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Voltages Induced on an Overhead Wire by Lightning
Strikes to a Nearby Tall Grounded Object

Yoshihiro Baba, Member, IEEE, and Vladimir A. Rakov, Fellow, IEEE

Abstract—The aim of this study was to identify conditions under
which the presence of tall strike object can serve to increase or de-
crease lightning-induced voltages on a nearby overhead wire. We
examined the ratios of magnitudes of lightning-induced voltages on
the overhead wire for the cases of strikes to a tall object and to flat
ground as a function of distance from the lightning channel d, cur-
rent reflection coefficients at the top of the strike object ρtop and
at the bottom of the strike object ρbot, the current reflection coef-
ficient at the channel base (in the case of strikes to flat ground) ρgr,
and the return stroke speed v. Lightning-induced voltages were
computed using the finite-difference time-domain (FDTD) method.
The transmission line (TL) model was used to find the distribution
of current along the lightning channel and the strike object. The ra-
tio of magnitudes of lightning-induced voltages for tall-object and
flat-ground cases increases with increasing d (ranging from 40–200
m), decreasing ρbot(<1), decreasing ρtop (<0, except for the case
of ρbot = 0), and decreasing v (<c, speed of light). Also, the ratio
increases with decreasing the lightning current rise time. Under re-
alistic (expected) conditions such as ρbot = 1, ρtop = −0.5, and
v = c/3, the ratio is larger than unity (the tall strike object serves
to enhance lightning-induced voltages), but it becomes smaller than
unity (the tall object serves to decrease lightning-induced voltages)
under some special conditions, such as ρbot = 1, ρtop = 0, and
v = c.

Index Terms—FDTD method, lightning, lightning-induced volt-
age, return stroke model, tall object, transmission line (TL) model.

I. INTRODUCTION

I
N ORDER to optimize lightning protection means of

telecommunication and power distribution lines, one needs

to know voltages that can be induced on overhead wires by light-

ning strikes to ground or to nearby grounded objects. It appears

that the presence of tall strike object can serve to either increase

or decrease lightning electric fields and lightning-induced volt-

ages, as discussed in this paper.

Fisher and Schnetzer [1] examined the dependence of

triggered-lightning electric fields on the height of strike object

at Fort McClellan, AL. The fields were measured at distances

of 9.3 and 19.3 m from the base of a metallic strike rod whose

height was either 4.5 or 11 m. They observed that the leader

electric fields (approximately equal in magnitude to their cor-

responding return stroke fields at such close distances) tended

to be reduced as the height of the strike object increased. Thus,

it appears that the presence of a strike object served to reduce
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electric fields in its vicinity relative to the case of lightning strike

to flat ground.

Miyazaki and Ishii [2], using the Numerical Electromagnetic

Code (NEC-2) [3], examined the influence of the presence of a

tall strike object (60–240 m in height) on the associated elec-

tromagnetic fields at ground level 100 m to 500 km away from

the base of the strike object. They represented the lightning

channel by a vertical wire having distributed resistance (1 Ω/m)

and additional distributed inductance (3 µH/m), energized by

a voltage source connected between the channel and the strike

object represented by a vertical perfectly conducting wire. The

voltage source had an internal resistance of 300 Ω. Ground-

ing resistance of the strike object was assumed to be 30 Ω,

and the ground conductivity was set to 0.003 S/m. The ra-

tio of the calculated vertical electric field due to a lightning

strike to the tall object versus that due to the same strike to

flat ground was found to be smaller than unity at horizontal

distances of 100–600 m from the lightning channel and larger

than unity at distances beyond 600 m. The ratio reached its

peak around several kilometers from the channel and then ex-

hibited a decrease with increasing horizontal distance. Miyazaki

and Ishii noted that the latter decrease was due to the propaga-

tion effects (preferential attenuation of higher frequency com-

ponents of the electromagnetic wave as it propagates over lossy

ground).

Baba and Rakov [4] compared the distance dependences of

vertical electric and azimuthal magnetic fields due to a light-

ning strike to a tall object with those due to the same strike to

flat ground, using the transmission line (TL) model extended

to include a tall strike object [5]. In this model, any ground-

ing impedance can be directly specified, and the total charge

transfer to ground is the same regardless of the presence of

the strike object. Their findings can be summarized as follows:

The electric field for the strike-object case is reduced relative

to the flat-ground case at closer distances from the object. In

an idealized case that is characterized by the return stroke front

speed equal to the speed of light v = c, the current reflection

coefficient at the bottom of the strike object ρbot = 1 (ground-

ing impedance Zgr = 0), and that at the top of the object for

upward-propagating waves ρtop = 0 (characteristic impedance

of the object is equal to that of the channel Zob = Zch), the

ratio of the vertical electric fields at ground level for the strike-

object and flat-ground cases (electric field attenuation factor) is

d/
√

(d2 + h2), where h is the height of the strike object, and

d is the horizontal distance from the object. The corresponding

ratio for the azimuthal magnetic field is equal to unity. Baba

and Rakov [4] showed that the ratio for either electric or mag-

netic field increased with decreasing ρbot(ρbot < 1), decreasing
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ρtop(ρtop < 0, except for the case of ρbot = 0), and decreasing

v(v < c), and that at larger distances, it became greater than

unity.

It follows from the above that the presence of a tall strike

object reduces lightning electric fields relative to the case of

strikes to flat ground at closer ranges and enhances them at

larger distances. Note that the enhancement of remote lightning

electric and magnetic fields by the presence of a tall strike

object was also discussed by Diendorfer and Schulz [6], Rachidi

et al. [7], Rakov [8], Kordi et al. [9], and Bermudez et al. [10].

Piantini and Janiszewski [11] have shown that the magnitude

of lightning-induced voltage at the center point of a 5-km-long

horizontal wire matched at each end and located 10 m above

perfectly conducting ground and 50 m away from the strike

object increases with increasing the height of the object from

0 to 150 m if the rise time (RT) of the lightning current is

0.5 µs and decreases if the RT is 1 µs or longer. Piantini

and Janiszewski [12] have also shown that the magnitude of

lightning-induced voltage, at the center point of a 10-km-long

horizontal wire located 10 m above perfectly conducting ground

and 60 m away from the vertical lightning channel, decreases

as the height of the junction point of the descending and upward

connecting leaders gets larger when the RT of the lightning

current is 3 µs. (Note that an upward connecting leader launched

from flat ground can be regarded as a tall grounded strike ob-

ject.) They assumed that the current reflection coefficient at the

bottom of the strike object [11] or at the bottom of the upward

connecting leader [12] was equal to zero. Induced voltages

were computed using the Rusck model [13] of field-to-wire

electromagnetic coupling extended to include a tall strike

object and assuming that the current propagation speeds along

the vertical lightning channel and along the strike object were

0.3 c and c, respectively. Note that Cooray [14] showed that the

Rusck model was incomplete (because it neglected the portion

of the horizontal electric field due to the vector potential) but

yielded induced voltages that were identical to those calculated

using the more accurate Agrawal model [15] for the case of

an infinitely long horizontal wire and a vertical lightning strike

to flat perfectly conducting ground. Further, Michishita and

Ishii [16] showed that the Rusck model was equivalent to the

Agrawal model even if the horizontal wire had a finite length.

Piantini and Janiszewski [11] demonstrated that the validity of

the Rusck model extended to include a strike object by com-

paring calculated voltages with those measured in experiments

of Yokoyama et al. [17], [18]. Note that in the Agrawal model,

the sources are expressed in terms of electric excitation field.

Rachidi [19] derived an equivalent model in which the sources

are expressed solely in terms of magnetic excitation field.

Silveira and Visacro [20] (see also [21]) have shown that the

magnitude of lightning-induced voltage on a 300-m-long hori-

zontal wire matched at each end that was located 10 m above

perfectly conducting ground and 100 m away from the vertical

lightning channel increases with increasing the height of the

junction point between the descending and upward connecting

leaders. They employed a model based on the hybrid electro-

magnetic field/circuit theory approach [22], in which the current

TABLE I
RELATIONS BETWEEN CURRENT REFLECTION COEFFICIENTS (ρtop, ρbot, AND

ρgr) AND IMPEDANCES (Zob, Zch, AND Zgr) FOR FOUR DIFFERENT SETS OF

ρtop AND ρbot

wave propagation speed along the leader channels both above

and below the junction point was equal to c and used a current

waveform having a RT of 1 µs.

Voltages induced by lightning strikes to a tall object were also

calculated by Michishita et al. [23], who represented the strike

object by an R-L-C distributed circuit (R, L, and C stand for

resistance, inductance, and capacitance, respectively) and used

the Agrawal model, and by Pokharel et al. [24], who represented

the strike object by a vertical perfectly conducting wire and used

NEC-2. Both groups employed Norton’s approximation [25]

to take into account the lossy-ground effect and succeeded in

reproducing the corresponding measured voltages induced by

lightning strikes to a 200-m-high object (Fukui chimney).

In this paper, we examine the ratios of magnitudes of

lightning-induced voltages for the cases of strikes to a tall object

and to flat ground as a function of distance from the lightning

channel d, height of the strike object h, the current reflection

coefficients at the extremities of the strike object ρtop and ρbot,

the current reflection coefficient at the channel base (ground)

in the case of strikes to flat ground ρgr, the RT of lightning re-

turn stroke current, and the return stroke speed v. The reflection

coefficients ρtop, ρbot, and ρgr are given by

ρtop =
Zob − Zch

Zob + Zch

(1a)

ρbot =
Zob − Zgr

Zob + Zgr

(1b)

ρgr =
Zch − Zgr

Zch + Zgr

(1c)

where Zob is the characteristic impedance of the strike object,

Zch is the equivalent impedance of the lightning channel, and

Zgr is the grounding impedance. Table I summarizes relations

between current reflection coefficients (ρbot, ρtop, and ρgr) and

pertinent impedances (Zob, Zch, and Zgr) for four sets of ρtop,

and ρbot considered in this paper. It is clear from Table I that

ρgr is not an independent parameter; it is equal to ρbot (as

long as Zch ≥ Zob ≫ Zgr, which is expected in most practical

situations).

This paper is organized as follows: In Section II, we present

the methodology for examining electromagnetic coupling
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Fig. 1. A 1200-m-long horizontal perfectly conducting wire at distances d =
40, 60, 100, and 200 m from a tall object of height h = 100 m struck by
lightning, to be analyzed using the FDTD method. The horizontal wire has
a radius of 5 mm and is located 10 m above ground. Each end of the wire
is terminated in a 498-Ω matching resistor. The tall object and the lightning
channel are represented by a vertical array of current sources specified using the
“engineering” TL model extended to include a tall strike object [5]. The working
volume of 1400× 600× 850 m3, which is divided into 5× 5× 5 m3 cubic
cells, is surrounded by six planes of Liao’s second-order absorbing boundary
condition [28] in order to avoid reflections there.

between the lightning channel attached to a tall grounded object

and a horizontal wire above ground. In Section III, we compare

induced voltages due to a lightning strike to a 100-m-high

object with their counterparts due to the same strike to flat

ground, calculated for different values of d, ρtop, ρbot, and ρgr.

Further, we investigate the influences on the ratio of magnitudes

of lightning-induced voltages for the tall-object and flat-ground

cases of the return stroke speed v, the height of strike object h,

and the RT of lightning return stroke current waveform. In Sec-

tion IV, we compare the lightning-induced voltages calculated

using the finite-difference time-domain (FDTD) method [26]

with those calculated by Piantini and Janiszewski [11], [12]

and by Silveira and Visacro [18]. In Appendix A, we show that

for the case of strikes to flat ground, the FDTD method yields

reasonably accurate results by comparing lightning-induced

voltages calculated using our FDTD method with these

measured by Ishii et al. [27] in a small-scale experiment and in

Appendix B with those calculated using Rusck’s formula [13].

In Appendix C, we compare induced voltages due to lightning

strikes to a 200-m-high object calculated using the FDTD

method with those measured by Michishita et al. [23].

II. METHODOLOGY

The model used in this study is presented in Fig. 1, which

shows a horizontal perfectly conducting wire of length 1200 m

and radius 5 mm, at distances d = 40, 60, 100, and 200 m from

a tall object of height h = 100 m struck by lightning. The hori-

zontal wire is located 10 m above ground. Each end of the wire

is terminated in a 498-Ω matching resistor. The conductivity,

relative permittivity, and relative permeability of the ground

are set to σ = 10 mS/m, εr = 10, and µr = 1, respectively. A

600-m-long vertical lightning channel is connected to the

top of the tall object. The influence of reflections from the

upper end of the 600-m-long channel does not appear in

calculated waveforms of lightning-induced voltages within the

first 4 µs examined in this paper. Lightning-induced voltage

on the horizontal wire is evaluated by integrating the vertical

electric field from the ground surface to the height of the wire.

The electric field is calculated using the FDTD method of

solving the discretized Maxwell’s equations. Calculations are

also carried out for the cases of lightning strike to flat lossy

ground (σ = 10 mS/m) and to flat perfectly conducting ground

(σ = ∞). The working volume of 1400× 600× 850 m3

(see Fig. 1) is divided into 5× 5× 5 m3 cubic cells and is

surrounded by six planes of Liao’s second-order absorbing

boundary condition [28] to avoid reflections there. The 5-mm-

radius horizontal wire is represented in the FDTD procedure

by a zero-radius wire (simulated by forcing the tangential

components of electric field along the axis of the wire to zero)

embedded in cells for which the relative permittivity is set to

an artificially lower value and the relative permeability to an

artificially higher value [29]. For our calculations, we set εr

and µr to 0.213 and 1/0.213, respectively (see Appendix A).

In order to find the distribution of current along both the

lightning channel and the strike object, we use the “engineer-

ing” TL model extended to include a tall strike object [5]. The

reason why we use the engineering TL model instead of an

electromagnetic return stroke model [30], which would allow

a self-consistent full-wave solution for both lightning-current

distribution and fields needed to calculate voltages induced on

the wire, is that the TL model allows one to set more directly the

speeds of current waves along the tall object and the channel,as

well as reflection coefficients at the extremities of the tall object.

Evaluation of the dependence of lightning-induced voltages on

the assumed values of these speeds and reflection coefficients is

one of the main objectives of this study.

For the case of lightning strike to a tall object, equations for

current, I(z′, t), along the tall object (0 ≤ z′ ≤ h) and along the

lightning channel (z′ ≥ h), are given by Baba and Rakov [5]

and reproduced here:

I(z′, t) =
1 − ρtop

2

×
∞

∑

n=0





ρn
botρ

n
topIsc

(

h, t − h−z ′

c − 2nh
c

)

+ρn+1
bot ρn

topIsc

(

h, t − h+z ′

c − 2nh
c

)





for 0 ≤ z′ ≤ h (along the strike object) (2a)

I(z′, t) =
1 − ρtop

2

×





Isc

(

h, t − z ′−h
v

)

+
∑

n=1
∞ρn

botρ
n−1
top (1+ρtop)Isc

(

h, t − z ′−h
v − 2nh

c

)





for z′ ≥ h (along the lightning channel) (2b)
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where Isc(h, t) is the lightning short-circuit current (which is

defined as the lightning current that would be measured at an

ideally grounded strike object of negligible height), ρbot is the

current reflection coefficient at the bottom of the tall object,

ρtop is the current reflection coefficient at the top of the object

for upward-propagating waves, n is an index representing the

successive multiple reflections occurring at the two ends of the

tall object, c is the speed of light (current propagation speed

along the strike object), and v is the current propagation speed

along the channel.

Equations (2a) and (2b) are the same as equations (10a) and

(10b) of Baba and Rakov [5], except that vref , which is the

speed of current waves reflected from ground and then trans-

mitted into the lightning channel, in (10b) is replaced by v in

(2b). Rationale for replacing vref with v is discussed by Baba

and Rakov [5]. Equations (2a) and (2b) show that two current

waves of the same magnitude (1 − ρtop)Isc(h, t)/2 are initially

injected downward, into the tall object, and upward, into the

lightning channel.

The current distribution I(z′, t) along the lightning channel

for the case of strike to flat ground is given by [5]

I(z′, t) =
1 + ρgr

2
Isc

(

0, t −
z′

v

)

(3)

where Isc(0, t) is the lightning short-circuit current [same as

Isc(h, t) in (2a) and (2b) but injected at z′ = 0 instead of at

z′ = h] and ρgr is the current reflection coefficient at the channel

base (ground). Note that when h approaches zero, (2b) reduces

to (3), and (2a) reduces to (3) with z′ = 0 [5]. When h → 0,

terms in (2b) become Isc(h, t − (z′ − h)/v) ≃ Isc(0, t −
z′/v), Isc(h, t − (z′ − h)/v − 2nh/c) ≃ Isc(0, t − z′/v), and
∑∞

n=1 ρn−1
bot ρn−1

top ≃ 1/(1 − ρbotρtop), and when h → 0 and

z′ = 0, terms in (2a) become Isc(h, t − (h − z′)/c − 2nh/c) ≃
Isc(0, t), Isc(h, t − (h + z′)/c − 2nh/c) ≃ Isc(0, t), and
∑∞

n=0 ρn
botρ

n
top ≃ 1/(1 − ρbotρtop). The total charge transfer

to ground, calculated integrating current given by (2a) at z′ = 0,

is the same as that calculated integrating current given by (3)

at z′ = 0 [4]. Therefore, current distributions for the case of

strikes to a tall object [(2a) and (2b)] and for the case of strikes

to flat ground (3) correspond to the same lightning discharge, as

required for examining the influence of the strike object. On the

other hand, currents injected into the lightning channel in the fol-

lowing two cases are generally different: I = (1 − ρtop)Isc/2
vs. I = (1 + ρgr)Isc/2, unless ρtop = 0 and ρgr = 0 (matched

conditions at the position of the source) or ρtop = −ρgr(Zob =
Zgr). Both these situations are physically unrealistic because

typically, ρgr = 1(Zgr ≪ Zob and Zgr ≪ Zch).

In the FDTD calculations, the lightning channel and the tall

strike object are each simulated by a vertical array of current

sources [31]. Each current source has a length of 5 m and is

described by specifying the four magnetic-field vectors forming

a square contour surrounding the cubic cell representing the

current source [31].

Lightning-induced voltages are calculated at the center point

of the horizontal wire with a time increment of 5 ns. Verification

of the applicability of the FDTD approach to the calculation of

lightning-induced voltages is presented in Appendixes A–C.

Fig. 2. (a) Current waveforms for a strike to flat ground (v = c/3, and
ρgr = 1) at different heights z ′ = 0, 100, and 200 m along the lightning chan-
nel, calculated using (3). (b) Lightning-induced voltages at the center point of
the horizontal wire at distances d = 40, 60, 100, and 200 m from the lightning
channel, calculated using the FDTD method.

III. ANALYSIS AND RESULTS

In this section, we compare induced voltages on the wire

(see Fig. 1) due to a lightning strike to the 100-m-high object

with their counterparts due to the same strike to flat ground.

We start with perhaps the most realistic situation in which

v = c/3 [32], the current reflection coefficient at the bottom

of the object is ρbot = 1 (Zob is usually much larger than Zgr),

and the current reflection coefficient at the top of the tall ob-

ject is ρtop = −0.5. Note that Janischewskyj et al. [33], from

their analysis of five current waveforms measured 474 m above

ground on the CN Tower, inferred ρtop to vary from −0.27 to

−0.49, and Fuchs [34], from 13 simultaneous current measure-

ments at the top and bottom of the Peissenberg tower, found ρtop

to vary from−0.39 to−0.68. In the case of lightning strike to flat

ground, we assume that the current reflection coefficient at the

channel base (ground) is ρgr = 1 (Zch is much larger than Zgr

at the strike point). The assumption of ρgr = 1 is supported by

the inference that lightning is capable of lowering its grounding

impedance to a value that is always much lower than the equiv-

alent impedance of the lightning channel [8], [35]. We describe

Isc(h, t) or Isc(0, t) using a current waveform proposed by

Nucci et al. [36], which is thought to be typical for lightning sub-

sequent return strokes. The zero-to-peak RT of this current wave-

form is about 0.5 µs (the corresponding 10–90% RT is 0.15 µs).

Fig. 2(a) shows current waveforms at different heights z′ = 0,

100, and 200 m, along the lightning channel for a lightning

strike to flat ground, calculated using (3). Fig. 2(b) shows
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Fig. 3. (a) Current waveforms for a strike to the 100-m-high object at different
heights above ground z ′ = 0 (bottom of the tall object), 100 m (top of the object
and bottom of the channel), and 200 m (100 m above the top of the object),
calculated using (2a) and (2b). (b) Lightning-induced voltages at the center point
of the horizontal wire at distances d = 40, 60, 100, and 200 m from the strike
object, calculated using the FDTD method. Note that voltage magnitudes in (b)
are higher than their counterparts for the flat-ground case shown in Fig. 2(b) for
all the distances considered.

corresponding lightning-induced voltages at the center point

of the horizontal wire at distances d = 40, 60, 100, and 200 m

from the lightning channel. As expected, the voltage magnitude

decreases with increasing distance. Fig. 3(a) and (b) is simi-

lar to Fig. 2(a) and (b) but for the case of lightning strike to

the 100-m-high object. Fig. 3(a) shows current waveforms at

different heights, z′ = 0 (bottom of the tall object), 100 (top

of the object and bottom of the channel), and 200 m (100 m

above the top of the object), calculated using (2a) and (2b), and

Fig. 3(b) shows corresponding lightning-induced voltages.

The magnitude of lightning-induced voltage is always larger in

the case of lightning strike to the 100-m-high object than in the

case of the same strike to flat ground, regardless of the distance

between the channel/strike object and the horizontal wire. The

ratios of magnitudes of lightning-induced voltages for the tall-

object case to that for the flat-ground case are 1.5, 1.6, 1.7, and

1.8 for d = 40, 60, 100, and 200 m, respectively. Note that these

ratio values for σ = 10 mS/m are not much different from their

counterparts computed assuming perfectly conducting ground

(σ = ∞): 1.5, 1.7, 2.0, and 2.2 for d = 40, 60, 100, and

200 m, respectively. Also note that the difference between

magnitudes of lightning-induced voltages at the center point

of the horizontal wire located 10 m above perfectly conducting

ground for a lightning strike to flat ground calculated using the

FDTD method and those calculated using Rusck’s formula [13]

Fig. 4. Same as Fig. 3 but for ρtop = 0. Note that voltage magnitudes in
(b) are lower at d = 40 m and higher at d = 60, 100, and 200 m than their
counterparts for the flat-ground case in Fig. 2(b).

is within 5% at d ranging from 40 to 200 m (see Appendix B). In

summary, it is clear that for RT = 0.5 µs, v = c/3, ρtop = −0.5,

and ρbot = 1, lightning-induced voltages at distances ranging

from 40 to 200 m are enhanced by the presence of the 100-m-

high strike object.

We next consider the case of v = c/3, ρtop = 0, and ρbot = 1,

which differs from the previously discussed (basic) case by the

value of ρtop. The assumption ρtop = 0 implies that Zob =
Zch (matched conditions at the top of the object). Fig. 4(a)

shows current waveforms at different heights, z′ = 0, 100, and

200 m, for a lightning strike to the 100-m-high object, and

Fig. 4(b) shows corresponding lightning-induced voltages. The

magnitude of lightning-induced voltage at d = 40 m is a little

smaller in the case of lightning strike to the tall object than in the

case of the same lightning strike to flat ground [see Fig. 2(b)] and

larger at d = 60, 100, and 200 m. Thus, for v = c/3, ρtop = 0,

and ρbot = 1, lightning-induced voltages are reduced at d =
40 m (and at smaller distances) and enhanced for d ranging from

60 to 200 m by the presence of the 100-m high strike object.

We now consider the unrealistic but sometimes assumed

case of ρbot = 0 and summarize all results of this section in

Fig. 5, which shows ratios of magnitudes of lightning-induced

voltages for the tall-object and flat-ground cases for v = c/3
and different values of ρtop, ρbot, and ρgr = ρbot (except for

ρbot = 0). In the case of ρbot = 0(Zgr = Zob), ρgr becomes

equal to −ρtop. Thus, the magnitudes of current waves injected

into both the lightning channel and the strike object for strikes

to tall object, (1−ρtop)Isc/2, become equal to that injected
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Fig. 5. Ratios of magnitudes of lightning-induced voltages for tall-object (h =
100 m) and flat-ground cases for different values of ρtop and ρbot. Note that
ρgr = ρbot, except for ρbot = 0. In the latter case (Zgr = Zob), ρgr = −ρtop

(see Table I), and V tall/V flat is the same for any value of ρtop. Current waves
are assumed to propagate at speed c along the strike object and at speed v = c/3
along the lightning channel.

Fig. 6. Same as Fig. 5 but for the case of v = c.

into the channel for strikes to flat ground, (1 + ρgr)Isc/2. As a

result, the ratio of magnitudes of lightning-induced voltages for

tall-object and flat-ground cases becomes independent of ρtop.

It is clear from Fig. 5 that the ratio increases with decreasing

ρbot(ρbot < 1), decreasing ρtop (ρtop < 0, except for the case

of ρbot = 0), and with increasing distance d. This tendency is

similar to that observed by Baba and Rakov [4] for the ver-

tical electric field or azimuthal magnetic field at ground level

at distances d = 40–200 m. The ratio decreases with increas-

ing v, as follows from a comparison of Fig. 5 (v = c/3) with

Fig. 6, in which v = c (the limiting value). As seen in Fig. 6,

the lightning-induced voltage is reduced at d ranging from 40 to

200 m due to the presence of the 100-m-high strike object when

v = c, ρtop = 0, and ρbot = ρgr = 1.

We additionally examine the magnitude of lightning-

induced voltage as a function of the strike-object (junction

point) height h at d = 100 m. Fig. 7(a) shows lightning-

induced voltages calculated using the FDTD method for

v = c/3, ρtop = 0, ρbot = ρgr = 0, and h = 0, 25, 50, 100,

200, and 300 m. Fig. 7(b) shows ratios of magnitudes of

lightning-induced voltages at d = 100 m for tall-object and flat-

ground cases computed using different sets of ρtop and ρbot. It

is clear from Fig. 7 that the ratio increases with increasing h up

to 100 m and then decreases with increasing h. Fig. 8, which is

the same as Fig. 7(b) but for v = c, suggests that, except for the

case of ρtop = 0 and ρbot = 1, the ratio at d = 100 m increases

Fig. 7. (a) Lightning-induced voltages at the center point of the horizontal wire
at a distance of d = 100 m from the strike object, calculated using the FDTD
method for ρtop = 0, ρbot = 0, and different strike object heights, h = 0, 25,
50, 100, 200, and 300 m. (b) Ratios of magnitudes of lightning-induced voltages
at d = 100 m for h ranging from 0 to 300 m to that for h = 0 (strike to flat
ground) for different values of ρtop, ρbot, and ρgr. Current waves are assumed
to propagate at speed c along the strike object and at speed v = c/3 along the
lightning channel.

Fig. 8. Same as Fig. 7(b) but for v = c.

with increasing h up to 50–100 m and then decreases with

increasing h. When ρtop = 0 and ρbot = 1, the ratio decreases

monotonically with increasing h. It follows from comparison

of Figs. 7 and 8 that the ratio decreases with increasing v.

Finally, we consider the lightning-induced voltage as a func-

tion of RT of the lightning (short-circuit) current Isc. The wave-

form of Isc is approximated by an expression containing the

so-called Heidler function, and the zero-to-peak RTs are set

to about 0.5 µs, as in the basic case, 1 µs, and 3 µs (the corre-

sponding 10–90% RTs are 0.15, 0.39, and 1.42 µs, respectively).

Fig. 9(a) shows ratios of magnitudes of lightning-induced
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Fig. 9. Ratios of magnitudes of lightning-induced voltages at d = 100 m for
h ranging from 0 to 300 m to that for h = 0 (strike to flat ground) for different
zero-to-peak RTs of the lightning (short-circuit) current Isc, 0.5 µs, 1 µs, and
3 µs for (a) ρtop = −0.5 and ρbot = 1 and (b) ρbot = 0 and any ρtop. Current
waves are assumed to propagate at speed c along the strike object and at speed
v = c/3 along the lightning channel.

voltages at d = 100 m for the tall-object and flat-ground

cases for ρtop = −0.5 and ρbot = 1 and different current RTs.

Fig. 9(b) is the same as Fig. 9(a) but for ρbot = 0. When

ρbot = 0 and the RT of Isc is 3 µs, the ratio is less than unity and

decreases monotonically with increasing h. It follows from Fig.

9 that the ratio increases with decreasing the RT of lightning

current waveform. Note that ratios of magnitudes of vertical

electric fields at d = 100 m for the tall-object and flat-ground

cases for ρbot = 0 significantly decrease with increasing h re-

gardless of the RT of Isc, while those of azimuthal magnetic

fields at the same point increase more significantly as the RT

of Isc decreases (corresponding figures are not shown in this

paper). Thus, when a slow-front lightning current is injected,

the increase in the azimuthal magnetic field cannot compensate

the significant decrease in the vertical electric field. This results

in a decrease in the lightning-induced voltage (relative to the

flat-ground case) for slow-front lightning currents (RT = 3 µs)

that is seen in Fig. 9(b).

IV. DISCUSSION

A. Comparison With Calculations of Piantini and Janiszewski

[11], [12]

Piantini and Janiszewski [11], considering a return stroke ini-

tiated at the attachment point of the descending leader to the

top of a tall strike object, have shown that the magnitude of

Fig. 10. Ratios of magnitudes of lightning-induced voltages at d = 50 m for
h ranging from 0 to 300 m to that for h = 0 (strike to flat ground) calculated
using the FDTD method (solid triangles and solid circles) for ρbot = 0 and
ρtop = 0. The lightning current is assumed to rise linearly to its maximum in
0.5 µs (triangles) or 3 µs (circles) and to propagate at speed c along the strike
object and at speed v = 0.3c along the lightning channel. Ratios calculated
for the same conditions by Piantini and Janiszewski [11] are shown by hollow
triangles and hollow circles.

lightning-induced voltage on a 5-km-long horizontal wire, lo-

cated 10 m above perfectly conducting ground and 50 m away

from the strike object, increases with increasing the height of the

strike object for a lightning current waveform having a RT of 0.5

µs (rising linearly to its maximum) and decreases for a current

waveform having an RT 1 µs or longer (also rising linearly to its

maximum). They used the TL model [37] and assumed that the

return stroke speed v = 0.3c. Further, they assumed that no re-

flections occur at the top or at the bottom of the object. We can

represent this situation by setting ρtop = ρbot = ρgr = 0 and

v = 0.3c in (1a), (1b), and (2). Fig. 10 shows ratios of magni-

tudes of lightning-induced voltages on a 1200-m-long horizontal

wire, matched at both ends, located 10 m above perfectly con-

ducting ground at d = 50 m for the tall-object and flat-ground

cases, calculated for the above conditions. Note that in these

calculations, the lightning current was assumed to rise linearly

to its maximum in 0.5 or 3 µs. The ratios calculated by Piantini

and Janiszewski [11] at a distance of d = 50 m are also shown

(see hollow triangles and circles). The trends predicted by both

models agree well, except for the cases when h ≥ 50 m and the

lightning-current RT is 0.5 µs. When the RT of the lightning

current is 3 µs or longer and ρbot = 0, the ratios are less than

unity, which indicates a decrease in the induced voltage with

increasing strike-object height. Piantini and Janiszewski [11]

attributed the difference in trends for RT = 0.5 µs (hollow tri-

angles in Fig. 10) and RT = 3 µs (hollow circles in Fig. 10)

to different relative contributions of the static and induction

components of lightning electric field. Interestingly, results of

Piantini and Janiszewski for RT = 0.5 µs appear to be qualita-

tively consistent with those of Silveira and Visacro (discussed in

Section IV-B; see Fig. 12), although the latter are for RT = 1 µs,

for which Piantini and Janiszewski found the opposite trend.

Piantini and Janiszewski [12] have also shown that the magni-

tude of the lightning-induced voltage on a 5-km-long horizontal

wire located 10 m above perfectly conducting ground and 60 m

away from the lightning channel decreases as the height of the

junction point between the descending and upward connecting

leaders gets larger for a lightning current waveform having an
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Fig. 11. Ratios of magnitudes of lightning-induced voltages at d = 60 m for
heights h of the junction point between the descending and upward connecting
leaders ranging from 0 to 300 m to that for h = 0 (strike to flat ground without
an upward connecting leader), calculated using the FDTD method (solid circles)
for ρbot = 0 and ρtop = 0. Lightning current is assumed to rise linearly to its
maximum in 3 µs and to propagate at speed 0.3 c along the leader channels both
above and below the junction point. Ratios calculated for the same conditions
by Piantini and Janiszewski [12] are shown by hollow circles.

RT of 3 µs (rising linearly to its maximum). Note that con-

ceptually, an upward connecting leader in this study can be

viewed as a tall grounded strike object, which allows us to ap-

ply here the methodology described in Section II. In doing so,

we relax the assumption that waves always propagate at speed

c along the strike object. Piantini and Janiszewski [12] assumed

that both upward and downward current waves propagated from

the junction point at the same speed 0.3c. They seem to have

assumed that no reflections occur at the top and bottom of the

upward connecting leader. We can represent this situation by us-

ing RT = 3µs, setting ρtop = ρbot = ρgr = 0, and replacing all

the speeds (including c) in (1a), (1b), and (2) with 0.3 c. Fig. 11

shows the ratios of magnitudes of lightning-induced voltages on

a 1200-m-long horizontal wire, matched at both ends, located

10 m above perfectly conducting ground at d = 60 m for the

tall-object and flat-ground cases, calculated for the above con-

ditions. The ratios calculated by Piantini and Janiszewski [12]

are also shown (see hollow circles). The trends predicted by

both models agree well. The ratios are less than unity, which

indicates a decrease in induced voltage with an increase in the

junction point height.

Note that a decrease in the induced voltage at a distance of

about 50 m due to the presence of 30-m-long upward connecting

leader was predicted by Wagner and McCann [38, Fig. 16].

B. Comparison With Calculations of Silveira and Visacro [20]

As noted in Section I, Silveira and Visacro [20] and Silveira

et al. [21], considering a return stroke initiated at the junction

point between the descending and upward connecting leaders,

have found that the magnitude of the lightning-induced voltage

on a 300-m-long horizontal wire (matched at both ends) lo-

cated 10 m above perfectly conducting ground and 100 m away

from the vertical lightning channel increased with an increase

in the height of the junction point between the descending and

upward connecting leaders. For example, according to Silveira

and Visacro, the magnitude of the lightning-induced voltage

increases by a factor of 1.3 or 2.0 as the height of the junc-

Fig. 12. Ratios of magnitudes of lightning-induced voltages at d = 100 m for
junction point heights h ranging from 0 to 300 m to that for h = 0 (strike to
flat ground without an upward connecting leader), calculated using the FDTD
method (solid circles) for ρbot = 0 and ρtop = 0. Current pulses having RT
of 1 µs are assumed to propagate at speed c along the leader channels both
above and below the junction point. Ratios calculated for the same conditions
by Silveira and Visacro [20] are shown by hollow circles.

tion point increases from h = 0 to 100 or 300 m, respectively.

Silveira and Visacro [20] used a model based on the hybrid

electromagnetic field/circuit theory approach [22]. They used

a current waveform linearly rising to its maximum value in 1

µs and assumed that the current wave propagation speed along

the leader channels both above and below the junction point

was equal to c. Also, they apparently assumed that the cur-

rent reflection coefficients at the top and bottom of the upward

connecting leader were equal to zero. Thus, by setting v = c
and ρtop = ρbot = ρgr = 0 in (2a), (2b), and (3), we can sim-

ulate the current distribution used by Silveira and Visacro [20]

and compute corresponding induced voltages on the overhead

wire. Calculations were performed for d = 100 m and differ-

ent values of h ranging from 0 to 300 m. Resultant ratios of

magnitudes of lightning-induced voltages on the 300-m-long

horizontal wire (matched at both ends) located 10 m above

perfectly conducting ground for the tall-object and flat-ground

cases are shown, along with Silveira and Visacro results, in

Fig. 12, both calculated for a current waveform linearly rising

to its maximum in 1 µs. Note that the FDTD-calculated results

shown in Fig. 12 are obtained for the 300-m-long horizontal

wire (the same length as that used by Silveira and Visacro [20]),

but they are quite similar to those (not shown in this paper)

obtained for the 1200-m-long horizontal wire (see Fig. 1). The

increasing trend (voltage enhancement effect) for h = 100 m

and 300 m reported by Silveira and Visacro [20] (see hollow

circles in Fig. 12) is not consistent with the prediction of our

model. According to Visacro (personal communication, Nov.

2005), this increasing trend resulted from a computation error.

V. CONCLUSION

We examined, using the FDTD method, the ratios of magni-

tudes of lightning-induced voltages for the cases of strikes to a

100-m-high object and to flat ground as a function of distance

from the lightning channel d, current reflection coefficients at the

top of the strike object ρtop, and at the bottom of the strike object

ρbot, the current reflection coefficient at the channel base (in the
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case of strikes to flat ground) ρgr, and the return stroke speed

v. The validity of our FDTD calculations was demonstrated for

strikes to flat ground and to a tall object by comparing FDTD-

calculated voltage waveforms with the corresponding measured

ones (see Appendix A). The ratio of magnitudes of lightning-

induced voltages for tall-object and flat-ground cases increases

with increasing d, decreasing ρbot(<1), decreasing ρtop (<0,

except for the case of ρbot = 0), and decreasing v(<c). The

ratio is larger than unity (strike object serves to enhance the in-

duced voltage) for d = 40–200 m and realistic conditions such

as ρbot = (ρgr) = 1, ρtop = −0.5, and v = c/3, but becomes

smaller than unity (lightning-induced voltage for the tall-object

case is smaller than for the flat-ground case) under some special

conditions such as ρbot = (ρgr) = 1, ρtop = 0, and v = c.

Further, we investigated the influence of the strike-object

height, h, at a distance of d = 100 m. We found that, in per-

haps the most realistic case (ρbot = (ρgr) = 1, ρtop = −0.5,

and v = c/3), the ratio of magnitudes of lightning-induced volt-

ages increased with increasing h from 0 to 100 m and decreased

with increasing h from 100 to 300 m. In a less-realistic case,

(ρbot = (ρgr) = 1, ρtop = 0, and v = c), the ratio was less than

unity and decreased monotonically with increasing h. Also, the

ratio was found to increase with decreasing the RT of lightning

return stroke current waveform. Our results for relatively long

current RTs (3 µs) are in good agreement with those of Pi-

antini and Janiszewski (1998), but for relatively short RTs (0.5

µs), different trends are observed. Both our and Piantini and

Janiszewski’s results for the current RT equal to 1 µs disagree

with those of Silveira and Visacro (2002).

The above findings regarding the lightning-induced voltages

in the presence of a tall strike object have important implications

for optimizing lightning protection means for telecommunica-

tion and power distribution lines.

APPENDIX A

TESTING THE VALIDITY OF THE FDTD CALCULATIONS

AGAINST EXPERIMENTAL DATA (STRIKES TO FLAT GROUND)

The FDTD method is used to solve the discretized Maxwell’s

equations to find lightning electromagnetic fields and the reac-

tion (scattered fields) of the overhead wire to these fields. The

induced voltage on a horizontal wire is calculated by integrat-

ing the vertical electric field from the ground surface to the

wire height. We show in this appendix that our FDTD method

yields reasonably accurate lightning-induced voltages for the

case of strikes to flat ground. In order to do this, we compare

lightning-induced voltages calculated using the FDTD method

with those measured by Ishii et al. [27] in a small-scale experi-

ment. In their experiment, a lightning return stroke channel was

represented by a coiled wire of length 28 m. One end of this

coiled wire was connected to a pulse generator, and the other end

was kept open. The current waveform injected into the wire was

measured using a current transformer. The apparent propagation

speed of current wave along this wire was 125 m/µs. Another

wire that was 0.25 mm in radius and 25 m in length was hori-

zontally stretched, away from the simulated lightning channel,

at a height of 0.5 m above ground. The close (to the simulated

Fig. 13. A 25-m-long horizontal wire, one end of which is at distances
x = 7.5 m and y = 0.75 m from a simulated lightning channel, as in Ishii et
al.’s [27] small-scale experiment, simulated here using the FDTD method. The
close (to the simulated channel) end of the horizontal wire is either terminated in
a 430-Ω resistance in parallel with a 20-pF capacitance (representing the input
capacitance of voltage probe) or in a 20-pF capacitance, and the remote end is ter-
minated in a 430-Ω resistance in parallel with a 20-pF capacitance. The lightning
channel is represented by a vertical array of current sources that are specified
using the “engineering” TL model [37], and the return-stroke speed is set to
125 m/µs. The working volume of 52.5× 20× 42.5 m3, which is divided into
0.25× 0.25× 0.25 m3 cubic cells, is surrounded by six planes of Liao’s second-
order absorbing boundary condition [28] in order to avoid reflections there.

channel) end of this horizontal wire was either terminated in a

430-Ω resistor or left open, and the remote end was terminated in

a 430-Ω resistor. The lightning-induced voltages at both ends of

the wire were measured using voltage probes having 20-pF input

capacitance.

Fig. 13 shows the configuration of Ishii et al.’s [27] small-

scale experiment that we simulated using the FDTD method.

We set the conductivity and relative permittivity of ground

to σ = 0.06 S/m and εr = 10, respectively. Note that Ishii

et al. [27] successfully reproduced lightning-induced voltages

measured in their experiment with Agrawal et al.’s field-to-wire

electromagnetic coupling model [15], and Pokharel et al. [39]

reproduced them with NEC-2 [3], both assuming σ = 0.06 S/m

and εr = 10. We represented the lightning return stroke channel

by a vertical array of current sources [31] that were specified

using the TL model [37] and set the return stroke speed to 125

m/µs. We represented the horizontal wire of radius 0.25 mm

in the rectangular-geometry FDTD procedure by employing a

method proposed by Noda and Yokoyama [29]. They found

that a thin wire in air had an equivalent radius of 0.23 ∆s
(∆s is the side length of cubic cells used in FDTD simula-

tions) in the case that the electric field along the axis of the

thin wire was set to zero in an orthogonal and uniform Carte-

sian grid for FDTD simulations. They further showed that a

thin wire having an arbitrary radius r∗0 could be equivalently

represented by placing a zero-radius wire in an artificial rectan-

gular prism, coaxial with the thin wire, having a cross-sectional

area of 2 ∆s × 2 ∆s and the modified relative permittivity and
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Fig. 14. Injected current waveform measured by Ishii et al. [27], which we
used as the channel-base current waveform in the TL model. The TL model-
predicted distribution of current along the lightning channel was used in FDTD
calculations of lightning-induced voltages on the horizontal wire.

permeability given by ε∗r = ln(1/0.23)/ln(∆s/r∗0) and µ∗
r =

ln(∆s/r∗0)/ln(1/0.23). In our calculations, since ∆s = 0.25
m and r∗0 = 0.25 mm, we set ε∗r = 0.213 and µ∗

r = 1/0.213 =
4.69(ε∗rε0 µ∗

r µ0 = ε0 µ0 = 1/c2).
In order to test the validity of the FDTD method, we calculated

lightning-induced voltages at both ends of the horizontal wire

(Ishii et al. [27] measured induced voltages only at the ends

of the horizontal wire) up to 300 ns with a time increment of

0.25 ns.

Fig. 14 shows the injected current waveform measured by

Ishii et al., which we used as the channel-base current wave-

form in the TL model. Fig. 15(a) shows induced-voltage wave-

forms at the close and remote ends of the horizontal wire cal-

culated using the FDTD method and those measured by Ishii

et al. [27] in the case of both ends being terminated in a par-

allel circuit of 430-Ω resistance and 20-pF capacitance. Fig.

15(b) shows those in the case of the close end being termi-

nated in a 20-pF capacitance and the remote end being ter-

minated in a parallel circuit of 430-Ω resistance and 20-pF

capacitance. It is clear from Fig. 15(a) and (b) that induced

voltages calculated using the FDTD method agree reasonably

well with those measured. Note that the FDTD-calculated volt-

age waveforms are also in good agreement with those calcu-

lated for the case of strikes to flat ground using Agrawal’s

field-to-wire coupling model [27] and those calculated using

NEC-2 [39], although results for the latter two approaches are

not presented in this paper. Hence, we conclude that our FDTD

method yields reasonably accurate lightning-induced voltages

on a horizontal wire above ground, at least for the case of strikes

to flat ground.

APPENDIX B

COMPARISON WITH RUSCK’S FORMULA

(STRIKES TO FLAT GROUND)

In this Appendix, we compare the magnitudes of lightning-

induced voltages at the center point of a 1200-m-long horizontal

wire (matched at both ends) above perfectly conducting ground,

calculated using the FDTD method, with those calculated using

Rusck’s formula [13]. Rusck derived the following expression

Fig. 15. Induced-voltage waveforms at the close and remote ends of the hor-
izontal wire, calculated using the FDTD method, and those measured by Ishii
et al. [27] (a) for the case of both ends of the horizontal wire being terminated
in a 430-Ω resistance in parallel with a 20-pF capacitance and (b) for the case
of the close end being terminated in a 20-pF capacitance and the remote end in
a 430-Ω resistance in parallel with a 20-pF capacitance.

for the magnitude of lightning-induced voltage VR flat at the

center point of an infinitely long horizontal wire at height hl

above perfectly conducting ground for a return stroke current

represented by a step function propagating at speed v along the

vertical lightning channel attached to flat ground.

VR flat =
30Imaxhl

d

(

1 +
1
√

2

v

c

1
√

1 − (v/c)2/2

)

(B1)

where Imax is the magnitude of the return stroke current, and d
is the horizontal distance from the lightning channel to the wire.

Since we used a short-front current waveform rising from zero

to its maximum in about 0.5 µs (the corresponding 10–90% RT

is 0.15 µs) in calculating lightning-induced voltages shown in

Fig. 2(b), we expect the magnitude of FDTD-calculated

lightning-induced voltage [Fig. 2(b)] to be similar to that cal-

culated using (B1). Table II shows the magnitudes of lightning-

induced voltages calculated using the FDTD method and (B1)

for the case of perfectly conducting ground (σ = ∞). It is clear

from Table II that the magnitudes of induced voltages calculated

using these two methods are in good agreement. Note that the

magnitudes of lightning-induced voltages for a ground having

σ = 10 mS/m and εr = 10 are 116, 80.4, 49.7, and 25.2 kV at

distances d = 40, 60, 100, and 200, respectively, which are only

8–24% higher than those for σ = ∞.
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TABLE II
MAGNITUDES OF LIGHTNING-INDUCED VOLTAGES AT THE CENTER POINT

OF A 1200-M-LONG HORIZONTAL WIRE 10 M ABOVE PERFECTLY

CONDUCTING GROUND∗

Fig. 16. About 300-m-long horizontal wire, each end of which is terminated in
a 400-Ω resistor, as in the Michishita et al. [23] field experiment, whose interac-
tion with lightning striking the 200-m-high Fukui chimney is simulated using the
FDTD method. Both the lightning channel and the 200-m-high strike object are
represented by the TL model extended to include a tall object [5]. The working
volume of 935× 522.5× 1045 m3, which is divided into 5.5× 5.5× 5.5 m3 cu-
bic cells, is surrounded by six planes of Liao’s second-order absorbing boundary
condition [28] in order to avoid reflections there. The conductivity and relative
permittivity of ground are set to σ = 5 or 10 mS/m and εr = 10, respectively.

APPENDIX C

TESTING THE VALIDITY OF THE FDTD CALCULATIONS

AGAINST EXPERIMENTAL DATA (STRIKES TO A TALL OBJECT)

Michishita et al. [23] measured lightning-induced voltages

on an overhead test distribution line simultaneously with

lightning currents at the top of a 200-m-high strike object

(Fukui chimney). Fig. 16 shows the configuration of their exper-

iment that we simulated using the FDTD method. A horizontal

wire 2.5 mm in radius and about 300 m in length was stretched

11 m above ground. Both ends of this horizontal wire were ter-

minated in 400-Ω resistors. Lightning-induced voltages at each

end of the horizontal wire were measured. Michishita et al. [23]

reasonably well reproduced their measured lightning-induced

voltages using the Agrawal model [15]. They represented the

strike object by a lossless uniform transmission line with char-

acteristic impedance Zob = 250 Ω, terminated in a 100-Ω re-

sistance in parallel with a 10-Ω resistance and a 0.3 mH induc-

tance (corresponding ρbot = 0.42, 0.45, and 0.52 for frequen-

cies equal to infinity, 1, and 0.2 MHz, respectively). Lightning

channel was represented by a lossless uniform transmission line

Fig. 17. (a) Current waveform measured at the top of the 200-m-high object
[23], which was used as I(h, t) in (2a) and (2b), and current waveforms at
z ′ = 0 (bottom of the object) and 400 m (200 m above the top of the object),
calculated using (2a) and (2b) for v = c/3, ρtop = −0.6 and ρbot = 0.42. (b)
Induced voltage waveforms measured at the close (to the simulated channel) and
remote ends of the horizontal wire by Michishita et al. [23] and those calculated
using the FDTD method.

whose characteristic impedance Zch = 1000 Ω (correspond-

ing to ρtop = −0.6) and the current-propagation speed along

the channel was set to v = c/3. The conductivity and relative

permittivity of ground were set to σ = 10 mS/m (or ∞) and

εr = 10, respectively.

We used the TL model extended to include a tall strike object

to represent the Fukui chimney and the lightning channel. Fol-

lowing Michishita et al. [23], we set ρtop = −0.6, ρbot = 0.42,

and v = c/3. The current distribution along the object and

channel is given by (2a) and (2b), respectively. The conductivity

and relative permittivity of ground were set to σ = 5 or 10 mS/m

and εr = 10, respectively. One of the values of conductivity

(10 mS/m) was used by Michishita et al. [23], and the other

(5 mS/m) was additionally selected because it provided a better

agreement between model-predicted and measured voltages

at the remote end of the wire. The overhead horizontal wire,

a portion of which near the remote end was neither parallel

nor perpendicular to x- or y-axis (see Fig. 16), was simulated

using a staircase approximation in the FDTD calculations.

Lightning-induced voltages at each end of the horizontal wire

were calculated up to 6 µs with a time increment of 5 ns.

Fig. 17(a) shows the current waveform measured by

Michishita et al. at the top of the Fukui chimney, which was

employed as I(h, t) in (2a) and (2b). Current waveforms

at z′ = 0 (bottom of the Fukui chimney) and z′ = 400 m
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(200 m above the top of the Fukui chimney) calculated for

ρtop = −0.6, ρbot = 0.42, and v = c/3 are also shown in

Fig. 17(a). Fig. 17(b) shows induced-voltage waveforms at the

close and remote ends of the horizontal wire, calculated using

the FDTD method for two different values of ground conduc-

tivity, along with those measured by Michishita et al. [23]. It

is clear from Fig. 17(b) that induced voltages calculated using

the FDTD method are in good agreement with measured ones.

Hence, we conclude that our FDTD method yields reasonably

accurate lightning-induced voltages on a horizontal wire above

ground for the case of strikes to a tall object.
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