strokes.

in Figs. 3a—c. The first return stroke is marked withand  the last leader step and the following return stroke. The third
the leader pulses are marked withAll of the three negative  type, as shown in Fig. 3c, accounts for 24.7% of all the cases,
discharges occurred in the same thunderstorm. The first typand is characterized by several small pulses between the last
is characterized by a small pulse superimposed on the abrupecognizable leader pulse and the following return stroke.
beginning of the return stroke, as shown in Fig. 3a, and acThe time intervals between the peak of the last leader pulse
counts for 42% of all the cases. The second type, as showand the following return stroke peak are g.§ 13.15us

in Fig. 3b, accounts for 33.3% of all the cases, and is charand 20.4us, respectively. The average peak of an electric
acterized by relatively smooth electric field changes betweerfield change caused by a return stroke, measured on top of a
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Fig. 4. Histograms of the time interval between successive step pi&dsy stepped leadetb) for dart-stepped leader.

18-m high building, for each of the three stepped leader catof the leader step pulses are unipolarity and symmetric, and
egories is 1.027 kV/m, 1.067 kV/m and 1.089 kV/m, respec-have the same polarity as the following return strokes. The
tively. These three types may be correlated with differentwidth of these pulses is 1.6—163, with an average value
channel branches, different upward connecting leaders fronof 4.6us. Figure 4a shows a histogram of the time inter-
the ground and so on. Further studies are needed, such as bgl between 477 successive leader steps for 45 negative CG
combining of the simultaneous optical observations, to clar-lightning discharges. The distribution is quite similar to a
ify their mechanisms. Gaussian distribution. The time interval ranges frops2o
31us, with a mean value of 1585 and a standard deviation
3.2 Statistic features of stepped leader pulses before th@f 5-3us, which agrees well with the results of Beasley et al.
first return stroke (1983) in Florida, Krider and Radda (1975) in Florida and
Krider et al. (1977) in Arizona.

As mentioned above, it is difficult in our case to distinguish  The ratio of the last stepped leader pulse peak to the fol-
an individual leader step from an electric field waveform lowing first return stroke peak was analyzed for 45 CG light-
when it is far prior to the initiation of a return stroke. There- ning discharges. Since the distances of all analyzed ground
fore, the stepped leader pulses were analyzed primarily durdischarges in this paper are 6—-10 km, the effect of propaga-
ing a 200us period just prior to the start of the first return tion on electric field waveforms was ignored for preliminary
stroke in negative CG lightning discharges. Leader pulses oéstimation. The ratio of the last leader pulse peak to the
the stepped leader in Fig. 3 usually increase in amplitude asorresponding return stroke peak &) ranged from 0.04 to
they become close to the initiation of the first return stroke,0.19, with a mean value of 0.1 and a standard deviation of
and the largest leader pulse is the last or next to the last puls@.04 for 45 cases. The results obtained by other authors are
prior to the first return stroke. As can be noted in Fig. 3, mostshown in Table 1. It can be noted from Table 1 that our result
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Fig. 5. Scatter plot of the time interval between leader step pulses versus amplitude of the following return stroke pulse.

agrees rather well with that obtained by other authors. that leaders before subsequent return strokes corresponding
Figure 5 shows the scatter plot of the average time intervato a relatively long stroke interval are more likely to be dart-
between leader step pulses versus the amplitude of the folstepped leaders. In addition, there are 4 subsequent return
lowing return stroke pulse. It can be noted that the averagestrokes preceded by impulsive electric field changes, which
time interval of a stepped leader does not change very mucks similar to that preceding the first return strokes, and the
with an increase in the return stroke peak. This suggestgorresponding stroke interval is 16.9 ms. These leader sig-
that the average stepped leader interval in different CG light-nals are probably produced by the formation of a new leader
ning discharge processes does not retain obvious changes, @hannel.
though an individual stepped leader interval in a certain CG The pulses produced by a dart-stepped leader process are
lightning discharge could vary from;2s to 31us. quite similar to that of a stepped leader in amplitude, while
the time interval between successive dart-stepped leader
3.3 Pulsating electric field waveforms produced by dart-pyises is quite different from that of a stepped leader. Fig-
stepped leader ure 4b shows a histogram of the time interval between 202

. ) . _successive dart-stepped leader pulses for 29 negative ground
Forty-six percent of the 45 negative discharges that containyischarges.  The mean time interval between successive

more than one return stroke, in Which 38% contain Sec‘?”qeader pulses is 94s, with a standard deviation of 5.5,
return _strokes a_nd_34% contain third return strokes, exhibit e, agrees well with the results of Krider et al. (1977) ob-
impulsive electric field features cz_alled dart-ste_pped leadersypined in Florida and Arizona. On the average, the time inter-
These percentages agree well with that obtained by Rakoy,| penveen successive dart-stepped leader pulses is shorter
et al. (1994) for the second return stroke of lightning dis- yha that between successive stepped leader pulses. The
charges, which was 36%. Figures 6a and b show the time exsy,gies of Orville and Idone (1982) indicated that the step-
panded electric field waveforms of two leader-return s:trokeping part of a dart-stepped leader propagated with a velocity

processes that occurred at 12:28:41 and 13:10:43 (Beij'n%reaterthan that of a stepped leader preceding the first return

Time), respectively. The stroke intervals preceding the tWOgy ke and had a shorter time interval between successive
return strokes are 30 ms and 85 ms, respectively. It can b?eader steps, which agrees with our results

noted in Fig. 6a that the leader waveform is smooth with ¢ istribution of the time interval between successive

little step-like pulses, while that of Fig. 6b is characterized dart-stepped leader pulses is different from that of stepped
by step-like pulses, possibly indicating that leaders of SUb'Ieaders, as shown in Figs. 4a and b. The distribution in
sequent return strokes corresponding to a long stroke interFig. 4a is quite similar to a Gaussian distribution, while that
val are more likely to show stepping. The leader pulses in, rig “ap is more similar to a log-normal distribution.

Fig. 6b are quite similar to a stepped leader in amplitude anci

the interval between successive leader pulses is shorter than

that of a stepped leader. The average time interval between Discussion

subsequent return strokes with a dart-stepped leader is about

74.7ms, while that of the other 62% of the second returnThe time domain electric field changes produced by 45 nat-
strokes and 66% of the third return strokes not correspondural negative CG lightning discharges have been used to an-

ing to dart-stepped leaders is about 26.7 ms. These indicatalyze the electric field characteristics produced by stepped
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Fig. 6. Electric field produced by a leader just before the initiation of a subsequent return $adart leader occurred at 12:28:41 (Beijing
Time), and(b) dart-stepped leader occurred at 13:10:43 (Beijing Time) on 25 July 1999.

and dart-stepped leaders 209 prior to the initiation of re-  stroke interval preceding the subsequent return strokes is
turn strokes of negative lightning discharges to ground. Theshown in Fig. 7. It can be noted that the distribution of the
time interval between successive stepped-leader pulses is 1tifne interval between successive steps of dart-stepped lead-
times larger than that of dart-stepped leaders. The darters is discrete when the stroke interval is shorter than 25 ms,
stepped leader preceding the subsequent return strokes propdt is positively proportional to the stroke interval when it is
agates completely or partly, following the previously formed longer than 25 ms. Dart-stepped leaders preceded by a short
channels with relatively good conductivity, high temperature stroke interval (less than 25 ms) are more likely to create a
and so on, which facilitates the propagation, while steppechew path similar to the stepped leader before the first return
leaders preceding the first return strokes have to develop atroke. The time interval between successive steps of dart-
new channel by air breakdown. Therefore, a long intervalstepped leaders relates closely to the previous channel sta-
is needed for stepped leaders to develop a new step. This, such as the number density of ions, the temperature, or
better the channel conditions are, the less charge is requiretthe pressure in the previous channel and so on. The longer
in the tip of a stepped leader to drive the leader propagatthe time interval is between successive steps of dart-stepped
ing through the channel to ground. Observations of Rakoveaders, the worse the conditions of the previous channel
et al. (1994) also indicated that leaders of lower-order sub+for leader progression. Therefore, the time interval discrep-
sequent return strokes following previously formed and rel-ancy between the stepped and dart-stepped leaders might be
atively young (100 ms or less) channels were more likely tomainly due to the difference in the channel conditions.

show no stepping at all. o
The classification of stepped leader-return stroke elec-

The relationship between the average time interval of suctric field change based on the characteristics of electric
cessive steps of dart-stepped leaders and the correspondifiglds immediately preceding first return strokes has not been
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Fig. 7. Distribution of time interval between successive leader pulses for different stroke interval.

mentioned in previous literature. In a paper by Krider et lightning in Sri Lanka in the tropics, J. Geophys. Res., 90, 6099—
al. (1977), they found that the abrupt beginning of a return 6109, 1985.

stroke is preceded by a string of small pulses associated witKitagawa, N.: On the electric field change due to the leader process
the stepped leader and the last such step is visible in the and some of their discharge mechanism, Pap. Meterol. Geophys.
record just before the beginning of the return stroke which _(TOkyo)’ 7400-7414,1957. ) o

is similar to the first type in this paper. Due to the absence o rider, E. P.: The relative light intensity produced by a lightning

other simultaneous observations, the conclusions present stepped leader, J. Geophys. Res., 79, 4542-4544, 1974,
’ P rider, E. P. and Radda, G. J.: Radiation field waveforms produced

in this paper need to be further confirmed. To better under- by lightning stepped leaders, J. Geophys. Res., 80, 26532657,
stand these processes, we should employ more extensive andg75
comprehensive observations. Krider, E. P., Weidman, C. D., and Noggle, R. C.: The electric

] ] field produced by lightning stepped leaders, J. Geophys. Res.,
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