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[11 This paper presents some parameters of negative cloud-to-ground lightning flashes in
terms of frequency distribution. All data are based on so-called “accurate-stroke-count
studies” from different climatological regions in the world and were already published in
the literature with the exception of our measurements. We used GPS synchronized data
from two digital high-speed cameras (at 1-8,000 frames/sec). The parameters considered in
this study are: (1) continuing current duration, (2) time intervals between strokes,

(3) number of strokes per flash and (4) total flash duration. The analysis includes Berger’s
data of Monte San Salvatore (Switzerland), which is the basis for lightning protection
standards. The comparison suggests that despite of overall agreement of those parameters
that some of them, currently used in protection standards, should be revised in order to

be more realistic.
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1. Introduction

[2] Lightning parameters are an important input for the
conception of electric power systems. They have been ana-
lyzed mainly based on lightning current measurements at
instrumented towers or measurements from rocket-triggered
lightning. Lightning current measurements are especially
important for the stroke characterization itself (e.g., peak
current and current waveshape). A review of stroke para-
meters is given by Rakov and Uman [2003] and Chowdhuri
et al. [2005]. A review of lightning interaction with power
systems is given by, e.g., Rakov [2001], lanoz [2007] and
Samaras et al. [2007]. The influence of an instrumented
tower on lightning parameters is generally not confirmed by
observations [e.g., International Council on Large Electric
Systems (CIGRE), 1997; Rakov, 2003; Visacro and Silveira,
2005]. Indirect estimation of lightning return-stroke current
from remote electromagnetic field measurements is discussed,
e.g., by Diendorfer et al. [1998].

[3] Directly measured current data obtained on Monte
San Salvatore (Switzerland) by K. Berger and his colleagues
are one of the basic inputs for the national and international
standards on lightning protection. These measurements
have been used to characterize not only the stroke but also
some flash parameters that are important for engineering
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applications [Berger et al., 1975; Anderson and Eriksson,
1980; Cooray, 2010].

[4] More recently, digital high-speed cameras have been
used for similar purposes [e.g., Ballarotti et al., 2005; Saba
et al., 2006; Campos et al., 2007; Biagi et al., 2009, 2010;
Saraiva et al., 2010; Saba et al., 2010]. In this paper, we
review some parameters of natural (not-triggered by a tower
or a rocket) negative downward lightning based on previous
accurate-stroke-count studies together with our data and
compare this data with Berger’s data of downward flashes.
The parameters are: (parameter A) continuing current
duration, (parameter B) time intervals between strokes,
(parameter C) number of strokes per flash, and (parameter D)
total flash duration. We will use one of the most common and
useful statistical presentation of a parameter in science or
engineering, which is the frequency (or probability)
distribution.

[5] An accurate-stroke-count study identifies each return-
stroke with a high confidence level, enabling better statistics
for natural lightning parameters. The accurate-stroke-count
studies discussed here provide more reliable information on
some cloud-to-ground lightning parameters than studies
based on lightning location system (LLS) data, for example.
This is because some strokes may not be detected or mis-
classified by lightning location systems. Further, the con-
tinuing current duration is not detected by lightning location
systems at all.

[6] In order to achieve reliable statistical knowledge of the
natural downward lightning parameters, care must be taken
to: (1) exclude any upward lightning, (2) distinguish
between negative and positive downward flashes due to their
different nature and characteristics and (3) ensure that all
data sets are based on accurate-stroke-count studies.
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[7]1 Cianos and Pierce [1972] showed probability dis-
tributions for these four parameters (A-D), based on various
data sets — including Berger’s —, but without distinction
between negative and positive polarities. Although Thomson
[1980] determined probability distributions for these four
parameters in natural flashes, it is not considered an
accurate-stroke-count study [Rakov and Huffines, 2003].
Janischewskyj et al. [1997] presented such distributions for
parameters (A-C) mainly based on data from upward
lightning on towers. Anderson and Eriksson [1980] ana-
lyzed these three parameters, but considered both upward
and downward flashes in their worldwide data summary.
Berger’s data from downward lightning are of special
interest in terms of stroke current characterization [Berger
et al., 1975; Berger, 1967].

2. Used Data

[8] Four past studies were already considered by Rakov
and Huffines [2003] as accurate-stroke-count studies:
(1) Kitagawa et al. [1962], in New Mexico (U.S.A.),
(2) Rakov and Uman [1990a], in Florida (U.S.A), (3) Cooray
and Pérez [1994], in Sweden, and (4) Cooray and Jayaratne
[1994], in Sri Lanka. We consider our high-speed camera
measurements in Vale do Paraiba (a valley in Sao Paulo
State, Southeastern Brazil) as a fifth accurate-stroke-count
study. In this present manuscript we compared these five
studies, based on indirect measurements of natural down-
ward lightning (electric field and/or optical records), with
the direct current measurements of negative downward
lightning on Monte San Salvatore (Switzerland) performed
by K. Berger and colleagues [Berger et al., 1975; Berger,
1967], which have been the basis for the lightning protec-
tion standards. Considering that they had a good optical
coverage and no strokes were missed (due to strokes fo the
ground and not to the tower), we consider Berger’s down-
ward lightning data on Monte San Salvatore as a sixth
accurate-stroke-count study.

[9] Our measurements comprise 883 negative cloud-to-
ground flashes (4,041 strokes) observed in 102 thunderstorm
days. Two high-speed digital video cameras (a Red Lake
Motion Scope 8000S and a FASTCAM 512 PCI 2k) with
frame rates ranging from 1,000 to 8,000 frames/second were
used by the Atmospheric Electricity Group (ELAT) to
record images of cloud-to-ground (CG) flashes in Vale do
Paraiba between January 2003 and March 2010. The sites
used during the data acquisition are located in Sdo José dos
Campos (23.212°S; 45.867°W, altitude: 635 m) and
Cachoeira Paulista (22.686°S; 44.984°W, altitude: 625 m)
cities and were not used simultaneously. Both sites are
located in the Vale do Paraiba, a valley in Sao Paulo State,
which is well covered by the Brazilian Lightning Location
System (BrasilDat). In order to identify the stroke polarity
and peak current, we used the BrasilDat data. The stroke
matching between camera and BrasilDat was done by GPS
time synchronization (to accuracy better than 1 ms). For
more details on the instrumentation, see Saba et al. [2006,
2009].

[10] In order to enhance the accuracy of our data in
terms of ground connection identification, avoiding cloud
contamination, we selected only cloud-to-ground flashes
(1) within 30 km of the observing point and, for polarity
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identification, (2) only flashes that had at least one stroke
detected as a negative cloud-to-ground stroke by the LLS.
The data set used by Saba et al. [2006] were partially
included (only those records closer than 30 km) in the data
set used in this study. Saba et al. [2006] data were based on
1,000 frames/s videos (1.0 time exposure frames). In our more
recent field campaigns (up to 2010), we could record, through
faster cameras (up to 8,000 frames/s), video frames with
0.125 ms exposure time. For this present work, we stan-
dardized our time resolution in 1.0 ms for the time-dependent
parameters (i.e., continuing current, interstroke time interval
and total flash duration) but no video frames were neglected
on the analysis that could affect stroke identification and,
consequently, the parameter “number of strokes per flash.”

[11] Kitagawa et al. [1962] used correlated electric field
and moving-film camera records. The analyses of Rakov and
Uman [1990a] were based on electric field records and
optical coverage (multiple-station TV system). Cooray and
Pérez [1994] and Cooray and Jayaratne [1994] used
broadband electric field records.

3. Discussion on the Statistics
of Lightning Parameters

[12] In the following sections, we present frequency dis-
tributions for parameters A-D of downward negative light-
ning based on data from several studies. As already done by
Cianos and Pierce [1972], Berger et al. [1975] and Berger
[1967], lightning parameters are assumed to be lognormal
distributed. Depicted values from the lognormal fit of the
studies mentioned in section 2 for the parameters presented
in this work are shown in Table 1 and are discussed in the
following.

[13] As calculated and suggested by Chowdhuri et al.
[2005], the cumulative lognormal fittings for all four para-
meters distributions presented in this section were approxi-
mated to a simpler equation for the probability (%) of a
parameter x:

P(x) = 100/(1 + (x/median)“),

where a is a fitted exponent. Such a function can be useful in
certain engineering applications of computing values easily,
e.g., dimensioning equipments and test procedures in power
engineering.

3.1.

[14] As already used in the literature, the nomenclature
for the continuing current (CC) duration ranges are: “long”
(t > 40 ms), “short” (10 > t < 40 ms) and “very short”
(t< 10 ms) [Shindo and Uman, 1989; Ballarotti et al., 2005].
For the CC duration, we compare results from our new data
set with the results obtained by Kitagawa et al. [1962] in
terms of frequency distribution. For this comparison, we
applied 3 ms as a minimum possible CC duration in order to
eliminate what could just be return-stroke pulse tails in our
high-speed camera video records. Considering all ranges of
CC (>3 ms), the median CC duration was 6 ms and the
average was 31 ms. Table 1 shows 5%, 50% and 95% values
for all our three distributions (>3, >10 and >40 ms) and
corresponding values for Kitagawa et al. [1962] long CC
distribution.

Continuing Current Duration
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Table 1. Summary for Negative Cloud-to-Ground Lightning Parameters A, B, C and D

Percentage of Cases
Exceeding Tabulated
Values (According
to a Lognormal

Arithmetic Distribution)”
Number Number Mean SD
Parameter Label/Reference Geographic Location of Storms of Events Values of In(x)* 95% 50% 5%
A: Continuing Current Duration (ms)
This Study (>3 ms) Vale do Paraiba, Brazil 102 2180 31 1.87 0.3¢ 6 142
This Study (>10 ms) Vale do Paraiba, Brazil 102 715 85 1.29 5¢ 39 344
This Study (>40 ms) Vale do Paraiba, Brazil 102 304 173 0.69 44 137 429
Kitagawa et al. [1962] (>40 ms) New Mexico, U.S.A. 1 40 206 0.70 52 163 519
B: Interstroke Time Interval (ms)
Berger et al. [1975]d Monte San Salvatore, - 133 - 1.06 7 33 150
Switzerland
Rakov et al. [1994]° Florida, U.S.A. 3 270 - 0.80 16 60 226
This study Vale do Paraiba, Brazil 102 3147 92 0.92 13 59 270
C: Number of Strokes per Flash
Berger [1967] Monte San Salvatore, - 210 32 0.70 0.9¢ 2.8 9.2
Switzerland
Cooray and Pérez [1994]® Uppsala, Sweden 5 137 34 0.59 1.3 34 8.8
Cooray and Jayaratne [1994]® Colombo, Sri Lanka 2 81 4.5 0.65 1.4 4.0 11.8
Kitagawa et al. [1962]" New Mexico, U.S.A. 3 193 6.4 0.75 1.5 5.2 17.4
Rakov and Uman [1990a]" Florida, U.S.A. 3 76 4.6 0.68 1.3 4.0 12.4
This study Vale do Paraiba, Brazil 102 883 4.6 0.54 1.9 4.6 11.2
D. Total Flash Duration (ms)
Berger et al. [1975] ) Monte San Salvatore, - 39 - 1.03 31 180 900
(only multiple-stroke flashes)' Switzerland
This study (only Vale do Paraiba, Brazil 102 736 423 0.92 66 300 1366

multiple-stroke flashes)

“Inferred standard deviation of In(x) from the fitted distribution described in the right columns.
"Values depicted from the lognormal fit of the distribution, supposing the parameter distributes as a lognormal.

“Extrapolated values from the lognormal fitting.

9The large difference that is observed in Berger’s results is due to the different definition of time interval used in his work (no-current interval). The mean

value was not available.

“Values were calculated from geometric mean (60) and standard deviation of the logarithm in base 10 (0.35). The mean value was not available.
"The number of storms involved in Berger’s data was not available, but there were certainly at least several tens of storms involved (between years

1955-1963).
€Values recalculated from histograms presented in original paper.
f‘Adapted from Rakov and Huffines [2003].
'The mean value was not available.

[15] Out of the 883 flashes recorded, 395 (45%) contained
CC with duration greater than 10 ms and 47% of all strokes
were followed by some CC (very-short, short or long CC).
The probability distribution of CC duration for our data is
presented in Figure 1. Shindo and Uman [1989] using
electric field measurements and standard video cameras
found that 37% of flashes contained CC with duration
greater than 10 ms (Florida, 3 thunderstorm days). We have
decided to consider these CC events (greater than 10 ms)
separately because, considering a typical CC amplitude of
100-200 A, the charge transfer involved in these long-last-
ing processes is equal to or greater than the charge of a
typical return-stroke (1-5 Coulombs) [Rakov and Uman,
2003]. We observed in our data set that only 2.4% (19/809)
of first strokes in multiple flashes was followed by long
CC. This percentage is in agreement with the one found
by Rakov and Uman [1990b] (2%).

[16] Long continuing currents (duration longer than
40 ms) are responsible for most serious lightning damage
associated with thermal effects, such as burned-through
ground wires and Optical Fiber Ground Wires (OPGW) of
overhead power lines [/IEC, 2003a; [EEE, 2009], blowing
fuses used to protect distribution transformers, holes in the
metal skins of aircrafts, etc. [see, e.g., Fisher and Plumer,

1977, M. A. Uman, 1984; Rakov and Uman, 1990b;
Chisholm et al., 2001]. In Table 1, our data set is compared
only with the results of Kitagawa et al. [1962] in terms of
long CC due to the small data set of other available studies.
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Figure 1. Probability distribution of 2,180 CC durations
greater or equal to 3 ms in Vale do Paraiba, Brazil.
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Figure 2. Probability distributions for interstroke intervals
based on work by Berger et al. [1975] and on this study.

Although the results from Kitagawa et al. [1962] are slightly
larger than our values, there is no significant difference
between them (two sample independent t-Test at 0.05 level).

[17] The maximum value we measured for the CC
duration was 714 ms, which is the longest CC reported in
the literature. Other extreme values were reported: one
event by Ogawa [1995] (a value between 520 and 560 ms)
shown in a histogram and another one (550 ms) observed
by Mazur et al. [1995] with a high-speed video camera. The
IEC 60794-1-2 standard for lightning protection specifies a
maximum CC duration of 500 ms for all four protection
classes (I-IV) [ZIEC, 2003b]. We observed only 6 cases of
continuing current longer than 500 ms, representing 0.28%
of the 2,180 CC events (or 0.68% of the 883 flashes).

3.2.

[18] For our data set we analyzed 3,147 interstroke inter-
vals and found 64 ms as the geometric mean of the inter-
stroke interval. This geometric mean is in close agreement
with previously published values, such as 65 ms by Shindo
and Uman [1989], 60 ms by Rakov et al. [1994], and
61 ms by Saba et al. [2006]. Figure 2 shows the probability
distribution and the lognormal fit for the whole set in com-
parison with results from Berger et al. [1975].

[19] According to Rakov and Uman [2003] and Fisher
et al. [1993], the time interval presented by Berger et al.
[1975] was actually the no-current interval between
strokes, i.e., the interstroke interval excluding any CC.
Berger’s different definition of interstroke time interval seems
to be the main reason of his left-shifted distribution shown in
Figure 2. Looking at Table 1, we can note the 50% higher
median values found for our data set (59 ms) and Rakov et al.
[1994] (60 ms), compared to 33 ms found by Berger et al.
[1975]. Geometric mean values (which correspond to the
median in a lognormal distribution [ Uman, 1984]) closer to 60
ms were also found by Cooray and Pérez [1994] (48 ms) and
by Cooray and Jayaratne [1994] (57 ms).

[20] According to our data and Rakov et al. [1994] in 95%
of cases, the interstroke interval exceeds 13—16 ms, and in
5% the interstroke interval exceeds 270-226 ms. Both
values are greater than the values given by Berger et al

Interstroke Time Interval
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[1975], suggesting that their distribution was thoroughly
biased.

[21] A reanalysis of the interstroke intervals of strokes
following the same channel in the data set of Saba et al.
[2006] shows that approximately 19% of intervals between
strokes that follow the same channel were shorter than 33 ms.
This is the time duration of the uncertainty window of
standard video images even if odd and even fields of the
frames are analyzed separately [Rakov and Huffines, 2003].
This shows the limitation of a standard video camera in the
analysis of interstroke intervals.

[22] The longest interstroke interval ever reported in the
literature was 782 ms [Saba et al., 2006]. We measured an
extremely long interstroke interval of 776 ms of two strokes
in the same ground connection with 714 ms of continuing
current visible in this interval. An interstroke interval of
482 ms but involving two different ground connections was
also observed. Another extreme interstroke interval value,
679 ms, was reported by Mazur et al. [1995]. This large
interval contained also the longest CC observed in their
study. These records and other recent observations (M. M. F.
Saba, personal communication, 2008) support the hypothe-
sis that extreme-long interstroke intervals only occur when
there is an extreme-long continuing current during this
interval to sustain the lightning channel in the ground.
Figure 2 shows that in 1.1% of the cases the interstroke
interval exceeds 500 ms, a value often applied by lightning
detection networks to group strokes into the same flash.

[23] For Saba et al. [2006], the minimum values for
interstroke time intervals were limited to 2 ms, because the
camera integrated the image in 1.0 ms-exposure frames. Due
to the same type of limitation and the standardization
imposed on our data for this present study, our smallest
interstroke interval is 1.0 ms for both same channel and new
channel formation. The smallest interstroke interval based
on electric field records found by Cooray and Pérez [1994]
was 2.5 ms (sample size of 447) and by Cooray and
Jayaratne [1994] was 0.98 ms (sample size of 284).

[24] In a detailed sub-millisecond analysis of the return-
stroke electric field signature of 76 flashes, Rakov and Uman
[1994] found some very short intervals between peaks in the
range of 15 ps to 3.3 ms. According to them, interstroke
intervals smaller than 100200 us suggest a double-
grounded stroke (forked stroke), which could be also
recognized when there is a double-grounded connection
simultaneously for some milliseconds long, as observed, e.g.,
by Ballarotti et al. [2005]. Such sub-millisecond intervals,
related to single- or double-grounded strokes, occurred in
18% of 76 flashes analyzed by Rakov and Uman [1994].
Considering strokes of same intensity, consecutive strokes
with very short intervals and same ground termination point
often would cause a larger effect in terms of damage when
striking directly an equipment or a power line compared to a
forked stroke.

3.3. Number of Strokes per Flash (Flash Multiplicity)

[25] According to the majority of the accurate-stroke-
count studies discussed here, about 75-80% of all negative
cloud-to-ground flashes have more than one stroke (see
Table 2). Comparing these studies in Table 1, the higher
multiplicity values obtained by Kitagawa et al. [1962]
are evident. In their analysis in 50% of cases, the number
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Table 2. Percentage of Negative Downward Single-Stroke Flashes Based on Accurate-Stroke-Count Studies: Berger’s Direct Tower

Measurements and Five Indirect Measurements®

Reference Geographical Location

Sample Size Percent of Single-Stroke Flashes

Berger et al. [1975]
Kitagawa et al. [1962]
Rakov and Uman [1990a]
Cooray and Pérez [1994]
Cooray and Jayaratne [1994]
This study

Mt. San Salvatore, Switzerland
New Mexico, U.S.A.
Florida, U.S.A.
Uppsala, Sweden
Colombo, Sri Lanka
Vale do Paraiba, Brazil

210 39
83 14
76 17
137 18
81 21
883 17

?Adapted from Rakov and Huffines [2003].

of strokes per flash exceeds 5.2 and in 5% the number of
strokes per flash exceeds 17.4. Their observed percentage of
single-stroke flashes of 14% is one of the lowest reported in
the literature. Rakov and Huffines [2003] argued that: “the
average number of strokes per flash in New Mexico (6.4) is
the largest reported in the literature. It is possible that
New Mexico cloud-to-ground flashes analyzed by Kitagawa
et al. [1962] had access to several thunderstorm cells that
were located side by side and were electrically active at the
same time.” Data from Lightning Location System (LLS)
observations in Austria [Diendorfer et al., 1998], data from
the U.S.A. [Rakov and Huffines, 2003] and data from an
accurate-stroke-count study in Brazil [Saba et al., 2006]
showed that there is a significant variation of this parameter
for different thunderstorm days. According to Rakov and
Huffines [2003], results obtained from two or three storms
cannot represent properly typical values. As our data are
based on 102 thunderstorm days occurring during 8 years,
we consider that the values obtained are independent of
storm type.

[26] Figure 3 shows the stroke multiplicity histogram for
all the 883 negative downward flashes observed in Vale do
Paraiba. The second criterion of the data selection in our
methodology, as presented in section 2, requires the detec-
tion of at least one stroke of the flash by the LLS in order to
identify the polarity information. This criterion introduced a
bias: flashes with low values of stroke multiplicity (1-4)
were naturally less selected (mean of 80% and minimum of

150

N = 833 flashes

©
o

Frequency
[<2]
o

12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18
Stroke Multiplicity

Figure 3. Histogram of stroke multiplicity for the 883 neg-
ative cloud-to-ground flashes observed in Vale do Paraiba,
Brazil.

67% for single-stroke flashes) when compared to the flashes
with higher multiplicities (5—-18) (mean of 95%).

[27] Figure 4 shows the probability distribution of the
number of strokes per flash observed on Vale do Paraiba
compared with values obtained by Berger [1967]. There are
significant differences between both curves (the percentage
of single-stroke flashes found by Berger et al. [1975] is
approximately two times greater than the values reported in
other accurate studies (Table 2)). The IEEE Std. 1410-2010
[ZEEE, 2011] presents a lognormal distribution with median
of 2.4 and standard deviation of the natural logarithm of
0.96. Compared to the other distributions, it has the lowest
values for 95 (hypothetical multiplicity 0.5) and 50% (2.4)
and a similar value for 5% (11.6). The major limitation of
this distribution seems to be the computation starting point
for multiplicity 1 (82%), which represents a considerable
loss of the real distribution.

[28] Based on all these accurate-count-studies and con-
sidering the limitations of each technique applied to observe,
one can recognize a certain pattern for the distribution of
flash multiplicity: the 50% value is between 3 and 5 and the
percentage of single-stroke flashes is in the range of 14-21%,
except for Berger’s data (39%) (Table 2).

[20] Data from video measurements show that the number
of ground strike points per negative flash is around 1.7
[Kitagawa et al., 1962; Rakov et al., 1994; Saba et al.,
2006]. An important engineering parameter can be directly

99,9 T
99,5 -

K. Berger [1967]

§9 L, Lognormal fit This Study V. do Paraiba

98 [ P(x)=100/(1+(x/4.6)"3.0) i
IEEE Std. 1410/2010 (med=2.4; cInx=0.96)

95 Q

90 |

X+ O m|]

Probability (%)

0‘1 1 L L L L L PR | 1
1 2 3 4 5 6 7 8910
Number of Strokes per Flash

Figure 4. Probability distribution of the number of strokes
per flash observed on Vale do Paraiba (Brazil) compared
with obtained by Berger [1967], the fit P(x) and the distribu-
tion presented in IEEE Std. 1410-2010 [/EEE, 2011].
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Figure 5. Total flash duration presented in terms of proba-
bility distribution for multistroke flashes observed on Vale
do Paraiba and those reported by Berger et al. [1975].

obtained from ratio of the average number of strokes per
flash and the average number of ground contacts per flash.
We suggest to name this parameter as Number of Strokes
per Ground Termination per Flash (Ngrg). This parameter
would be more appropriate for Risk Analysis than the
Ground Flash Density (GFD). For our measurements, with
an average of 4.6 strokes per flash and an average of 1.7
contact points per flash, the Ngrr value is 2.7. Based on
data obtained in Florida [Rakov et al., 1994; V. A. Rakov,
personal communication, 2005], the Ngrg results in the same
value: 4.6/1.67 = 2.7. Thus, a conceivable value for Ngtf is
expected to be in the range of 2-3. Analyzing Berger’s tower
data, one can note that his average number of strokes per
flash (3.2) is actually the Ngrf (in case of a tower strikes, the
number of ground contacts is always one), which is greater
than 2.7.

3.4. Total Flash Duration

[30] The total flash duration calculated in this study is the
time between the first stroke and the end of an eventual CC
following the last stroke. The probability distribution for
736 multistroke flashes observed in Vale do Paraiba is
presented in Figure 5. A comparison with Berger’s data is
also shown in Table 1.

[31] When considering all flashes (single- and multi-
stroke), Berger’s 95% (0.15 ms) and 50% (13 ms) values are
much smaller than those ones found in our measurements
(36 and 244, respectively). Three possible reasons acting
together for this discrepancy can be pointed out: (1) due to
Berger’s instrumentation with higher time resolution, the
lowest durations are of the order of tens of microseconds for
single strokes, whereas for the high-speed camera data the
minimum duration value is 1.0 ms; (2) the stroke duration
(and thus, the flash duration for single-strokes) measured by
K. Berger was time-truncated on the half peak value on the
tail [Rakov and Uman, 2003]; and (3) the very large per-
centage of single-stroke flashes found by Berger (39%)
[Berger, 1967; Berger et al., 1975].

[32] As mentioned above, this value is about two times
greater than values usually observed in natural cloud-to-
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ground lightning normally [Saba et al., 2006] (see Table 2).
For these reasons, we decided to compare only multiple-
stroke flashes.

[33] Comparing total flash duration distributions of
multiple-stroke flashes, one can note certain similarity
between results from our measurements presented here and
the values reported by Berger [1967] and Berger et al.
[1975] (see also Table 1). The sample size used in this
study is approximately 19 times larger than in Berger’s
study [Berger et al., 1975]. Also, Diendorfer et al. [1998]
found values of the same order for the flash duration
(23 ms, 175 ms and 725 ms for 95%, 50% and 5% respec-
tively) based on more than 15 thousand flashes detec-
ted by the Austrian Lightning Detection and Information
System — ALDIS.

[34] The maximum duration value observed by Saba et al.
[2006] was 1,356 ms for a 16-stroke flash. Other extreme
duration values were found by Kitagawa et al. [1962],
1,699 ms for a 12-stroke flash and 1,928 ms for a 26-stroke
flash. This value of 1,928 ms is the highest value reported in
the literature (it is important to remember the possible limi-
tation of their work mentioned in section 2.3). The maximum
flash duration value we found was 1,430 ms for a 7-stroke
flash.

[35] We also found a good correlation between the mean
flash duration and the number of strokes per flash (Figure 6).
We selected only multiplicities up to 13 because for higher
multiplicities the sample size was too small. We found a
high determination coefficient (R* = 0.95), showing that the
data are strongly correlated. A minimum flash duration per
number of strokes was previously presented by Saba et al.
[2006] and a similar evaluation for upward flashes was
done by Janischewskyj et al. [1997].

4. Conclusions

[36] This paper reviews some lightning parameters for
natural negative downward flashes. In contrast to some
analyses that focused on upward flashes [Janischewskyj
et al., 1997] and positives flashes [Cianos and Pierce,

1000 T T T T T T T T T T T T
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800 21.m 1614

700

600 61--m

500 95
400 9 =~

300 Linear fit T
L] y=63.45x + 100.1 |~
200 124 R?=0.95

100 | 145

Mean Total Flash Duration (ms)

0 1 1 1 1 1 1 1 1 1 1 1 1

1. 2 3 4 5 6 7 8 9 10 11 12 13 14

Number of Strokes per Flash

Figure 6. Mean total flash duration versus number of
strokes per flash based on the 724 multiple-stroke flashes
observed in Vale do Paraiba, Brazil. Sample sizes are
indicated.
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1972], we excluded these statistics and evaluated only
negative downward flash parameters.

[37] We discussed four parameters (CC duration, inter-
stroke time interval, number of strokes per flash and total
flash duration) and compared five accurate-stroke-count
studies with Berger’s tower measurements, which are the
basis for the national and international standards on light-
ning protection. In general, a reasonable agreement between
distributions of parameters A, B, C and D (for multiple-
stroke flashes) was found. Comparisons were performed
based on the lognormal fit of the distributions.

[38] To the best of our knowledge, these results are also
the first presented in terms of probability distribution related
to natural negative cloud-to-ground lightning including
results from different accurate-stroke-count studies obtained
in different regions of the world.

[39] Also to the best of our knowledge, this is the first time
that continuing current duration (parameter A) statistics are
presented from a few to hundreds of milliseconds. We ana-
lyzed the CC duration in three different ranges (>3, >10 and
>40 ms). First, considering all the data (=3 ms), we found an
average of 31 ms and a median of 6 ms. Second, considering
only CC durations greater than 10 ms (CCs exhibiting
already a significant charge), we found an average of 85 ms
and a median of 39 ms. Third, considering only values
greater than 40 ms, we found an average of 173 ms and a
median of 137 ms based on our data. Similar results were
obtained by Kitagawa et al. [1962] for this third range. It is
important to have in mind that CC duration measurements
(from electric field or optical/imaging techniques) are
always underestimations to a certain extent because they
might be affected by rain, daylight and/or distance between
the measurement site and the flash.

[40] Regarding interstroke time intervals (parameter B),
we show the clear left-shifted Berger’s data [Berger, 1967]
distribution when compared to the two accurate-stroke-count
data available to this parameter, Rakov et al. [1994] and our
data. Berger’s interstroke intervals values of 5%, 50% and
95% are approximately 50% lower when compared to the
respective values of the two referred studies. Berger’s para-
meters for interstroke interval do not seem to properly rep-
resent the natural downward negative lightning.

[41] The distributions of number of strokes per flash
(parameter C) presented by Berger [1967] and our mea-
surements are based on a large data set. Although Berger’s
distribution is based on tower measurements, it is similar to
our distribution. Saba et al. [2006] presented values of
average flash multiplicities varying from thunderstorm to
thunderstorm in the range of 2.2 to 6.0, supporting the
hypothesis that some studies could be biased by the limited
number of thunderstorms, which could be the case to the
other accurate-stroke-count studies. However, all six dis-
tributions (lognormal fitted values) are very similar.

[42] Regarding total flash duration (parameter D), we
focused only on the multiple-stroke flashes and we found
reasonable similarity between Berger’s data [Berger, 1967]
and our data. His data, as in parameter interstroke time
interval, is left-shifted, presenting lower values than those
presented in our data.

[43] Parameters discussed in this paper are important to
specify test procedures for surge arresters in power systems
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related to energy stresses, as well as to evaluate the perfor-
mance of lightning location systems [Cummins et al., 1998;
Pinto et al., 2006, 2007]. There is currently an ongoing
discussion about single-impulse versus multiimpulse energy
absorption of surge arrestors and also the impact of multi
impulse stress caused by multi stroke flashes (B. Richter,
personal communication, 2005). We found a linear relation
between number of strokes per flash and the mean of total
flash duration with a high correlation for multiplicities from
2 to 13. This relation could be used to create a more realistic
sequence of strokes for multiimpulse tests.

[44] More accurate-stroke-count studies should be done in
different regions of the world in order to get information
about the variation of lightning parameters in different cli-
mates. Further high-speed camera observations (frame rates
of hundreds to thousands frames/sec.) should also be done in
conjunction with broadband electric field measurements in
order to improve the lightning statistics especially on a less-
than-one-millisecond scale.
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