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Transient Response of a Tall Object to Lightning
Vladimir A. Rakov

Abstract—Experimental data showing the transient behavior of
tall objects struck by lightning are reviewed. The influence of this
transient behavior, illustrated by simple calculations, on measured
lightning current and measured remote electromagnetic fields is
discussed. The estimated equivalent impedance of the lightning
channel at the time of the initial current peak is appreciably
higher than the characteristic impedance of an ordinary tall
object (a factor of 3 or so for both the Ostankino and Peissenberg
towers and about a factor of 2 for the CN tower). The grounding
impedance of a tower is typically lower than its characteristic
impedance. Thus, the current reflection coefficient is negative at
the top and positive at the bottom of the tower. The similarity
of the statistical distributions of subsequent-return-stroke peak
currents in: 1) natural downward lightning; 2) natural upward
(object-initiated) lightning; and 3) rocket-triggered lightning
measured at objects with heights ranging from 4.5 to 540 m
suggests that current peaks are not significantly influenced by
the presence of a tall object, provided that measurements are
taken at the top of the object. This inference is consistent with
modeling results of Melander who showed that the current peaks
measured in Switzerland and Italy at the top of 70-m and 40-m
towers, respectively, are essentially unaffected by the presence of
the towers. If lightning current could be represented by an ideal
current source, current at the top of the object would be equal
to the source current at all times. The peak current measured
at the bottom of a tall object is usually more strongly influenced
by the transient process in the object than the peak current at
the top. For example, peak currents measured in the lower part
of the 540-m Ostankino tower are about a factor of two higher
than the peak currents measured near the tower top because the
current reflection coefficient at the bottom of the tower is near
. Observations and modeling suggest that a tall metallic strike
object replacing the lower part of lightning channel serves to
enhance the lightning-radiated electromagnetic fields relative to
the fields due to similar lightning discharges attached directly
to ground, this effect being more pronounced for the sharper
lightning current pulses.
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Index Terms—Lightning, lightning current, lightning electromagnetic field, tall objects, transients, traveling waves.

I. INTRODUCTION

T

HE lightning return-stroke current frequency spectrum extends from near d.c. to tens of megahertz. Thus, a lightning
current waveform can be viewed as being the superposition of
a large (strictly speaking infinite) number of frequency compowhere is the speed
nents each having wavelength
of light in free space, and is the frequency in hertz. If the
height of a strike object is comparable to or greater than some
of these wavelengths, usually the shortest wavelengths which
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Fig. 1. Typical return-stroke current waveforms of upward negative lightning
recorded near the top (at 533 m), in the middle (at 272 m), and near the bottom
(at 47 m) of the 540-m high Ostankino tower in Moscow. Differences in
current waveforms at different heights are indicative of the tower behaving as a
distributed circuit. Adapted from Gorin and Shkilev [16].

are associated with the initial rising portion of the lightning return stroke waveform, the object behaves (at the corresponding
frequencies) as a distributed circuit, as opposed to a lumped circuit. As a result, impulsive lightning currents measured on such
“electrically long” objects can be influenced (“contaminated”)
by the transient process occurring in the object. In Sections II A
and II B, experimental data that are indicative of transient processes in tall towers are reviewed. Some researchers (e.g., Guerrieri et al. 1998 [5]) alleged that the statistics on lightning return
stroke current parameters based on measurements on tall towers
may be not representative of lightning discharges to ground in
the absence of the tall object due to current reflections from the
bottom and top of the object. The estimation of this potential
bias is important, since direct current measurements for natural
lightning are usually performed on relatively tall instrumented
towers. In Section III, we will try to estimate the magnitude of
such bias. Most important, we will show that tower-top current
measurements on Mount San Salvatore in Switzerland (Berger
et al. 1975 [1]), that are usually viewed as the primary reference source for lightning research, EMC analyses, and lightning
protection practice, are not significantly affected by the transient response of the 70-m high towers. Finally, in Section IV,
we consider electromagnetic fields due to lightning strikes to
tall objects. A detailed review of the literature on the computation of lightning fields using various return-stroke models extended to include the strike object (Diendorfer and Uman 1990
[2]; Zundl 1994a [3]; Guerrieri et al. 1996, 1998, 2000 [4]–[6];
Rusan et al. 1996 [7]; Motoyama et al. 1996 [8]; Rachidi et al.
1998 [9]; Janischewskyj et al. 1998, 1999a [10], [11]; Shostak
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TABLE I
COMPARISON OF RETURN-STROKE CURRENT PEAKS (IN kA) IN NATURAL DOWNWARD, NATURAL UPWARD (OBJECT-INITIATED), AND ROCKET-TRIGGERED
LIGHTNING EFFECTIVELY TRANSPORTING NEGATIVE CHARGE TO GROUND

et al. 1999a, 2000 [12], [13]; Goshima et al. 2000 [14]; Baba
and Ishii (2001) [42]) is beyond the scope of this study. Some
of these modeling efforts are reviewed by Rakov and Uman [15,
pp. 418–420].
The definition of a lightning current that is not disturbed by
the presence of a strike object has important implications for
modeling. In this paper, the “undisturbed” current is defined as
the short-circuit current, that is, the current that: 1) would be
measured at a well-grounded object of negligible height; and
2) could be used in building a Norton equivalent circuit of the
source for modeling direct lightning strikes to various objects
and systems.
II. OBSERVATIONS OF TRAVELING WAVES WITHIN THE TALL
STRIKE OBJECT
A. Current Waveforms
Gorin and Shkilev [16] observed very different lightning current waveforms at heights of 47, 272, and 533 m above ground
on the 540-m high Ostankino tower in Moscow (see Fig. 1). The
median peak currents from their measurements at 47 and 533
m were 18 and 9 kA, respectively (see Table I). The observed
difference in peak current suggests that the effective grounding
impedance of the tower is much smaller than its characteristic
impedance and that the latter impedance is appreciably lower
than the equivalent impedance of lightning channel, as discussed
next. Gorin and Shkilev [16] used current oscillograms recorded

near the tower top (at 533 m), for the cases when current risetime was smaller than the time (about 3.5 s) required for a current wave to travel (at the speed of light) from the tower top to
its foot and back, to estimate the equivalent impedance of the
lightning channel. Their estimates varied from 600 to 2.5 k ,
while the characteristic impedance of the tower was assumed to
be 300 , and the grounding resistance was assumed to be zero
(the low-current, low-frequency value was about 0.2 ; Gorin
et al. 1977) [17].
Beierl [18], from his analysis of current waveforms measured
near the top of the 160-m high Peissenberg tower near Munich, Germany, estimated the current reflection coefficient at the
bottom of the tower to be about 1 and at the top of the tower
. The latter implies that the equivalent impedance of
about
lightning channel is a factor of 3 or so larger than the characteristic impedance of the tower, consistent with the findings of
Gorin and Shkilev [16] for the Ostankino tower. Current waveforms measured on the Peissenberg tower (together with fields
200 m from the tower and with current and field derivatives) are
shown in Fig. 2. Fuchs [43] from 13 simultaneous current measurements at the top and bottom of the Peissenberg tower, found
that the average current reflection coefficients at the bottom and
, respectively. The range of
top of the tower were 0.70 and
variation was from 0.64 to 0.81 at the tower bottom, and it was
to
at the tower top. The average ratio of the
from
equivalent impedance of the lightning channel and the characteristic impedance of the tower was 3.3. Interestingly, Fuchs [43,
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Fig. 2. Current derivative, dI =dt; current, I , magnetic field derivative, dH=dt, magnetic field, H , electric field derivative, dE=dt, and electric field, E , waveforms
for the two return strokes in an upward negative flash initiated from the Peissenberg tower on July 19, 1993. The dI =dt and I waveforms were measured at the
tower top, and dH=dt and dE=dt waveforms were measured about 200 m from the tower. The H and E waveforms were obtained by numerical integration of
dH=dt and dE=dt waveforms and, therefore, may be distorted after some microseconds. Adapted from Zundl [35].

Figs. 10 and 11] found that the current reflection coefficients at
the bottom and at the top of the Peissenberg tower estimated for
11 lightning strokes were apparently independent of either lightning current peak (ranging from about 1 to 8 kA) or maximum
current rate of rise (ranging from about 5 to 60 kA s ).
Janischewskyj et al. [19], from their analysis of 5 current
waveforms measured 474 m above ground on the 553-m high
Canadian National (CN) tower in Toronto and modeling, inferred average current reflection coefficients at the bottom and
, respectively.
at the top of the tower of about 0.40 and
The reflection coefficient at the tower bottom varied from 0.34
to 0.43, while the reflection coefficient at the top varied from
to
. The average ratio of the equivalent impedance
of the lightning channel and the characteristic impedance of the
CN tower was 2.2. The reflection coefficients reported by Janischewskyj et al. [19] were estimated assuming that the CN tower
could be represented by a uniform lossless transmission line.
Rusan et al. [7] considered CN tower models composed of 1 to
3 sections of lossless transmission lines with different parameters. It appears from their analysis that inclusion of reflections
from discontinuities in the tower can alter the inferred reflection
coefficients at the tower extremities.

B. Current Derivative Waveforms
We now discuss the transient behavior of tall towers as deduced from measurements of the time rate of change of current
in the tower, that is, the derivative of current with respect to time.
It is generally easier to identify the current derivative peak than
the current peak during a transient process in the tower because
the derivative peak is sharper. When the current derivative with
respect to time is measured near the tower top, the arrival of
the current wave reflected from the bottom of the tower to the
tower top is manifested by a second pronounced current derivative pulse, separated from the first current derivative pulse associated with the incident current wave by the time required for
a current wave to make a round-trip along the tower at nearly
the speed of light. Of course, this feature is seen only if the incident current risetime is smaller than the current round-trip time.
Two examples of such current derivative records and associated
current records obtained on the Peissenberg tower are given in
Fig. 2. The separation between the negative current derivative
peaks in Fig. 2 is 1.15 s, which corresponds to twice the time
needed for a wave to traverse the 160-m high tower at a speed
of 278 m s , slightly less than the speed of light.
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Fig. 3. Equivalent circuit for the case of lightning strike to ground or to an
object of negligible height. Lightning is represented by a Norton equivalent
circuit composed of an ideal current source representing the short-circuit current
I in parallel with a lightning channel equivalent impedance Z . Z is the
effective grounding impedance at the lightning attachment point, and I
is
the current that would be measured at the attachment point.

Montandon and Beyeler [20] presented, for two lightning
events, current derivative waveforms measured at heights of
248 and 175 m above ground on the 248-m high St. Chrischona
tower near Basel, Switzerland. For one of the events the
separation between the current derivative pulses was 1.66 s
at 248 m and 1.16 s at 175 m above ground, consistent with
a wave propagation speed nearly equal to the speed of light.
For the second event presented by Montandon and Beyeler
[20], the current derivative waveforms at both heights appear
as singly-peaked pulses.
Shostak et al. [21] presented current derivative waveforms,
showing evidence of reflections, measured 474 m above ground
on the 553-m high CN tower, and associated electric and magnetic field waveforms measured a distance of 2 km from the
tower. They also show current waveforms obtained by integration of the measured current derivative waveforms.
III. ANALYSIS OF EFFECTS OF THE TRANSIENT PROCESS IN A
TALL STRIKE OBJECT ON MEASURED CURRENT
Let us first consider the case of lightning attachment to
ground either directly or via an object of negligible height. If we
represent lightning by a Norton equivalent circuit, as illustrated
in Fig. 3, the lightning current measured at ground,
, where
is the equivalent impedance
is the grounding impedance at the
of lightning channel,
is lightning current that
lightning attachment point, and
were equal
would be measured at the attachment point if
to zero (the short-circuit current). The equivalent impedance of
lightning channel during the “break-through phase” (part of the
lightning attachment process during which the initial current
front is formed) is largely determined by the impedance of the
“plasma switch” near the attachment point. Once the “plasma
switch” is closed, the equivalent impedance is the same as the
characteristic impedance of the channel. In the following, we
is purely resistive, that is
, and
will assume that
is a real number. Further, we will neglect nonlinear
that
and
on
processes that may lead to the dependence of
lightning current. If lightning were an ideal current source
, then lightning current measured at ground
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would be always equal to the short-circuit current
and,
(as long as it was finite), that is,
hence independent of
independent of the conditions at the strike point. As discussed
even the presence
later in this section, for the case of
of a tall (“electrically long”) strike object has no effect on the
current measured at the lightning attachment point (at the top
of the object). In the following, we will refer to the short-circuit
current as the “undisturbed” current. It is this current that is
used to build a Norton equivalent source for modeling direct
lightning strikes to various objects and systems.
ranges from hundreds to thousands of ohms,
In reality,
and measured current is nearly equal to the short-circuit current
when
, with the two idealized spe(ideal current source) and
cial cases being
(ideal grounding). In practice, the “undisturbed” current would
be measured at a well grounded object of negligible height.
Rakov et al. [22] showed that triggered-lightning return-stroke
currents measured under very different grounding conditions
were similar, suggesting that lightning is capable of lowering
the grounding impedance encountered at the attachment point
. Such lowering of the
to a value that is much lower than
grounding impedance is apparently facilitated by developing
plasma channels in the ground and along the ground surface.
We now extend the Norton-equivalent circuit shown in
Fig. 3 to include a tall strike object represented by a lossless
. In doing
transmission line with characteristic impedance
so, we neglect the presence of any upward connecting leader
from the strike object. The extended equivalent circuit is shown
in Fig. 4(a). Also given in Fig. 4(a) are expressions for the
, and at the
reflection coefficients for current at the top,
, of the object. Both
and
are assumed to
bottom,
be constants, that is, any nonlinear processes resulting in the
or
on current are neglected. If the
dependence of
, the first current reflection occurs at the
switch closes at
, where is the time required
bottom of the object at
, the
for a wave to traverse the length of the object. For
downward moving wave “sees” the characteristic impedance of
the object , and the magnitude of the initial current wave, ,
is found from the equivalent circuit shown in Fig. 4(b). Note
that the “undisturbed” current is still , as in the case of an
object of negligible height, considered above, and that usually
. We will now assume (1) that the short-circuit current
, so that
is a step function of magnitude , (2) that
, and (3) that
, as found from measurements
on both Ostankino and Peissenberg towers (see Section II-A
. Under these assumptions, currents
above), so that
versus time at the top, , and at the bottom, , of the strike
object are as shown in Fig. 5(a) and (b), respectively. In both
cases the current magnitude asymptotically approaches the
“undisturbed” value which is indicated by horizontal dashed
lines and related to the magnitude of the initial current wave
propagating down the tower by the equation given in Fig. 4(b).
varies from 0.75
Note that current at the top of the object
to 1.13 of and that current at the bottom of the object varies
). As seen in Fig. 5(a), the
from 0.75 to 1.5 of (from to
“undisturbed” lightning current, , is greater than the injected
current, , but smaller than the maximum value of current .
If lightning could be represented by an ideal current source
or
), current at the top of the
(
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Fig. 4. (a) Equivalent circuit for the case of lightning strike to a tall grounded object whose characteristic impedance is Z . Z is the effective grounding
impedance of the object.  and  are current reflection coefficients at the top and at the bottom of the object, respectively. I and I are currents that would be
measured at the top and at the bottom of the object, respectively. (b) Equivalent circuit for the case of lightning strike to a tall grounded object for t <  where 
is the time required for a current wave to traverse the length of the object. I is the magnitude of the initial downward-propagating current wave. See also caption
of Fig. 3.

Fig. 5. Current versus time waveforms that would be measured (a) at the
top and (b) at the bottom of a tall object if the short-circuit current I were a
step function, for the case of 
1 and  = 0:5 [see Fig. 4(a)]. The
“undisturbed” current magnitude, I , is indicated by the horizontal dashed lines.
The magnitude of the initial downward-propagating current wave, I , is found
from the equation given in Fig. 4(b).

=

0

object
would be equal to at all times. Indeed, in this case,
(1) current injected into the object would be equal to the source
and (2) upward-moving current reflections
current
from the bottom of the object would be necessarily cancelled
at the object top by downward-moving current reflections from
the lightning channel.
We now compare the statistical distributions of return-stroke
peak currents measured on objects of different heights and show
that these distributions are similar, suggesting that the measured
current peaks are not significantly influenced by the presence
of the object. The distributions, represented by their 99%, 95%,
90%, 50%, 10%, and 5% values are summarized in Table I for
the following three categories of events: 1) subsequent return
strokes in natural downward lightning with the strike object
height being equal to 70 m; 2) return-strokes in natural upward
(object-initiated) lightning with strike object heights ranging
from 70 to 540 m; and 3) return strokes in rocket-triggered lightning with strike object heights ranging from about 5 to 20 m.
These three types of return strokes are initiated by downward
dart leaders and are expected to have similar characteristics. Return-strokes in categories 2) and 3) are sometimes referred to
as subsequent return strokes, by analogy with return strokes in
category 1). All data for object-initiated and natural downward
lightning were obtained at the top of the strike object except for
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the Ostankino tower for which measurement both at the top and
in the lower part of the tower are included in Table I. As seen
in Table I, the distributions of peak currents measured at objects
with heights ranging from about 5 to 540 m are not much different from each other. Further, Rakov et al. [22] summarized
geometric mean peak currents from six different triggered-lightning experiments in Florida and Alabama. They found a relatively narrow range of currents, 9.9 to 15 kA, with no systematic variation with triggering structure height ranging from
4.5 to 20 m or with lower measurement limit ranging from 1
to 5 kA. Thus, the experimental data obtained at objects with
heights ranging from 4.5 to 540 m suggest that current peaks
are not significantly affected by the presence of a tall object (as
long as measurements are taken at the top of the tall object).
This inference is consistent with modeling results of Melander
[23] who estimated the influence of the presence of towers on
current measurements by Berger et al. [1], Garbagnati and Lo
Piparo [24], and Eriksson [25]. In doing so, she represented
towers by linear distributed circuits and used a distributed-circuit model of the lightning return stroke with the resistance per
unit length being determined by a gas-dynamic model, as proposed by Strawe [26]. Melander [23] found from her modeling
that the current measurements of Berger et al. [1] and Garbagnati and Lo Piparo [24] obtained at the top of, respectively,
70-m and 40-m towers are essentially unaffected by the presence of the towers. On the other hand, current peaks measured
by Eriksson [25] at the bottom of a 60-m tower were found to
be overestimated by a factor of about 1.6.
IV. ELECTROMAGNETIC FIELDS DUE TO LIGHTNING STRIKES
TO TALL OBJECTS
Diendorfer and Schulz [27] reported that current peaks estimated by the Austrian lightning locating system tend to be
somewhat higher for lightning within a radius of 1 km of towers
located on mountains than for lightning within 1 to 10 km from
the towers. Specifically, for first strokes in 81 negative flashes
located within 1 km of towers, the median peak current was
about 12 kA, while for 686 negative flashes at distances ranging
from 1 to 10 km from the towers the median peak current was
9.8 kA. To explain this difference in median peak currents, Diendorfer and Schulz [27] assumed that, because of lightning locating system errors, most flashes reported by the system as
striking ground within 1 km of towers actually terminated on
the towers. A similar effect was noted by Byerley et al. [28]
who used U.S. National Lightning Detection Network (NLDN)
data to examine lightning strikes to and in the vicinity of tall
towers in Oklahoma. Interestingly, Diendorfer and Schulz [27]
also observed a considerably larger number of strokes per flash
in strikes to towers than in strikes to ground. It is important
to note that current peaks reported by lightning locating systems are inferred from electromagnetic field peaks, usually assuming a direct proportionality between the two. Clearly, in the
case of using lightning locating system data, it is more appropriate to talk about the difference in electromagnetic field peaks,
rather than about the difference in current peaks. Indeed, for
the same channel-base current, different field peaks should be
expected for different field propagation paths (e.g., Diendorfer
et al. 1998a [29]), for different return-stroke speeds, and for
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different current decay rates along the lightning channel (e.g.,
Rakov and Dulzon 1987, 1991 [30], [31]; Janischewskyj et al.
1999a [11]). Additionally, the transient behavior of the strike
object depends on the current waveshape, and, as a result, different electric or magnetic field signatures can be produced by
lightning discharges characterized by the same current peak but
different current waveshapes (Rachidi et al. 1998 [9]; Janischewskyj et al. 1998, 1999a [10], [11]). Abdel-Rahman et al.
[32] compared two groups of measured current pulses (presumably associated with return strokes) in upward flashes initiated
from the CN tower, the first group including the first pulse in
a sequence recorded for each flash, and the second group including all pulses other than the first. They found that the current
pulses in the second group were characterized by smaller amplitudes, but tended to produce larger observed magnetic field
peaks at a distance of 2 km from the tower. A lack of proportionality between the CN-tower current peaks and either the electric
or magnetic field peaks at a distance of 2 km from the tower was
also reported, from measurements, by Janischewskyj et al. [11]
and Shostak et al. [21].
The initial, predominantly radiation electric or magnetic field
peak of the lightning return stroke is primarily determined by
current flowing near ground. If the lightning short-circuit current (see Section III above) is not influenced by the presence
of towers, higher field peaks in the case of lightning strikes to
towers might be due to: 1) the existence of two wavefronts propagating simultaneously in opposite directions from the junction
point between the descending leader and upward connecting
leader from the tower top, with the downward-moving wavefront traversing both the upward-connecting-leader channel and
the tower (neglecting current reflection at the tower top); 2) the
nearly doubling of the downward-moving current wave on reflection at the bottom of the tower (Section II); and 3) the propagation speed of current waves on the tower being nearly equal
to the speed of light, which is higher than the propagation speed
of return-stroke current wave in a lightning channel (Idone and
Orville 1982 [33]; Wang et al. 1999c [34]). Rachidi et al. [9]
noted, from their modeling of lightning strikes to the CN tower
using the modified transmission line model with exponential
current decay with height (MTLE model), that the radiation
field component of the total field is most affected (enhanced)
by the presence of the tower. Perhaps in support of this inference, many electric and magnetic fields measured at a distance
of about 200 m from the 160-m high Peissenberg tower (Zundl
1994a,b [3], [35]), examples of which are given in Fig. 2, exhibit
initial peaks, probably due to the radiation field component, that
are more pronounced than expected at this distance for strikes
to ground. According to Janischewskyj et al. [11], the contribution from the 553-m high CN tower to the total electric field at a
distance of 2 km from the tower is almost a factor of two greater
than the contribution from the lightning channel.
V. SUMMARY
Current waveforms measured on tall objects may be affected
by transient process in the object that involves wave reflections from object extremities and from impedance discontinuities within the object. The equivalent impedance of the lightning channel at the time of the initial current peak is appre-
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ciably higher than the characteristic impedance of an ordinary
tall object (a factor of 3 or so for both the Ostankino and Peissenberg towers and about a factor of 2 for the CN tower). Further, the grounding impedance of a tower is typically lower than
its characteristic impedance. As a result, the current reflection
coefficient is negative at the top and positive at the bottom of
the tower. The similarity of the statistical distributions of subsequent-return-stroke peak currents in: 1) natural downward; 2)
natural upward (object-initiated), and 3) rocket-triggered lightning measured at objects with heights ranging from 4.5 to 540
m suggests that current peaks are not significantly influenced
by the presence of a tall object, provided that measurements are
taken at the top of the object. This inference is consistent with
modeling results of Melander who showed that the current peaks
measured in Switzerland and Italy at the top of 70-m and 40-m
towers, respectively, are close to the current peaks that would be
measured on a well grounded object of neligible height. If lightning current could be represented by an ideal current source,
current at the top of the object would be equal to the source current at all times. Indeed, in this case: 1) current injected into the
object is equal to the source current; and 2) current reflections
from the bottom of the object are cancelled at the object top by
. The
current reflections from the lightning channel
current peak measured at the bottom of a tall object is usually
more strongly influenced by the transient process in the object.
For example, peak currents measured in the lower part of the
540-m Ostankino tower are about a factor of two higher than
the peak currents measured near the tower top, due to the current reflection coefficient at the bottom of the tower being near
. A tall metallic strike object replacing the lower part of lightning channel apparently serves to enhance the lightning radiated
electromagnetic fields relative to the fields due to similar lightning discharges that attach directly to ground, this effect being
more pronounced for the sharper lightning current pulses.
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