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In this study we analyze the effects of continuing current initiated by strokes following a new
channel to ground in multiple stroke flashes using high-speed video records, electric field
measurements from a fast antenna and lightning detection network data. We observed that the
long continuing current initiated by a stroke that follows a new channel also obeys the pattern in
the initiation of long continuing current suggested by Rakov and Uman [Rakov, V.A., Uman, M.A.,
2003. Lightning: Physics andEffects, 687pp., CambridgeUniv. Press,NewYork.].We alsoverify that
the statement of Rakov and Uman [Rakov, V.A. and Uman,M.A.,1990. Some properties of negative
cloud-to-ground lightning flashes versus stroke order, Journal of Geophysical Research. 95, 5447–
5453.] reporting that: “...strokes initiating long continuing currents tend to have lower initial
electricfield peak than regular strokes” is valid for strokes that create a newchannel to ground and
are followed by long continuing current (CC). Apparently the reduction of peak current value (Ip)
when the stroke is followedbya longCC is stronger than the Ip increase that is commonly observed
when strokes follow a new channel.We also find that the “exclusion zone” proposed by Saba et al.
[Saba, M.M.F., Pinto, O. Jr., Ballarotti, M.G., 2006a. Relation between lightning return stroke peak
current and following continuing current, Geophysical Research Letters 33, L23807, doi:10.1029/
2006GL027455.] is valid for new channels initiating CC, and finally we verify that a number of
strokes in the same channel larger than four or the existence of a long CC current do not always
consolidate the channel in a multiple stroke flash.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Many studies (e.g., Kitagawa et al., 1962; Winn et al., 1973;
Krehbiel, 1981; Rakov and Uman, 1990; Thottappillil et al.,
1992; Rakov et al., 1994;Willett et al., 1995; Valine and Krider,
2002; Saba et al., 2006a,b) show statistics about some
characteristics of strokes in multiple grounded flashes such
as: the number of strike points, the effect of stroke order, the
effect of the number of strokes in the previous channel, the
spatial separation of flash ground termination, and others.

These studies show, for example, that: (i) about one-half
the negative cloud-to-ground flashes create more than one
termination on the ground; (ii) the average number of strike
points per cloud-to-ground flash is 1.7; (iii) the percentage of
strokes that follow a new path to ground is about 37% for the
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second, 27% for the third and 2% for the fourth strokes and (iv)
the time interval between the strokes that follow a new path
to ground and the previous ones tend to be greater than the
interval between the strokes that follow the same channel.

Most of these studies were based on VHS tape records,
electric field measurements or both. In these cases biases can
be introduced byfinite video resolution of standard video tape
recordings or bya low sample rate of the electricfield antenna.
Mazur et al. (1995) and Saba et al. (2006a) used a high-speed
camera in order tominimizemissing strokes on video records.
Using this technique Saba also observed continuing currents
with duration shorter than 10 ms, defined by Ballarotti et al.
(2005) as “very-short” continuing currents.

Mazur et al. (1995) reported that “… all return strokes have
at least a short continuing current, of the order of one or a few
milliseconds”. Ballarotti et al. (2005), analyzing high-speed
video and fast electric field records, reported that 73% of the
strokes (650 out of 890 strokes) innegative CGflashespresented
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Table 1
A peak current comparison for different types of strokes (see text for details)

Previous Regular New+LCC

N 22 24 24
GM [kA] 14.6 12.8 8.5

Table 3
Ip values for strokes without CC

First New Same

N 55 53 77
G.M [kA] 17.3 13.3 11.4
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some luminosity persistence after the return stroke. Saba et al.
(2006b) reported that, out of 842 strokes, independently of
order, almost 50% were followed by some type of continuing
current (with duration greater than 1 ms).

In this study we try to verify if the pattern in the initiation
of long continuing current (CC) suggested by Rakov and Uman
(2003) is also valid for long CC initiated bya stroke that follows
a newchannel.We also analyzewhich effect ismost important
to the peak current value, an increase by influence of the
amount of charge stored in the channel during the stepped
leader processes through virgin air, or a reduction by influence
of the previous processeswhen the stroke is followedbya long
CC. We investigate if the “exclusion zone” proposed by Saba
et al. (2006a) is also valid for new channels initiating CC. We
also examine the effect of the number of strokes in the same
channel and the presence of a long CC on channel condition-
ing. The duration of CC is determined by means of high-speed
camera video records.

We used in this paper the definitions adopted by Kitagawa
et al. (1962) andBrooket al. (1962) that define as “longCC” those
longer than 40 ms, by Shindo and Uman (1989) that defined as
“short CC” thosewith a duration between 10ms and 40ms, and
by Saba et al. (2006a) that define as “very-short CC” thosewith a
duration less thanor equal to 10msbut greater than3ms. In this
study we used the abbreviation “LCC” to indicate the long CC
duration group and the abbreviation “SVSCC” to indicate both
short and very-short CC duration groups.

2. Instrumentation and data collection techniques

The data collection used in this study is a subset from a
large data set of negative cloud-to-ground flashes obtained by
the Atmospheric Electricity Group (ELAT) between January
2003 and March 2007 in the Paraíba Valley, a region that
nearly extends from São Paulo to Rio de Janeiro in Southeast
Brazil, and in summer 2007 in Tucson (AZ), USA.

The video records used were obtained with two high-
speed cameras, a Red Lake 8000S Motion Scope adjusted to
record 1000 frames per second (a time exposure of 1ms) and a
Photron Fastcam-512PCI adjusted to record 4000 frames per
second (a time exposure of 250 μs) and, in same cases, adjusted
to record 8000 frames per second (a time exposure of 125 μs).
All video frames were GPS synchronized and time stamped.
The triggering system was manually operated, depressing a
handheld switch when a flash occurs. The computer file that
stores the sequence of images always stored 2 s of video.
Table 2
Interstroke intervals preceding strokes followed by long CC

Previous interstroke
interval (ms)

Same
channel+LCC

New
channel+LCC

All subsequent strokes
Saba et al. (2006a)

N 43 23 608
Time (GM) 35.5 ms 54.0 ms 61.0 ms

Table 4
Ip values for strokes followed by a SVSCC

First+SVSCC New+SVSCC Same+SVSCC

N 14 38 23
G.M [kA] 38.8 15.6 10.1
The data from the Brazilian Lightning Detection Network—
BrasilDat (Pinto et al., 2006a,b, 2007)—were used in order to
identify the stroke polarity and obtain the peak current of the
strokes detected. Data from the National Lightning Detection
Network (NLDN), USA was also used. The stroke matching
between camera and network was done by GPS time syn-
chronization (timing accuracy for each GPS system less than
1 ms). The detection efficiency (DE) of the network in the region
was 88% for flashes and 55% for strokes (Ballarotti et al., 2006).
Onemust bear inmind that peak current estimation by lightning
detection networks such as BrasilDat are inferred from the peak
electric and/ormagnetic radiationfield. The relationshipbetween
peak current and peak field comes from triggered negative
lightning strokes which are similar to natural negative subse-
quent strokes. Thus, the field-to-current conversion may not be
accurate for converting first stroke fields or positive stroke fields
into currents since the physics involved in these discharges may
be different. Data from lightning detection networks are also
subject to systematic and random errors. According to Jerauld
et al. (2005) and Rakov (2005), who compared peak current
values fromtheUSNational LightningDetectionNetwork (NLDN)
with those obtained from direct measurements in triggered
lightning, the NLDN underestimated peak current by about 18%
(median value) for 70 strokes with peak currents below 50 kA.

From a data set of hundreds of lightning flashes recorded
with the high-speed camera, those with at least one stroke
following a new path to ground and identified as negative CG
flashes were selected. A flash is considered to have negative
polarity if all detected strokes have negative polarity. Flashes
with channels obscured by precipitation, terrain or were too
diffuse were discarded. From this group we selected those
whose electric field was recorded and that have at least one
stroke detected by BrasilDat.

An electric field flat-plate antenna (decay time of 0.5 ms)
was used to infer the peak current of the strokes missed by
the lightning detection network. Its bandwidth range was
from 306 Hz to 1.5 MHz and the sample rate used was 5 MS/s.
The acquisition module used was a National Instruments PCI-
6110,12-Bit with 4 analog inputs. The electric field waveforms
provide a way to estimate the peak current amplitude of any
stroke that was not detected by the BrasilDat, as long as it was
precededor followedbya detected stroke in the sameflash. To a
first approximation, the electric field peak (Ep) that is radiated
by a return stroke is proportional to its peak current (Ip) (Uman
et al., 1975; Schulz et al., 2005; Jerauld et al., 2005). For each
flash the relation between Ip and Ep for all detected strokes was
plotted. Then, using a linear fit, we obtained the Ip estimated



Table 5
Ip values for strokes followed by a long CC

First+LCC New+LCC Same+LCC

N 0 24 23
G.M [kA] – 8.5 9.1
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values for the undetected strokes. For those flashes with only
one stroke detected, the peak current of all others was inferred
simply by multiplying each peak field (obtained from the
electric field waveform) by the ratio Ip/Ep for the detected
stroke. So, itwaspossible to compare the peak current (Ip) value
for the first, new channel and subsequent strokes of 71 flashes.

3. Results and discussion

3.1. Initiation of long continuing current pattern

Rakov and Uman (2003) suggest a pattern in the initiation
of long CC. According to their suggestion, this pattern has the
following characteristics: (i) strokes initiating long CC tend to
have a smaller initial electric field peak (Ep) than regular
strokes, the latter defined as neither initiating long CC nor
preceding those doing so nor following a long CC interval; (ii)
strokes that precede those initiating a long CC are more likely
to have a relatively large Ep than regular strokes and (iii)
strokes that initiate long CC are usually preceded by a rela-
tively short interstroke interval.

In order to verify if the pattern in the initiation of long CC
suggested by Rakov andUman (2003) is also valid for the long CC
initiated by a stroke that follows a new channel, we compare the
peak currents provided by BrasilDat for the different strokes.

Table 1 shows the geometric mean of Ip values of strokes
preceding strokes initiating long CC (Previous), regular strokes,
and strokes that followed a new channel to ground and also
initiated a long CC (New+LCC).

The mean Ip values shown in Table 1 apparently cor-
roborate the criteria (i) and (ii) for strokes that follow a new
path to ground and also initiate a long CC, although the
Student t-test indicates that the sample for the criteria (ii) is
not statistically significant at the 5% confidence level.

Table 2 shows that thenewchannel strokes that initiate long
CC were preceded by a relatively short interstroke interval if
compared to the usual interstroke interval (Saba et al., 2006b).
Although the new channel formation is favored by a long time
Fig. 1. Peak current (Ip) versus CC duration for 74 s
interval between the stroke that follows a new channel and the
previous one, the time interval criteria for long CC following a
new channel apparently is also valid.

3.2. Ip values of new channel strokes followed by long CC

The first return stroke usually transfers to ground a large
amountof charge stored in the channel during the stepped leader
process through virgin air (Rakov and Uman, 2003). As the dart-
stepped leader of a new channel also propagates through some
virgin air, we expect an Ip for the new channel smaller than
the first stroke, but larger than the Ip of a subsequent stroke
that follows the same channel as the first (Rakov et al., 1994).
In order to verify this relationship for strokes followed by some
CC we divided the data set of 71 negative cloud-to-ground
flashes in 3 groups: a) thosewithout anyCC; b) those followed by
short and very-short CC (SVSCC) and c) those followed by longCC
(LCC).

The geometric mean values of Ip for the two subsets (a)
and (b), shown in Tables 3 and 4 respectively, follows the
relation:

IpfirstNIpnewNIpsame

In other words, the result is in agreement with what is
expected when no CC or a SVSCC follows the strokes.
For these subsets, the means of all groups are significantly
different at the 5% confidence level (Student t-test) with the
exception of the groups corresponding to new and same
channels without CC.

The relation between the strokes that followed a new path
to ground and those that followed the same channel, both
initiating a long CC (subset c) is shown in Table 5. We did not
find first strokes followed by a long CC in our data set.

For this subset the geometric means of Ip of the two groups
are not significantly different at the 5% confidence level.

IpnewþLCC≈IpsameþLCC

Apparently the reduction of Ip when the stroke is followed
by a long CC is stronger than the Ip increase that is commonly

observed when strokes follow a new channel.

Thus we can conclude that the statement of Rakov and
Uman (1990) reporting that: “...strokes initiating long con-
tinuing currents tend to have lower initial electric field peaks
trokes that followed a new path to ground.
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than regular strokes” is also valid for strokes that create a new
channel to ground and are followed by long CC.

2.3. The “exclusion zone” proposed by Saba et al. (2006a) and
the new channels followed by CC

Saba et al. (2006a) found that negative strokes with higher
peak current are followed by shorter CC, while those followed
by longer CC have lower peak currents. They proposed an
“exclusion zone” where no strokes followed by long CC have
peak current higher than 20 kA, and, strokes with high peak
current are never followed by a CC longer than 40 ms. In our
dataset we found 51 new channels followed by very-short or
short CC (ranging from 4 ms to 40 ms), and 23 new channels
followed by a long CC. The diagramwith the peak current (Ip)
plotted against the CC duration is shown in the (Fig. 1).

This diagram shows that new channels followed by CC also
obey the exclusion zone proposed by Saba et al. (2006a). So
we can conclude that the effects of long CC are prevalent to
the process involving a new channel.

3.4. Creation of a new channel to ground

The reason why second order strokes have the greatest
probability of creating a new channel is related to the poor
consolidation of the channel after only one stroke (Saba et al.,
2006b). Mazur et al. (1995) and Krehbiel et al. (1979) observed
that all newchannels in their studies followedan initial stroke. By
initial stroke they mean the first stroke down a given channel. A
channel is considered consolidated when it is capable of
supporting the propagation of the following leader all the way
toground, resulting in theestablishmentof anunalterablepath to
ground. Rakov et al. (1994) reported that after four strokes have
used the same channel, the path to ground is consolidated.

Saba et al. (2006b) observed the creation of a new channel
after 4 consecutive strokes have participated in channel
conditioning. In this study we observed a flash in Tucson (AZ)
with a discharge following a new path to ground after seven
strokes have participated in the conditioning of the previous
channel. The second stroke created a new channel and the
next six strokes followed this path to ground. Their peak cur-
rent (ranging from 11.4 to 35.4 kA) were greater than the
subsequent ninth stroke that again created a new channel
(10.6 kA). We found an average value of 24 ms (ranging from
17 to 37 ms) for the time intervals between previous strokes
of this flash. Although these short time intervals and relatively
higher peak currents favor channel conditioning, a new
channel occurred in a very higher-order stroke (ninth in the
flash). No continuing current was observed in any of these
interstroke intervals.

In this study we also verified that the existence of a long
CC current does not always consolidate the channel. This is
corroborated by the fact that four cases of new channel
formation were observed after strokes followed by long CC
(durations: 220, 150, 272 and 370 ms).

4. Conclusions

In this study we analyze the effects of continuing current
initiated by strokes following a new channel to ground in
multiple stroke flashes using high-speed video records,
electric field measurements and lightning detection network
data.

We can note that the pattern in the initiation of long
continuing current suggested by Rakov and Uman (2003) is
valid for the long continuing current initiated by a stroke that
follows a new channel.

The statement of Rakov and Uman (1990) reporting that: “...
strokes initiating long continuing currents tend to have lower
initial electric field peak than regular strokes” is also valid for
strokes that create a newchannel to ground and are followed by
long CC. Apparently the reduction of Ip when the stroke is
followed by a long CC is stronger than the Ip increase that is
commonly observed when strokes follow a new channel.

The “exclusion zone” proposed by Saba et al. (2006a) is
also valid for new channels initiating CC.

Finally, we verified that a number of strokes in the same
channel larger than four or the existence of a long CC current
do not always consolidate the channel in a multiple stroke
flash.
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