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Influences of the Presence of a Tall Grounded Strike
Object and an Upward Connecting Leader on

Lightning Currents and Electromagnetic Fields
Yoshihiro Baba, Member, IEEE, and Vladimir A. Rakov, Fellow, IEEE

Abstract—Using a generalized transmission line model of the
lightning return stroke, we have investigated the influences of the
presence of a tall strike object and an upward connecting leader on
the magnitude of lightning current and on associated electric and
magnetic fields. For a typical subsequent lightning return stroke,
the peak current at the bottom of a 100-m-high object is 1.5 times
larger than the channel base peak current for the same strike to
the flat ground, regardless of the presence of a 20-m-long upward
connecting leader, while the lightning peak current at the top of the
strike object is not much different from the current in the absence
of the object. The vertical electric field due to a lightning strike to
a 100-m-high object Ez tall is reduced relative to that due to the
same strike to the flat ground Ez flat at distances ranging from 30 m
to 200 m from the object and enhanced at distances greater than
200 m. The azimuthal magnetic field for the tall object case Hϕ tall
is larger than that for the flat ground case Hϕ flat at any distance.
Beyond about 3 km, Ez tall/Ez flat becomes insensitive to distance
change and is equal to Hϕ tall/Hϕ flat.

Index Terms—Lightning, lightning return-stroke model, tall
object, transmission line (TL) model, upward connecting leader.

I. INTRODUCTION

R ECENTLY, considerable attention has been attracted to
the interaction of lightning with tall grounded strike ob-

jects [1]–[8]. When a transmissionline (TL)-type model of the
lightning return stroke is generalized to include a tall grounded
object, it is necessary to consider reflections, for which one
needs to specify appropriate reflection coefficients at the top
and bottom of the strike object. In this case, the use of an ideal
current source at the channel attachment point, inserted in se-
ries between the lightning channel and strike object [1], does
not allow one to obtain a self-consistent solution. This is be-
cause the ideal current source has infinitely large impedance,
and hence, current waves reflected from ground cannot be di-
rectly transmitted to the lightning channel. In order to avoid the
problem with lumped current sources, Rachidi et al. [4] have
proposed a distributed shunt–current–source representation of
the lightning channel, and Baba and Rakov [8] have proposed
the TL model incorporating a lumped series voltage source
at the junction point. Baba and Rakov [9] have also proposed
the TL model of the lightning return stroke that is generalized
to include a tall grounded strike object and an electrically long
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upward connecting leader. This latter model includes a lumped
series voltage source at the junction between the descending and
upward connecting leaders.

In this paper, using the TL model generalized to include a tall
grounded strike object and an electrically long upward connect-
ing leader, we investigate the influences of the presence of a tall
strike object and an upward connecting leader on the magnitude
of lightning current. We also examine influences on the vertical
electric and azimuthal magnetic fields at ground level of the
presence of a tall strike object, return-stroke propagation speed,
return-stroke current rise-time, and the strike object height.

II. TRANSMISSION LINE MODEL

In this section, we will present expressions, derived by Baba
and Rakov [9], for current along the lightning return-stroke
channel, along a grounded strike object of height h with or
without an upward connecting leader of length l launched from
the object top, and along an upward connecting leader launched
from ground.

A. Lightning Strike to a Grounded Object Launching an Up-
ward Connecting Leader (h �= 0, l �= 0)

Fig. 1(a) shows a lightning strike to a grounded object of
height h launching an upward connecting leader of length l.
It comprises three lossless uniform TLs representing the light-
ning channel (whose characteristic impedance is Zch both above
and below the junction point between the descending leader
and an upward connecting leader launched from the top of the
grounded object) and the grounded object (whose characteristic
impedance is Zob), a lumped grounding impedance (Zgr), and
a lumped ideal (zero impedance) voltage source generating an
arbitrary voltage waveform V0(h + l, t). The current propaga-
tion speed along the grounded object is assumed to be equal to
the speed of light c and to v < c along the lightning channel.
Note that there is no impedance discontinuity at the junction
point between the descending and upward connecting leaders
(current reflection coefficient at this junction point is zero). The
current reflection coefficient at the bottom of the object (ρbot)
and the current reflection coefficient at the top of the object for
upward propagating waves (ρtop) are given by

ρbot =
Zob − Zgr

Zob + Zgr
, ρtop =

Zob − Zch

Zob + Zch
. (1)

Baba and Rakov [10] have shown that a current wave suffers
no attenuation when propagating downward from the apex of
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Fig. 1. Lightning strikes (a) to a grounded object of height h launch-
ing an upward connecting leader of length l, (b) to a grounded object of
height h without an upward connecting leader, (c) to flat ground launch-
ing an upward connecting leader of length l, and (d) to flat ground with-
out an upward connecting leader. All are represented by lossless TLs con-
nected in series with a lumped voltage source generating an arbitrary voltage
waveform, V0 (h + l, t), V0 (h, t), V0 (l, t), and V0 (0, t), respectively, and a
lumped grounding impedance (Zgr ). Zch is the characteristic impedance of
the TL representing the lightning channel both above and below the junction
point between the descending and upward connecting leaders, Zob is that rep-
resenting the grounded strike object, ρtop is the current reflection coefficient at
the top of the strike object for upward propagating waves, ρbot is the current
reflection coefficient at the bottom of the strike object, and ρgr is the current
reflection coefficient at the channel base for the flat ground case.

a conical conductor to its base, but it suffers significant atten-
uation when propagating upward from the base of the conical
conductor to its apex. Further, Baba and Rakov [11] have shown
that a current wave, propagating downward from the top of a
vertical uniform-thickness conductor such as a cylinder to its
bottom, suffers attenuation particularly near the top, and a cur-
rent wave, propagating upward from the bottom of the vertical
uniform-thickness conductor to its top suffers attenuation, par-
ticularly near the bottom. Although these direction-dependent
waveguiding properties of a vertical conductor are not consid-
ered in this paper, the representation of a vertical strike object
by a lossless uniform TL terminated in a lumped grounding
impedance shown in Fig. 1(a) and (b) (see also [12]) is justified
in calculating lightning-generated magnetic fields and relatively
distant electric fields. However, it may be inadequate for calcu-
lating electric fields in the immediate vicinity of strike object
(see [10, Fig. 14]).

Currents at an arbitrary point z′ along the lightning chan-
nel above the junction point between the descending and up-

ward connecting leaders (z′ ≥ h + l), along the lightning chan-
nel below the junction point (h ≤ z′ ≤ h + l), and along the
strike object (0 ≤ z′ ≤ h) are given by the following three
equations:

I(z′, t) =
1
2
Isc

(
h + l, t − z′ − (h + l)

v

)

− ρtop
1
2
Isc

(
h + l, t − z′ − (h + l) − 2l

v

)

+
1
2

(1 + ρtop) (1 − ρtop)
∞∑

n=1

ρn−1
top ρn

botIsc

×
(

h + l, t − z′ − (h + l) − 2l

v
− 2nh

c

)
(2a)

for z′ ≥ h + l

(along the lightning channel above the junction point)

I(z′, t) =
1
2
Isc

(
h + l, t − (h + l) − z′

v

)

− ρtop
1
2
Isc

(
h + l, t − l + z′ − h

v

)

+
1
2

(1 + ρtop) (1 − ρtop)
∞∑

n=1

ρn−1
top ρn

botIsc

×
(

h + l, t − l + z′ − h

v
− 2nh

c

)
(2b)

for h ≤ z′ ≤ h + l

(along the lightning channel below the junction point)

I(z′, t) =
1
2

(1−ρtop)

∞∑
n=0

[
ρn

topρn
botIsc

(
h + l, t− l

v
−h−z′

c
−2nh

c

)

+ρn
topρn+1

bot Isc

(
h + l, t− l

v
−h + z′

c
−2nh

c

)]

(2c)

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

where n is an index representing the successive multiple re-
flections occurring at the ends of the strike object and v is
the return-stroke wavefront speed that is equal to the current
wave propagation speed along the TLs representing the light-
ning leader channels considered here [see Fig. 1(a)]. Note that
Isc in (2a)–(2c) is the lightning short-circuit current given by [8]

Isc(h + l, t) = V0(h + l, t) /Zch . (3)

It is defined as the lightning current that would be measured
at an ideally grounded object (Zgr = 0 or Zgr � Zch) having a
negligible height (h ≈ 0), and launching an upward connecting
leader of negligible length (l ≈ 0). This current represents light-
ning discharge regardless of the impedance “seen” by this
discharge at its termination point, and therefore, can be used
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for comparison of lightning strikes to flat ground and to strike
objects with or without upward connecting leaders.

B. Lightning Strike to a Grounded Object Without an Upward
Connecting Leader (h �= 0, l = 0)

Currents at an arbitrary point z′ along the lightning channel
(z′ ≥ h), at the top of the object (z′ = h), and along the strike
object (0 ≤ z′ ≤ h), all in the absence of an upward connecting
leader, are given by the following three equations:

I(z′, t) =
1
2

(1 − ρtop) Isc

(
h, t − z′ − h

v

)

+
1
2

(1 + ρtop) (1 − ρtop)
∞∑

n=1

ρn−1
top ρn

botIsc

×
(

h, t − z′ − h

v
− 2nh

c

)
(4a)

for z′ ≥ h (along the lightning channel)

I(h, t) =
1
2
(1 − ρtop) Isc(h, t) +

1
2
(1 + ρtop)(1 − ρtop)

×
∞∑

n=1

ρn−1
top ρn

botIsc

(
h, t − 2nh

c

)
(4b)

(at the top of the strike object)

I(z′, t)=
1
2
(1−ρtop)

∞∑
n=0


 ρn

topρn
botIsc

(
h, t− h−z ′

c − 2nh
c

)

+ρn
topρn+1

bot Isc

(
h, t− h+z ′

c − 2nh
c

)



(4c)

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

It is clear from comparison of (4c) and (2c) that current wave-
forms along the strike object in the absence of upward connect-
ing leader (l = 0) are identical to the corresponding current
waveforms along the same strike object in the presence of an
upward connecting leader (l �= 0), but shifted by −l/v along
the time axis. Note that (4a)–(4c) are derived by setting (l = 0)
in (2a)–(2c), respectively.

C. Lightning Strike to Flat Ground With an Upward Connecting
Leader (h = 0, l �= 0)

Currents at an arbitrary point z′ along the lightning channel
(z′ ≥ l) above the junction point between the descending and
upward connecting leaders, along the lightning channel (0 ≤
z′ ≤ l) below the junction point between the descending and
upward connecting leaders, and at ground surface (z′ = 0), all in
the absence of grounded strike object are given by the following
three equations:

I(z′, t) =
1
2
Isc

(
l, t − z′ − l

v

)

+
1
2
ρgrIsc

(
l, t − z′ − 3l

v

)
(5a)

for z′ ≥ l

(along the lightning channel above the junction point)

I(z′, t) =
1
2
Isc

(
l, t − l − z′

v

)

+
1
2
ρgrIsc

(
l, t − l + z′

v

)
(5b)

for 0 ≤ z′ ≤ l

(along the lightning channel below the junction point)

I(0, t) =
1 + ρgr

2
Isc

(
l, t − l

v

)
(5c)

(at the ground surface)

where ρgr is the current reflection coefficient at the channel base
(ground), which is expressed as

ρgr =
(Zch − Zgr)
(Zch + Zgr)

. (6)

Note that (5a)–(5c) are derived by setting h = 0 in (2a)–(2c),
respectively.

D. Lightning Strike to Flat Ground Without an Upward Con-
necting Leader (h = 0, l = 0)

Current at an arbitrary point z′along the lightning channel
(z′ ≥ 0) in the absence of both grounded strike object and up-
ward connecting leader is given by the following equation:

I(z′, t) =
1 + ρgr

2
Isc

(
0, t − z′

v

)
(7a)

for z′ ≥ 0 (along the lightning channel).

Note that (7a) is derived by setting both h and l in (2a) to
zero. Current at the ground surface can be obtained from (7a)
by setting z′ = 0, which yields

I(0, t) =
1 + ρgr

2
Isc (0, t) . (7b)

(at the ground surface)

It is clear from comparison of (5c) and (7b) that the channel-
base-current waveform in the absence of an upward connecting
leader (l = 0) are identical to the corresponding current wave-
form in the presence of an upward connecting leader (l �= 0),
but shifted by −l/v along the time axis.

The total charge transfer to ground is the same regardless
of the presence of strike object and/or an upward connecting
leader. We have verified that time integrals from t = 0 to ∞ of
(2c) and (4c) at z′ = 0, and of (5c) and (7b) are identical.

In the following, we will employ the model described ear-
lier for the calculation of currents and fields for the case of
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subsequent stroke to examine their dependences on various fac-
tors. Subsequent strokes do involve upward connecting leaders,
as reported by Wang et al. [13].

III. LIGHTNING RETURN-STROKE CURRENT

In this section, using the TL model presented in Section II, we
will investigate the influences of the presence of tall strike object
and an upward connecting leader on the magnitude of lightning
current. We assume that ρtop = −0.5 (Zch = 3Zob) and ρbot =
1(Zgr = 0) in the case of lightning strike to a tall object, and
ρgr = 1(Zgr = 0) in the case of lightning strike to a flat ground.
Note that Janischewskyj et al. [14], from their analysis of five
current waveforms measured at 474 m above ground on the
553-m-high CN Tower, inferred ρtop to vary from −0.27 to
−0.49, and Fuchs [15], from 13 simultaneous current measure-
ments at the top and bottom of the 168-m-high Peissenberg
Tower, found ρtop to vary from−0.39 to−0.68. Also, Gorin and
Shkilev [16], from measurements of lightning current at differ-
ent points along the 540-m-high Ostankino Tower in Moscow,
estimated the equivalent impedance of the lightning return-
stroke channel to be in the range from 0.6 to 2.5 k Ω, and
Zundl [17] and Bermudez et al. [12] chose the characteristic
impedance ranging from 200 to 300 Ω for lossless TLs repre-
senting the Peissenberg Tower and the CN Tower, respectively,
in order to reproduce the corresponding measured waveforms
of lightning current at the tower top. Rakov et al. [18] showed
that triggered lightning peak currents measured under a vari-
ety of grounding conditions ranging from nearly ideal to poor
were similar, suggesting that for those measurements, Zgr was
much smaller than Zch . As stated in Section II-A, we assume
that there is no impedance discontinuity at the junction point
between the descending and upward connecting leaders. The
value of return-stroke wavefront speed v is set to 0.5c. We use
for the lightning short-circuit current Isc the current waveform
proposed by Nucci et al. [19]. It is characterized by 10-to-
90% rise-time of RT = 0.15 µs, and thought to be typical for
subsequent strokes. Additionally, we use a current waveform
characterized by RT = 1.4 µs. The height of the strike object
is set to h = 100 m, and the length of the upward connecting
leader to l = 20 m. Note that the length of the upward connect-
ing leader initiated from ground or a short object in response to
a descending dart leader in a subsequent stroke is expected to
be of the order of 10 m or less [20].

Fig. 2 shows the waveforms of current at the channel base
(z′ = 0) for lightning strikes to flat ground with and with-
out a 20-m-long upward connecting leader for RT = 0.15
and 1.4 µs, calculated using (5c) and (7b). Fig. 3(a) shows wave-
forms of current at the top (z′ = h) and bottom (z′ = 0) of a
100-m-high strike object with and without a 20-m-long upward
connecting leader for RT = 0.15 µs, calculated using (2c) and
(4c). Fig. 3(b) shows those for RT = 1.4 µs.

Calculated waveforms of fast- and slow-front lightning cur-
rents at the top of the tall object shown in Fig. 3(a) and (b) are
in good agreement with waveforms of fast- and slow-front cur-
rents measured by Fuchs et al. [21] at the top of the Peissenberg
Tower (fast-front current waveforms at the tower top measured

Fig. 2. Waveforms of current at the channel base (z ′ = 0) for lightning strikes
to flat ground with and without a 20-m-long upward connecting leader for
RT = 0.15 and 1.4 µs.

Fig. 3. Waveforms of current at the top (z ′ = h) and bottom (z ′ = 0) of
a 100-m-high strike object with and without a 20-m-long upward connecting
leader. (a) RT = 0.15 µs. (b) RT = 1.4 µs.

by Fuchs et al. show pronounced first reflections from ground,
which cause about 40% increase in magnitude, while slow-front
current waveforms measured at the tower top do not exhibit such
a feature). Also, the calculated waveform of fast-front lightning
current at the object top shown in Fig. 3(b) is similar to the
waveform calculated using an antenna-theory model by Kordi
et al. [22] (their calculated fast-front current waveform near the
tower top of the simulated CN Tower includes a pronounced



890 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 49, NO. 4, NOVEMBER 2007

TABLE I
LIGHTNING PEAK CURRENT (IN KILOAMPERES) AT THE TOP AND BOTTOM OF A

100-m-HIGH STRIKE OBJECT WITH (l �= 0) AND WITHOUT (l = 0) A

20-m-LONG UPWARD CONNECTING LEADER AND THOSE AT THE CHANNEL

BASE FOR THE CASE OF THE SAME STRIKE TO FLAT GROUND

first reflection from the ground, which is about 50% increase in
magnitude). Table I summarizes lightning peak current at the
top and bottom of the strike object, and those at the channel
base for lightning strikes to flat ground. Note that, as stated in
Section II-B, current waveforms along the strike object in the
absence of an upward connecting leader (l = 0) are identical
to the corresponding current waveforms along the same strike
object in the presence of an upward connecting leader (l �= 0),
but shifted by −l/v along the time axis. Also, as stated in
Section II-D for the flat ground case, the channel-base-current
waveform in the absence of an upward connecting leader is
identical to the corresponding waveform in the presence of an
upward connecting leader, but shifted by −l/v along the time
axis.

It is clear from Figs. 2 and 3 and Table I that the magnitude
of lightning current at the bottom of the 100-m-high object is
1.5 times larger than that at the channel base due to the same
strike to flat ground (16.4 kA versus 11 kA), regardless of the
presence of a 20-m-long upward connecting leader, for a fast-
front lightning current (RT = 0.15 µs), while the magnitude of
lightning current at the top of the strike object is not much differ-
ent from that in the absence of the object (12 kA versus 11 kA).
Our results for RT = 0.15 µs are consistent with previous find-
ings of Rakov [23], who showed, using simple traveling wave
calculations, that the magnitude of a fast-front lightning current
at the top of a 70-m-high strike object was only 10% larger and
at the bottom of the object was about 50% larger than that at the
channel base for the case of the same strike to flat ground. He as-
sumed that Zch = 3Zob and Zgr = 0 (corresponding current re-
flection coefficients were ρtop = −0.5, ρbot = ρgr = 0). Sim-
ilarly, Melander [24] found from modeling that current peaks
measured at the top of 70- and 40-m towers are essentially un-
affected by the presence of the towers, while at the bottom of
a 60-m tower, they are overestimated by a factor of about 1.6.
In contrast, for lightning current with RT = 1.4 µs, which is
larger than the round-trip time of lightning current wave along
the strike object (2h/c = 0.67 µs), the current magnitude is not
much influenced by the presence of either 100-m-long strike
object or 20-m-long upward connecting leader.

IV. LIGHTNING ELECTRIC AND MAGNETIC FIELDS

It is shown in Section III that the presence of a 100-m-high
strike object influences the magnitude and waveform of light-
ning current much more significantly than that of a 20-m-long

Fig. 4. Ratios Ez ta ll/Ez flat and Hϕ ta ll/Hϕ flat as a function of hori-
zontal distance d from the lightning channel for two different lightning return-
stroke speeds: (solid circles and triangles) v = 0.5c and (hollow circles and
triangles) v = c.

upward connecting leader. In this section, we will investigate
the influences of the presence of a tall strike object for different
return-stroke propagation speeds, current rise-times, and object
heights on the vertical electric and azimuthal magnetic fields at
ground level. In this sensitivity analysis, we assume that ρtop =
−0.5 (Zch = 3Zob), ρbot = 1 (Zgr = 0), and ρgr = 1 (Zgr =
0). Note that the electric and magnetic field waveforms (not
shown in this paper) calculated for a lightning strike to a tall ob-
ject using the TL model exhibit effects of successive reflections
in the strike object (see, for example, [25] and [26]).

A. Influence of Lightning Return-Stroke Propagation Speed

In this section, we use the current waveform that is charac-
terized by a 0% to 90% rise-time of 0.15 µs, and thought to be
typical for subsequent strokes. Fig. 4 shows the ratios of verti-
cal electric field on perfectly conducting ground for a lightning
strike to a 100-m-high object (Ez tall) at horizontal distances
d ranging from 30 m to 100 km and that for the same strike
to flat ground (Ez flat), for two values of return-stroke speed
v = 0.5c and v = c. Corresponding ratios for the azimuthal
magnetic field (Hϕ tall/Hϕ flat) are also shown in Fig. 4.

Ratios Ez tall/Ez flat and Hϕ tall/Hϕ flat increase with in-
creasing d. For v = 0.5c and v = c, Ez tall is smaller than
Ez flat at d ranging from 30 to 200 m and from 30 to 100 m,
respectively (vertical electric field is attenuated due to the pres-
ence of the 100-m-high object). Ez tall/Ez flat for v = 0.5c is
smaller than that for v = c at d ranging from 30 m to 2 km
and larger at d greater than 2 km. Hϕ tall/Hϕ flat for v = 0.5c
is always larger than that for v = c. The abrupt increase in
Ez tall/Ez flat between 2 and 3 km (see Fig. 4) is due to the
fact that, for d ≤ 2 km, both Ez tall and Ez flat rise to their peaks
in several microseconds or more, while for d > 2 km, the fields
rise to their peaks in less than 1 µs (because total electric field
peak is essentially determined by the radiation field component
at larger distances and by the electrostatic field component at
smaller distances). Beyond d = 3 km, both Ez tall/Ez flat and
Hϕ tall/Hϕ flat attain values of 2.25 and 1.5 for v = 0.5c and
v = c, respectively. These are equal to the corresponding values
of far-field enhancement factor ktall , the equation for which is
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Fig. 5. Ratios Ez ta ll/Ez flat and Hϕ ta ll/Hϕ flat as a function of hor-
izontal distance d from the lightning channel for two different rise-times of
lightning return-stroke current: (solid circles and triangles) 0.15 µs and (hol-
low circles and triangles) 1.4 µs.

given by Baba and Rakov [25], and is reproduced here as

ktall =
(1 + c/v)(1 − ρtop)

(1 + ρgr)
. (8)

Note that (8) is valid only when the rise-time of injected
lightning current is shorter than the propagation time from
the top of the strike object to its bottom h/c (= 0.33 µs for
h = 100 m).

The attenuation of vertical electric field in the vicinity of
strike object observed in this study (see, Fig. 4) agrees with the
trend reported from triggered lightning experiments by Fisher
and Schnetzer [27], who measured triggered lightning electric
fields 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, and found that
a strike object appeared to reduce electric fields in its vicinity.
The enhancement of vertical electric and azimuthal magnetic
fields beyond 2 or 3 km from the lightning strike point due to
the presence of a tall strike object is also in agreement with the
trend reported by Bermudez et al. [28] from their simultaneous
measurements of lightning current at the CN Tower and fields
at distances of 2 and 17 km.

B. Influence of Lightning Return-Stroke Current Risetime

Fig. 5 shows ratios Ez tall/Ez flat and Hϕ tall/Hϕ flat for
two values of the 10-to-90% rise-time of the lightning return-
stroke current, RT = 0.15 and 1.4 µs. The value of v was set
at 0.5c. The ratios increase with decreasing the rise-time of
the lightning current. They approach 2.25 beyond 3 km and
1.13 beyond 10 km for rise-times equal to 0.15 and 1.4 µs,
respectively. The former value (2.25) is equal to the far-field
enhancement factor given by (8). Note that (8) is not applicable
to the case of 1.4 µs, since this current rise-time is larger than
h/c = 0.33 µs.

C. Influence of Lightning Strike Object Height

Fig. 6 shows ratios Ez tall/Ez flat and Hϕ tall/Hϕ flat at d =
100 m, h ranging from 0–300 m, and two values of lightning
return-stroke current rise-time 0.15 and 1.4 µs. The value of v
was set at 0.5c. Hϕ tall/Hϕ flat increases with increasing h,

Fig. 6. Ratios Ez ta ll/Ez flat and Hϕ ta ll/Hϕ flat at d = 100 m as a func-
tion of strike object of height h for two different rise-times of lightning return-
stroke current: (solid circles and triangles) 0.15 µs and (hollow circles and
triangles) 1.4 µs.

while Ez tall/Ez flat decreases with increasing h. Both ratios
decrease with increasing rise-time of the lightning return-stroke
current, the decrease for magnetic field being more pronounced
than increase of electric field.

V. CONCLUSION

Using the TL model of the lightning return stroke generalized
to include a tall grounded strike object and an electrically long
upward connecting leader, we have investigated the influences
of the presence of a tall strike object and an upward connecting
leader on lightning currents and electromagnetic fields. The TL
model employed allows a simple and self-consistent formulation
of current both along the lightning channel and along the strike
object, and the total charge transfer to the ground is the same
regardless of the presence of a strike object and/or an upward
connecting leader.

The presence of a 20-m-long upward connecting leader does
not influence the magnitude and waveshape (only a shift along
the time axis) of channel base current. For a typical subse-
quent return stroke, the lightning peak current at the bottom of a
100-m-high strike object is 1.5 times larger than the channel
base peak current for the same strike to flat ground, regard-
less of the presence of a 20-m-long upward connecting leader,
while the lightning peak current at the top of the strike object
is not much different from the channel-base peak current in the
absence of the strike object.

The vertical electric field due to a lightning strike to a
100-m-high object Ez tall is reduced relative to that due to the
same strike to flat ground Ez flat at distances ranging from 30 m
to 200 m from the object, and enhanced at distances greater than
200 m. The azimuthal magnetic field for the tall object case
Hϕ tall is larger than that for the flat ground case Hϕ flat at any
distance. Ratios Ez tall/Ez flat and Hϕ tall/Hϕ flat increase
with increasing distance and decreasing the rise-time of light-
ning current. Beyond some distance, Ez tall/Ez flat becomes
insensitive to distance change and equal to Hϕ tall/Hϕ flat .
At a distance of 100 m, Ez tall/Ez flat decreases, while
Hϕ tall/Hϕ flat increases with increasing the height of the
object.
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