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Waveshapes of continuing currents and properties of M-components
in natural negative cloud-to-ground lightning from

high-speed video observations
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Abstract

Continuing current is a continuous mode of charge transfer to ground in a lightning flash. The extent to which the continuing
current contributes to the total negative charge lowered to earth is large. In order to study the waveshape of the continuing currents
of natural flashes, we developed a computational algorithm that analyzes the pixels of the images obtained by a high-speed camera
and plots luminosity-versus-time. Tower measurements have shown that during the continuing current phase of the flash the
luminosity of the channel is directly proportional to the current that flows through it. Using this information it was possible to infer
the continuing current waveshape for 63 natural discharges and classify them into six different types. Statistics on some
characteristics of 345 M-components (that occurred during the same 63 events) are also presented. As far as we know, this is the
first study on waveshapes of continuing currents for natural lightning.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and review

As described by previous works (Rakov et al., 2001;
Rakov and Uman, 2003), there are three possible modes
of charge transfer to ground associated with the strokes in
negative lightning discharges: the return stroke, the con-
tinuing current (CC) and the M-component. As the last
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two modes are the subject of this study, a brief description
of them is presented.

1.1. Continuing current

Kitagawa et al. (1962) and Brook et al. (1962) defined
“long” continuing current (CC) as indicated by a steady
electric field change with a duration in excess of 40 ms.
Shindo and Uman (1989) defined “short” CC as indi-
cated by a similar field change with a duration between
10 ms and 40 ms, and “questionable” lasting 1 to 10 ms.
Ballarotti et al. (2005), based on data from a high-speed
video system, and avoiding contamination from what
could just be return stroke pulse tails, introduced the
term “very-short” defining continuing currents with a
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Fig. 1. The continuing current rectangular waveshape used in
protection standards (RS indicates the return stroke and CC the
continuing current).
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duration less than or equal to 10 ms but greater than
3 ms. According to Ballarotti et al. (2005), 28% of the
strokes in a flash, including single stroke flashes, are
followed by some kind of continuing current (long,
short or very short). Continuing currents 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, blowing fuses used to protect distribution
transformers, holes in the metal skins of aircraft, etc
(Chisholm et al., 2001; Fisher and Plummer, 1977;
Rakov and Uman, 1990).

The value of the current is usually estimated to be
100 A, with a range from 30 to 200 A and the charge
transfer is typically between 10 and 20 C (Brook et al.,
1962; Williams and Brook, 1963; Shindo and Uman,
1989). These parameters (commonly reported and used in
lightning protection applications) are calculated assuming
that continuing currents have a constant current value with
time. Fig. 1 illustrates the rectangular shape of the con-
tinuing current used in the standards for protection appli-
cation (IEC, 2006). As far as we know, Fisher et al. (1993)
is the only study on the waveshapes of continuing currents,
which is based on direct measurements from triggered
Table 1
Review of continuing currents (CC) and M-components recent studies

Work
(triggered or
natural lightning)

Analyses

CC waveshape M-componen

Thottappillil et al., 1990(natural) X
Rakov et al., 1992(natural) X
Thottappillil et al., 1995(triggered) X
Fisher et al., 1993(triggered) X
Present study (natural) X X
lightning. They analyzed 30 continuing currents having
durations exceeding 10 ms and found that they exhibit a
variety of waveshapes that were grouped into four
categories.

In the present study a similar analysis is done, for the
first time, for natural lightning continuing currents. This
study is based on the video observation of the channel
luminosity variation with time in a millisecond scale.

1.2. M-components

The M-component, first described by Malan and
Collens (1937) is observed as an increase in luminosity
of the channel during the occurrence of a continuing current
event. The intensity of the light pulses as a function of time
is more or less symmetrical. The increase in luminosity is
associated with current pulses with amplitudes of typically
some hundreds of amperes and rise times of some hundreds
of microseconds as observed from triggered lightning
measurements (Thottappillil et al., 1995). They are
distinctly different from return stroke current pulses,
which occur only after the cessation of any preceding
current through the channel base and which typically
exhibit submicrosecond rise times (Fisher et al., 1993). M-
components may have current peaks in the kiloampere
range (one magnitude order greater than the usual values),
making them sometimes comparable to current peaks of
smaller return strokes. They typically produce a charge
transfer to ground of 0.1–0.2 C, one order of magnitude
smaller than that of a subsequent return-stroke pulse
(Rakov and Uman, 2003). Most of these parameters were
obtained for rocket-triggered or tower-initiated lightning.
For natural flashes, few statistics on the characteristics of
M-components were made and, most of them were based
on the electric field changes technique, which limits the
observation to very close range ground flashes. Table 1
summarizes previous recent work on these two subjects
(Thottappillil et al., 1990, 1995; Rakov et al., 1992; Fisher
et al., 1993) in comparison to the present study.

In the present study, a statistical distribution of M-
component characteristics is made for a larger number of
# of
CC

# of
M

Observation
method

Distance
range (km)

ts

– 88 Electric field change 2.5 to 12
– 118 Electric field change 2.5 to 27
– 158 Channel base current –
30 – Channel base current –
63 345 High-speed video 2 to 53



Fig. 2. Example of the (a) flash area and the (b) calibration area.

Fig. 4. Example of continuing current with M-components super-
imposed. The M-components are indicated by arrows.
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natural ground flashes occurring up to 50 km from the
observer. It is based on the variation of the channel
luminosity with time on a millisecond scale.

2. Data collection techniques

From more than 400 negative CG flashes recorded
with a high-speed camera during the summers of 2003 to
2005, a total of 63 events of long continuing currents
(CC) were selected. The flashes containing these CC
occurred in the Paraíba Valley region, and the observing
sites used during the data acquisition were located at São
José dos Campos (23.212° S; 45.867°W, altitude: 635 m)
Fig. 3. Px (average of pixel values) versus optical sensor data for a
triggered flash initial continuous current.
and at Cachoeira Paulista (22.686° S; 44.984°W; altitude:
625 m). Both sites are located in a region that is well
covered by the Brazilian lightning locating system —
RINDAT (Pinto, 2003; Saba et al., 2006).

Video recordings were made with a Red Lake 8000S
Motion Scope high-speed camera. The frame rate used
was 1000 frames per second. Each sequence of images
can be stored in a computer file, retrieved and replayed at
various speeds to analyze the CC in detail.

The video frames of the high-speed camera were GPS
time-stamped to an accuracy of one millisecond. This syn-
chronization allowed the correlation of each flash recorded
with those detected by the lightning locating system.
Detection efficiency of the network in the region was near
90% for flashes and near 50% for strokes (Ballarotti et al.,
2006). Contrary to most of the similar studies that used
event-to-thunder time intervals to find the distances to
flashes, this study identified most of the distances using the
solutions given by the network. It was also possible to read
the polarity and other parameters in the solutions.

2.1. Video analysis

In order to identify the M-components and to trace
the waveshape of the continuing current events a com-
putational algorithm was developed to analyze pixels of
the images obtained by the high-speed camera. Graphs
showing luminosity versus time were then generated.

Diendorfer et al. (2003) analyzed the brightness and
the current of the initial continuous current in upward
initiated flashes to the Gaisberg tower. They used a high-
speed video system to measure the brightness of the
channel from distances of a few hundred of meters from



Fig. 5. Examples of continuing current waveshapes of (a) Type I, (b) Type II, (c) Type III, (d) Type IV, (e) Type Vand (f) Type VI. The arrows indicate
the main characteristic of the waveshapes.
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Fig. 5 (continued ).

Table 2
Statistics on continuing current waveshape types compared to Fisher
et al., 1993

Type Description Fisher et al.,
1993

Present
study

I More or less exponential decay 47% (14) 24% (15)
II Hump followed by a gradual decay 36% (11) 6% (4)
III Gradual increase and decrease 10% (3) 16% (10)
IV Hump followed by a long-lasting

steady plateau
7% (2) 8% (5)

V Two or more humps – 11% (7)
VI Low intensity plateau – 35% (22)
Total 100% (30) 100% (63)
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the discharge and made direct current measurements at
the point of impact. They found an excellent linear
correlation (r2 =0.96) between brightness and current in
the range of 10 to 250 A. Based on the fact that
continuing current values in CG flashes are usually in
this range, we assumed that the variations observed in
the brightness of the channel are proportional to
variations in the current that flows along the channel.
Concerning the M-components, due to the fact that they
may reach peak current values above this range, we did
not try to estimate their intensities in this study but only
occurrence related statistics.

The events analyzed in this work occurred from a few
kilometers to tens of kilometers from the camera. Each
video was saved as a .tif file sequence and analyzed by
the mentioned computational algorithm developed with
the software IDL™ (Interactive Data Language). For
each video frame, we calculated the arithmetic average
of the pixels in the flash region area (Fig. 2a) and in a
user defined calibration area (Fig. 2b). In this calculation
we excluded the saturated pixels. A subtraction between
these averages was made in an attempt to remove the
influence of background luminosity produced by, for
example, intracloud discharges that could occur close to
the channel region of the considered flash.
A relationship between the luminosity and the pixel
values (0–255) from the camera was given in the
manufacturer's manual (Red Lake, 2002). This relation-
ship was tested for the initial continuous current of a
triggered lightning recorded with our camera and an
independent luminosity optical sensor at the International
Center for Triggered and Natural Lightning Research —
CIPRIN, located at Cachoeira Paulista (22.686° S;
44.984° W; altitude: 625 m) (Saba et al., 2005). The
relation between the two data sets is shown in Fig. 3 and
we can observe that it does follow an exponential decay



Fig. 6. Stroke distances for each Type.

Fig. 7. Example of the criteria used in the determination of M-
components properties. RS indicates the return stroke and M-1 and M-
2 two M-components. ΔtM is interval between M-1 and M-2, ΔtRM is
the M elapsed time and TM is the M duration for M-1.
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(correlation coefficient: 0.97) as predicted by the
manufacturer. Using the equation of the exponential fit
(Eq. (1)), the luminosity was recovered from an arithmetic
mean of the pixel values (Px) for eachmillisecond interval
image of the channel.

L ¼ −11d ln
271−Px
291

� �
ð1Þ

Where L is the luminosity and Px is the arithmetic
average of the pixel values obtained with the camera
(both in arbitrary units).

3. Analysis and results

3.1. Continuing current waveshape

After applying the method described in Section 2 for
63 events of continuing current, we were able to identify
the four types mentioned by Fisher et al., 1993 (I to IV),
and two other new types (V and VI). A total of 345 M-
components were detected superimposed on the wave-
shapes of the continuing currents. Having in mind the
definition of an M-component, every increase in
luminosity shown in the generated graphs was visually
inspected through the source videos to better discrim-
inate M-components from spurious fluctuations. An
example of a continuing current waveshape and M-
components is shown in Fig. 4.

Typical examples of continuing current waveshapes
that follow return strokes are presented in Fig. 5 and
described in Table 2, where our statistics are compared to
Fisher et al. (1993). All types of waveshapes for natural
flash continuing currents have M-components super-
imposed throughout the whole duration. Contrary to our
observations, Fisher et al. (1993) did not observe M-
components during periods of waveshape Types II and IV.
Also, the most frequent waveshape was not Type I but
Type VI, which was not observed by Fisher et al. (1993).
One could argue that the occurrence of each Type may be
influenced by the distance from the camera to the stroke
event (for example, a very distant case could be
mistakenly considered as Type VI due to the very low
intensity of its luminosity). On the contrary, it is possible
to notice from Fig. 6 that nearly all events occurred at
distances smaller than 35 km (only 3 exceptions in 63) and
that there is no substantial difference between the distance
distributions for each Type.

3.2. M-component

345 M-components were identified during the
continuing current phases of 63 negative flashes. Due
to the 1-ms resolution of the videos, the minimum
interval distinguishable between two consecutive M-
components was 2 ms. As the exposure time of each
frame is also 1 ms, even when an M-component lasts
less than 1 ms, it is detected as a 1-ms duration M-
component. Even if the statistics for triggered lightning
is valid for natural lightning, we believe that these two
measurement technique limitations of this study are not
substantial because, according to studies done for
triggered lightning by Thottappillil et al. (1995), 75%
of the intervals between M-components is greater than
2 ms and about 80% of the M-components durations last
longer than 1 ms.

Fig. 7 shows the criteria used in the determination of
the M-component properties, where ΔtRM is the M



Fig. 9. Occurrence of M-components elapsed time percentage over
total CC duration. The exponential fit and the correlation coefficient
are also shown.

Table 3
Summary on M-components statistics

Parameter This work Thottappillil et al., 1995

Sample
size

GM SDlog10 Sample
size

GM SDlog10

M elapsed time,
ΔtRM, ms

345 42 0.55 158 9.1 0.73

M interval,
ΔtM, ms

289 11 0.43 107 4.9 0.47

M duration,
TM, ms

345 4.8 0.23 114 2.1 0.37

GM is the geometric mean value and SDlog10 is the standard deviation
of the logarithms of the parameters.

308 L.Z.S. Campos et al. / Atmospheric Research 84 (2007) 302–310
elapsed time from the stroke, TM is the M duration and
ΔtM is the interval between consecutive M-components.
Table 3 summarizes our statistical data about M-
component parameters compared to those presented by
Thottappillil et al. (1995).
Fig. 8. Distribution of (a) all cases of M elapsed time and (b) only cases
lasting less than 150 ms (more than 80% of the total amount).
3.2.1. M-component elapsed time
The distribution of all M-component elapsed times is

shown in Fig. 8a. More than 80% of the cases were less
than 150 ms, and their distribution is shown in detail in
Fig. 10. (a) Distribution of all M intervals and (b) intervals less than
60 ms (more than 90% of the total amount of cases).



309L.Z.S. Campos et al. / Atmospheric Research 84 (2007) 302–310
Fig. 8b. The most frequent values occurred between 10
and 20 ms (57 cases in 281).

We have normalized the M elapsed time absolute
values in terms of percentage over the total duration of the
CC, as shown in Fig. 9. These data were never presented
in the literature before. Nearly 25% of M-components
occur in the first 10% of the duration of the CC, and more
than 75% occur in the first half of the CC. The occurrence
follows an exponential decay with the time of the
continuing current (correlation coefficient: 0.99).

Our geometric mean for M-component elapsed time
was 42 ms (Table 3), very different from the value
presented by Thottappillil et al. (1995), who found 9.1 ms
for triggered flashes. A possible explanation for this
discrepancy is that although we could not see elapsed
times lower than 2 ms, we recorded some very long CC.
The maximum value of elapsed time was 538 ms while
the maximum value of the elapsed time found by
Thottappillil et al. (1995) was lower than 256 ms.

3.2.2. Time interval between successive M-components
The distribution of the 289 time intervals between

successive M-components is shown in Fig. 10a. More
than 90% of the intervals are shorter than 60 ms
(distribution in detail shown in Fig. 10b), in agreement
with the range obtained by Thottappillil et al. (1995),
(intervals less than 64 ms). Note that as the camera
integrates the luminosity over 1 ms for each 1-ms
duration frame, even M-components lasting less than
1 ms were detected and considered in the statistics.
However, due to the temporal resolution of the camera,
two successive M-components with a time interval less
than 2 ms would look like a single one. This may
explain the difference in the geometric mean values
(Table 3).
Fig. 11. Distribution of M-components duration.
3.2.3. M-component duration
Fig. 11 shows the distribution of the duration of 345

M-components identified. More than 90% of the cases
lasted less than 10 ms. There is a peak of occurrence
between 4 and 6 ms (about 30%) and an extreme case
lasting 21 ms, longer than the maximum range of
16 ms shown in the distribution presented by
Thottappillil et al. (1995) for triggered lightning. Due
to the temporal resolution of the camera it was not
possible to determine with good precision the exact
duration of M-components lasting less than 2 ms,
although they could be observed and considered in the
statistics as M-components with 2-ms duration (see
Section 3.2). These 2-ms or shorter Ms represent 50%
of the cases in triggered lightning according to
Thottappillil et al. (1995) but we have found only
10% of the cases within this range, suggesting that
natural Ms tend to be longer.

4. Summary

In this paper we presented a new method to study
continuing currents and M-components of natural
negative cloud-to-ground lightning. Using a high-speed
camera some statistics were obtained on continuing
current waveshapes,M-component elapsed time, duration
and time interval.

In comparison to Fisher et al. (1993) the occurrence
of CC waveshape types in natural lightning is very
distinctive from triggered flashes. It was necessary to
introduce two other types (Type Vand Type VI) and the
most frequent type was not Type I, as presented in their
work, but Type VI, that was not observed in triggered
lightning. This is the second work on CC waveshapes
and the first one presenting statistics on this topic for
natural flashes.

The study of M-component elapsed time since return
stroke was presented in an alternative way, showing
their occurrence in terms of percentage over the total CC
duration. Nearly 25% of M-components occur in the
first 10% of the duration of the CC, and more than 75%
occur in the first half of the CC. 90% of the time interval
between M-components lasts less than 60 ms. The
duration of M-components in natural lightning tends to
be longer than those in triggered lightning.
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