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Electromagnetic Fields at the Top of a Tall Building
Associated With Nearby Lightning Return Strokes

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

Abstract—We have calculated, using the finite-difference time-
domain (FDTD) method for solving Maxwell’s equations, the ver-
tical electric field E, and azimuthal magnetic field H,, due to
lightning return strokes in the presence and in the absence of a
building at the field point. Strikes to both flat ground and tall
objects of height h = 100, 200, or 500 m are considered. The mag-
nitude of H, is not much influenced by the presence of either
building at the field point or strike object, while the magnitude of
E, is significantly influenced by either of them. In the case of a
lightning strike to flat ground, the magnitude of E. at the top of
the building (at the center point of its flat roof) of plan area S, =
40 x 40 m?2 and height h; = 20, 50, or 100 m located at horizontal
distance d ranging from 100 to 500 m from the lightning channel
is about 1.5, 2, or 3 times, respectively, greater than that at the
same horizontal distance on the ground surface in the absence of
the building. The enhancement factor for lightning (transient) F .,
due to the presence of the building at the field point is essentially
not influenced by the presence of the strike object (up to 500 m in
height) and is similar to the static electric field enhancement factor
due to the presence of the same building in a uniform vertical elec-
tric field. The magnitude of the electric field at the corner of the
building is about two to three times larger than that at the center
point of its flat roof. The magnitude of E, at the ground level in the
immediate vicinity of the building is reduced relative to the case of
no building, with this shielding effect becoming negligible at hor-
izontal distances from the building exceeding twice the height of
the building.

Index Terms—Building, electric field, finite-difference time-
domain (FDTD) method, lightning, lightning electromagnetic envi-
ronment, lightning return-stroke model, magnetic field, tall object.

I. INTRODUCTION

N URBAN areas, there are many tall buildings with heights
I of several tens of meters to greater than 100 m. In order to
optimize lightning protection means of tall buildings in such
an area, it is important to know “transient” electric field en-
hancement at the top of the building due to lightning strikes to
other buildings nearby. Further, lightning electric field measure-
ments in urban areas are often made on the roof of tall buildings
(e.g., [1]-[5]), so that the field enhancement factor due to the
presence of a building is needed for proper interpretation of
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measurements. Also, electric field measurements on the ground
surface near tall buildings may be influenced by the presence of a
building (shielding effect). Additionally, the field enhancement
factor near the top of the building is of interest in evaluating the
potential for upward discharges in response to nearby lightning
strikes.

Rubinstein et al. [2] have estimated the value of electric-field
enhancement factor due to the presence of a 17-storied building,
on which electric fields are measured, to be about 1.5 (according
to Bermudez et al. [5]) on the basis of their simultaneous mea-
surements of lightning electric fields on the roof of the building
and at ground level. Bonyadi-ram et al. [6] have calculated, us-
ing the method of moments in the time domain [7], the values
of the electric-field enhancement factor due to the presence of
buildings of different heights at the field point (location where
fields are measured or calculated). The calculated values are
3.5, 5.3, and 6.2 for buildings of heights 20, 40, and 60 m, re-
spectively. In their calculations, the building, represented as a
metal-grid parallelepiped located on a flat perfectly conducting
plane, was illuminated by a Gaussian-pulse-shape transverse
electromagnetic (TEM) wave having a half-peak width of about
0.3 ps, which differs considerably from lightning return-stroke
field waveforms. Bermudez et al. [S] have compared peak val-
ues of vertical electric and azimuthal magnetic fields, which are
associated with lightning strikes to the 553-m-high CN Tower
(Toronto, Canada) and measured on the roofs of four-storied
buildings at distances 2 and 17 km from the CN Tower, with
those calculated using their analytical (model-based) expres-
sions. Peak values of both vertical electric and azimuthal mag-
netic fields measured on the roofs of the buildings were found
to be 1.4 times larger than those calculated using their analyt-
ical expressions. Bermudez et al. [5] have given the following
possible reasons for this discrepancy: the uncertainity in the
adopted values for current reflection coefficient at the tower top
and for return-stroke wavefront speed; assumptions in the the-
oretical model and experimental errors; the fact that at 2 km
from the CN Tower, not only the radiation component but also
the induction and electrostatic components (the latter two dis-
regarded in their model) of the electric field contribute to the
field peak value; the effect of reflections at the structural dis-
continuities of the CN Tower; and the field enhancement effect
of the building on which the electromagnetic field sensors were
installed. Note that Bermudez et al.’s [5] analytical field ex-
pressions include the effect of the presence of the strike object,
the CN Tower (its electric-field enhancement factor estimated
by Bermudez et al. is 3.9), but do not consider the presence
of the building at the field point. Enhancement of lightning
fields due to the presence of a tall strike object was also studied
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by Diendorfer and Schulz [8], Rachidi et al. [9], Pavanello
et al. [10], Miyazaki and Ishii [11], and Baba and Rakov [12].
Static-field enhancement factors for structures of different ge-
ometry were studied by Johns and Kreielsheimer [13], Ander-
son [14], Bazelyan et al. [15], and Crawford [16].

It follows from the previous description that the electric field
can be significantly enhanced due to the presence of a building at
the field point. It is also known that the ground-surface electric
field can be reduced due to the presence of a building nearby.
Several aspects of the lightning electromagnetic environment in
the presence of a tall building, however, have not yet been fully
(if at all) examined, including the magnetic field at the top of
the building; fields at the top of the building at the field point
in the case of lightning strikes to tall objects; and effects of the
conductivities of ground and building, and of the return-stroke
current waveshape.

In this paper, we will calculate, using the 3-D finite-difference
time-domain (FDTD) method [17] for solving Maxwell’s equa-
tions, the transient vertical electric fields on the roof of a build-
ing due to nearby lightning strikes to a tall grounded object
and to flat lossy ground and compare these fields with their
counterparts in the absence of the building. We will also exam-
ine the transient azimuthal magnetic field both in the presence
and in the absence of the building. In doing so, we will rep-
resent both the lightning channel and the strike object by the
“engineering” transmission-line (TL) model described by Baba
and Rakov [18], and the grounded building by a conducting
parallelepiped.

The paper is organized as follows. In Section II, we present
the methodology for examining transient electric and magnetic
fields due to lightning strikes to a tall grounded object of height
h = 100, 200, or 500 m and to flat ground in the presence and
in the absence of a building of height h;, = 20, 50, and 100 m at
the field point. In Section III, we compare vertical electric and
azimuthal magnetic fields in the presence of the building with
their counterparts in the absence of the building, both calculated
using the FDTD method. Further, we investigate the influences
on the vertical electric and azimuthal magnetic fields of the
conductivity of the ground (¢, = 1 mS/m and infinity) and
the building (o, = 0.01 mS/m, 1 mS/m, and infinity), the plan
area of the building (S, = 20 x 20 and 40 x 40 m?), and
the return-stroke current 10-t0-90% risetime (RT = 0.15 and
1.4 ps). In Appendix A, in order to test the validity of our FDTD
calculations, we compare the magnitudes of the vertical electric
and azimuthal magnetic fields (in the absence of the building)
due to a lightning strike to flat perfectly conducting ground
calculated using the FDTD method with those calculated using
exact analytical expressions derived by Thottappillil et al. [19]
for this configuration and the TL model with return-stroke speed
equal to the speed of light. In Appendix B, we compare the
value of the FDTD-calculated static electric-field enhancement
factor due to the presence of a perfectly conducting discretized
hemisphere placed on a flat perfectly conducting plane in a
uniform vertical electric field with the theoretical value equal to
3. We also present in Appendix B, the FDTD-calculated values
of static electric-field enhancement factor for buildings of height
hy = 20, 50, and 100 m.
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Fig. 1. Building of height h;, = 0 (for the case of no building), 20, 50, or
100 m and plan area S;, = 40 x 40 m? located at distance d = 100, 200, or
500 m from a tall grounded object of height = O (for the case of lightning
strike to flat ground), 100, 200, or 500 m struck by lightning. The strike object
and the lightning channel are represented by a vertical array of current sources
specified using the “engineering” TL model described by Baba and Rakov [18].
The current propagation speed along the lightning channel is set to v = 0.5¢.
The working volume of 2000 x 2500 x 3000 m® is divided into 10 x 10 x
10 m3 cubic cells and surrounded by six planes of Liao’s second-order absorbing
boundary condition [21] to avoid reflections there.

II. METHODOLOGY

The configuration examined in this study is presented in
Fig. 1, which shows a building of height h;, = 0 (for the case of
no building), 20, 50, or 100 m and plan area S, = 40 x 40 m?2
located at a distance d = 100, 200, or 500 m from a grounded
strike object of height h = 0 (for the case of lightning strike
to flat ground), 100, 200, or 500 m. The length of the vertical
lightning channel is set to 2000 m. The conductivity, relative per-
mittivity, and relative permeability of the ground are setto o, =
I mS/m or infinity, €,; = 10, and p,¢ = 1, respectively. Those
of the building are set to o, = 1 mS/m, ,, =10, and p,p, = 1,
respectively. These values are intended to simulate a building
made of concrete in a dry condition [20]. Further, we will con-
sider the case of a perfectly conducting building by setting o,
to infinity in order to examine the influence of steel rebar used
for reinforcement in concrete structures. We will additionally
consider o, = 0.01 mS/m in order to see how sensitive the
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result is to such a large decrease in o;. Electric and magnetic
fields are calculated using the FDTD method for solving the
discretized Maxwell’s equations with a time increment of 10 ns.
The working volume of 2000 x 2500 x 3000 m? (see Fig. 1)
is divided into 10 x 10 x 10 m? cubic cells and surrounded
by six planes of Liao’s second-order absorbing boundary condi-
tion [21] to avoid reflections there. Testing of the applicability of
our FDTD approach to calculation of lightning electromagnetic
fields is found in Appendix A and in Baba and Rakov [22], [23].
Note that the reason for the use of relatively large cells (10 x
10 x 10 m?) is the limited memory capacity of the personal
computer used in this work. Since FDTD-calculated waveforms
of vertical electric field and azimuthal magnetic field as close as
five cells (50 m) away from the vertical lightning channel [see
Fig. 10(a) and (b) in Appendix A] agree well with the corre-
sponding waveforms calculated using exact equations [19], we
conclude that FDTD-calculation errors due to the use of 10 x
10 x 10 m? cells are not significant.

In order to find the distribution of current along both the light-
ning channel and the strike object, we use the “engineering” TL
model described by Baba and Rakov [18]. The reason why we
use the engineering TL model instead of an electromagnetic
return-stroke model (e.g., [24] and [25]), which would allow a
self-consistent full-wave solution for both lightning-current dis-
tribution and fields, is that the TL model allows one to set more
directly the speeds of current waves along the strike object and
the channel, as well as reflection coefficients at the extremities
of the strike object.

For the case of lightning strike to a tall object, equations
for return-stroke current, I(Z', t), along the strike object (0 <
Z/ < h) and along the lightning channel (z’ > h), are given by
Baba and Rakov [18] and reproduced as follows:

1 z t — lCt()]) pb tp l h t h—z' 2nh

( l7 )— - b rrlop sc ( 5 (72 7(747)
- " (%) | h

n=0 )C 7})/0t )[ nOp ]SC (h, t — LTZ 72:‘Lh)

(la)
for 0 < 2’ < h (along the strike object)
1- Pto
I(Z, t) = ——=2
(2. 1) = —
L <h7 - ;})
00 n n—1 2'=h 2nh (1b)
+ Zn:l PbotPtop (1 + ptop) Isc (h, t— = f)

for 2/ > h (along) the lightning channel) where I (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), p1o¢ is the current reflection co-
efficient at the bottom of the strike object, piop is the current
reflection coefficient at the top of the strike object for upward-
propagating waves, n is an index representing the successive
multiple reflections occurring at the two ends of the strike ob-
ject, c is the speed of light (current propagation speed along the
strike object), and v is the current propagation speed along the
channel.

Equations (1a) and (1b) are the same as (10a) and (10b) of
Baba and Rakov [18], except that v,..¢, the speed of current waves
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reflected from ground and then transmitted into the lightning
channel, in (10b) [18] is replaced by v (return-stroke front speed)
in (1b). The rationale for replacing vy with v is discussed by
Baba and Rakov [18]. Equations (1a) and (1b) show that two cur-
rent waves of the same magnitude, (1 — pyop)Isc(h, t)/2, are
initially injected downward, into the strike object, and upward,
into the lightning channel.

The current distribution, I (z’, £), along the lightning channel
for the case of strike to flat ground, is given by Baba and Rakov

[18]
1+ pg Z
I(Z,t) = gl.l0,t—=
(27) 2 (7 IU)

where I (0, t) is the lightning short-circuit current same as 5.
(h, ) in (1a) and (1b), but injected at 2’ = 0 instead of 2’ = h),
and p, is the current reflection coefficient at the channel base
(ground). Note that when h approaches zero, (1b) reduces to (2)
and (1a) reduces to (2) with 2z’ = 0 [18]. The total charge trans-
fer to ground, i.e., calculated integrated current given by (1a) at
7/ =0, is the same as that calculated integrating current given
by (2) at 2’ = 0 [12]. Therefore, current distributions for the case
of strikes to a tall object (1a), (1b) and for the case of strikes to
flat ground (2) 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 these
two cases are generally different: I = (1 —pyop) Isc/2 versus
I = (14 pgr) Isc/2, unless piop = 0 and pg = 0 (matched
conditions at the position of the source) or piop = —pgr
(Zov, = Zgr, Where Z,), is the characteristic impedance of
the strike object, and Zg, is the grounding impedance). Both
these situations are physically unrealistic, since typically pg, =
1 (Zgr € Zop, and Zg, K Zep,, Where Zg, is the equivalent
impedance of the lightning channel).

In the FDTD calculations, the lightning channel and the strike
object are represented by a vertical array of current sources [22].
Each current source has a length of 10 m and is described by
specifying the four magnetic-field vectors forming a square
contour surrounding the cubic cell representing the current
source [22]. The lightning short-circuit current I.(h,t) or Iy
(0, t) is specified by the current waveform proposed by Nucci
et al. [26], which is thought to be typical for lightning subse-
quent return strokes. The amplitude of this current waveform is
11 kA, and the zero-to-peak RT is about 0.5 us (the corre-
sponding 10-t0-90% RT is 0.15 us). The current propagation
speed along the channel is set to v = 0.5 ¢ (e.g., [27]). The
current reflection coefficient at the bottom of the strike object
is set t0 ppot = 1 (Zop is usually much larger than Zg,), and
the current reflection coefficient at the top of the tall object is
prop = —0.5(Zeh =3 Z,p,). Note that Janischewskyj et al. [28],
from their analysis of five current waveforms measured 474 m
above ground on the CN Tower, inferred pyp, to vary from —0.27
to —0.49, and Fuchs [29], from 13 simultaneous current mea-
surements at the top and bottom of the Peissenberg tower, found
Prop to vary from —0.39 to —0.68. In the case of lightning strike
to flat ground, the current reflection coefficient at the channel
base (ground) is set to pgy = 1 (Zcn > Zgr). The assumption of
pgr = 1 is supported by the inference from triggered-lightning
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Fig. 2. Current waveforms for a lightning strike to flat ground (h = 0,
v = 0.5¢, and pgy = 1) at different heights 2’ = 0, 100, or 200 m along the
lightning channel, calculated using (2).

experiments 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 (e.g., [30] and [31]).
In the following section, we calculate the vertical electric field
E. and azimuthal magnetic field H,, at three points denoted as
points 1-3 shown in Fig. 1: point 2 is located at the center point
of the flat roof of the building having a plan area of S, = 40 x
40 m? (or at the corresponding point on the ground surface in the
absence of the building), and points 1 and 3 are located at ground
level 70 m closer to or farther from the lightning strike point than
point 2 (points 1 and 3 are each located 50 m from the nearest
wall of the building). Note that £, at ground level (or on the
roof of the building) in this paper is averaged from the ground
surface (or the roof of the building) to a point 10 m directly
above it due to the use of 10 x 10 x 10-m? cubic cells. The
variation of £, with height from 0 to 10 m at the center point of
the 40 x 40-m? flat roof is not significant (F, averaged from the
roof surface to a point 5 m directly above it, calculated using the
FDTD method with 5 x 5 x 5m? cubic cells, is only 20% larger
than that averaged from 5 to 10 m). The variation of E, with
height near corners is more significant. Additionally, there is a
significant horizontal component of electric field at the corners.
In Section III-A, we calculate £, and H,, at points 1-3 due
to a nearby lightning strike to flat ground in the absence of the
building and in the presence of the building of height h;, = 20,
50, and 100 m at the field point located at horizontal distance
d = 100, 200, or 500 m from the lightning strike point. In
Section III-B, we calculate those due to a lightning strike to
a tall grounded object of height h = 100, 200, or 500 m. In
Section III-C, we examine the influences on E, and H,, of the
ground conductivity o, and the building conductivity o}, the
plan area of the building .5, and the return-stroke current RT.

III. ANALYSIS AND RESULTS

A. Transient Fields Due to Lightning Strikes to Flat Ground in
the Presence and Absence of a Building at the Field Point

Fig. 2 shows current waveforms at different heights 2z’ = 0,
100, and 200 m, along the lightning channel for a lightning strike
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Fig. 3. (a) Waveforms of vertical electric field E, at points 1-3 (see Fig. 1)

due to a lightning strike to flat ground in the presence of a building of h, =
100 m located at distance d = 100 m from the strike point, and (b) those in the
absence of a building. Additionally shown in (b) is the vertical electric field at
point 2’ located at height 100 m in air directly above point 2.

to flat ground, calculated using (2). Fig. 3(a) shows resultant
waveforms of F, at points 1-3 (see Fig. 1) in the presence of
the building of h;, = 100 m located at distance d = 100 m from
the strike point, and Fig. 3(b) shows those in the absence of the
building. Fig. 4(a) and (b) is the same as Fig. 3(a) and (b), but for
hy = 20 m, while Fig. 5(a) and (b) is the same as Fig. 3(a) and
(b), respectively, but for d = 200 m. Fig. 6(a) shows waveforms
of H, at points 1-3 in the presence of the building of 7, =100 m
located at distance d = 100 m from the strike point, and Fig. 6(b)
shows those in the absence of the building. Table I contains ratios
of magnitudes of vertical electric field E, at points 1-3 in the
presence of the building of height h;, =20, 50, and 100 m located
atdistance d = 100, 200, or 500 m from the strike point and those
in the absence of the building (h;, =0). Note that the ratio at point
2 is the ratio of E, on the roof of the building to F. at the same
horizontal distance on the ground surface in the absence of the
building.

It is clear from comparison of Fig. 3(a) and (b) [or Fig. 5(a)
and (b)] that the magnitude of E, on the roof of the building of
height h;, = 100 m (point 2) is about a factor of 3 larger than
that at the same horizontal distance on the ground surface in
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Fig. 4. (a) Waveforms of vertical electric field E, at points 1-3 (see Fig. 1)

due to a lightning strike to flat ground in the presence of a building of h; =
20 m located at distance d = 100 m from the strike point, and (b) those in the
absence of a building. Additionally shown in (b) is the vertical electric field at
point 2’ located at height 100 m in air directly above point 2.

the absence of the building, while those at points 1 and 3 in
the presence of the building are about 20 and 50%, respectively,
smaller than those in the absence of the building. It is also clear
from Fig. 6(a) that magnitudes of [, at points 1-3 are not much
influenced by the presence of the building of height h, = 100 m
(difference is less than 10%). Note that £, and H,, at point 2
(ground surface) in the absence of the building are not much
different from those at point 2’ (height 100 m in air directly
above point 2). Also note that electric fields, including both
vertical and horizontal components, at the corners (at the roof
level and closer to the lightning channel) of the building are,
within our discretization uncertainty, about two to three times
larger than that at point 2 (at the center point of the roof of the
building).

It follows from Table I that the magnitude of E, on the
roof of the building (point 2) becomes larger as the building
height h;, increases at horizontal distances d ranging from 100
to 500 m (the rounded-off ratios are 1.5, 2, and 3 for h;, = 20,
50, and 100 m, respectively). The dependence of the ratio on
the horizontal distance d of the building from the strike point
is weak. We also estimated (see Appendix B) the values of
static electric-field enhancement factor due to the presence of a

15 - - - :
Lightning strike to flat ground (h =0) :d=200 m
c ’ With building
E : ¥
o e
fty Point 2} top of building of h5=100 m
g ; : :
o Point1/ :
o 5 [ \\ """"" : PR A
8 3 Point 3 |
w
0
0 2 4 6 8 10
Time[ps]
(@)
15 ————— : - :
_ Lightning strike to flat ground (/4 =0) {d=200m
E i ; i [Without building
> H H H H
x H H H H
— 10 -P0|nt1 """""""""""""""""""" frosmenenenseneneend e
iy Point 2,:ground suréface
g Point 2', hejght 100 m in air
& T
9 5 - [P R C s
g
Q@
w Point 3
0 1 I 1 I
0 2 4 6 8 10
Time [ ps]
(b)
Fig. 5. (a) Waveforms of vertical electric field E, at points 1-3 (see Fig. 1)

due to a lightning strike to flat ground in the presence of a building of h;, =
100 m located at distance d = 200 m from the strike point, and (b) those in the
absence of a building. Additionally shown in (b) is the vertical electric field at
point 2’ located at height 100 m in air directly above point 2.

perfectly conducting building of plan area S, =40 x 40 m? and
height h;, =20, 50, or 100 m and found that they are essentially
the same as their transient (lightning-related) counterparts.

It is of interest to compare the enhancement factors of build-
ings with the enhancement factors of half-ellipsoids of similar
overall dimensions, for which analytical expressions are avail-
able in the literature (e.g., [15, eq. (4.1)]). Note that the analyt-
ical expressions for the enhancement factors of half-ellipsoids
were developed for uniform static, not transient electric fields.
We will assume that the semiminor (horizontal) axis of the el-
lipsoid, placed on a ground plane, is equal to 20 m and the
semimajor (vertical) axis is either 50 or 100 m. The correspond-
ing static electric-field enhancement factors at the highest point
of ellipsoid are 7 and 18, considerably larger than 2 and 3 for
rectangular buildings of the same height and similar plan area
at the ground surface. For a hemisphere on ground, the en-
hancement factor is 3 at its highest point (e.g., [32]), which is a
factor of 2 larger than 1.5 found in this study for a 40 x 40 x
20 m? rectangular building. Clearly, the curved surface of ellip-
soid (or hemisphere) is more efficient in concentrating electric-
field lines compared to the flat roof of a rectangular building of
similar overall dimensions (see also Fig. 11).
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Fig. 6. (a) Waveforms of azimuthal magnetic field H, at points 1-3 (see
Fig. 1) due to a lightning strike to flat ground in the presence of a building of
hy = 100 m located at distance d = 100 m from the strike point, and (b) those
in the absence of a building. Additionally shown in (b) is the vertical electric
field at point 2’ located at height 100 m in air directly above point 2.

The magnitudes of E. at ground level in the vicinity of
the building (both in front of the building, point 1, and
behind the building, point 3) become smaller as h;, increases.
Note that the magnitude of E, at ground level by the side of the
building (not presented in this paper) also becomes smaller with
increasing hy. As expected, reduction of E, behind the building
is largest, that in front of it is smallest, and that by the side of
it is intermediate. In each case, reduction of F, at ground level
due to the presence of building is negligible (less than 10%) at
horizontal distances from the building that are more than twice
the building height.

The observed effects can be explained as follows. A conduct-
ing object protruding above ground level in an external electric
field (transient or static) having a vertical component facilitates
motion of electric charges to its upper extremity and thereby
serves to enhance the vertical electric field component there. On
the other hand, the boundary condition on the vertical electric
field on vertical conducting surfaces (e.g., walls of a rectangular
building) requires that the field is nearly zero on the surface
and reduced in their vicinity. The motion of charges constitutes
current in the conducting object, but the magnetic field associ-

TABLE I
RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD E, AT POINTS 1-3
(SEE FIG. 1) DUE TO A LIGHTNING STRIKE TO FLAT GROUND (h = 0) IN
THE PRESENCE OF A BUILDING OF HEIGHT h; = 20, 50, OR 100 m AT
THE FIELD POINT, LOCATED AT HORIZONTAL DISTANCE OF d = 100, 200,
OR 500 m FROM THE LIGHTNING STRIKE POINT AND THOSE IN
THE ABSENCE OF THE BUILDING (h; = 0)

Horizontal i ;
Field point distanse. d 1 Building height, 4, m
> & 20 50 100
Point 1, 100 098 094 088
on ground 200 095 088 077
in front of
building 500 09 082 071
Poirt 2 100 15 2.1 2.7
onroof of 200 15 22 3.0
building 500 1.5 22 32
Point 3, 100 090 069 046
on ground 200 091 072 051
behind
building 500 093 075 057
20 - -
L pror=1, /2:top=-0.5
_15 ke objeet T
$
“é‘ 10 ...................................................................
[0}
=
3
5 U f...ngxdmo e oo o
Lightning strike to pbject of h =100 m
0 : : ;
0 2 4 6 8 10
Time [ps]

Fig. 7. Current waveforms for a lightning strike to tall object of height h =
100 m (v =0.5¢, ppot = 1, and piop = — 0.5) at different heights 2’ = 0
(bottom of the strike object), 100 m (top of the strike object), or 200 m (100 m
above the top of the strike object), calculated using (1a) and (1b).

ated with this current has relatively little effect on the incident
magnetic field.

B. Transient Fields Due to Lightning Strikes to a Tall Object in
the Presence and Absence of a Building at the Field Point

Fig. 7 shows current waveforms for a lightning strike to tall
object of height A = 100 m at different heights above ground
2’ = 0 (bottom of the strike object), 100 m (top of the strike
object), and 200 m (100 m above the top of the strike object),
calculated using (1a) and (1b). Fig. 8(a) shows waveforms of F,
at points 1-3 due to a lightning strike to an object of height h =
100 m in the presence of the building of h;, = 100 m at the field
point located at distance d = 100 m from the strike point, and
Fig. 8(b) shows those in the absence of the building. Fig. 9(a)
shows waveforms of H,, at points 1-3 due to a lightning strike
to an object of height 4 = 100 m in the presence of the building
of hy; = 100 m located at distance d = 100 m from the strike
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Fig. 8. (a) Waveforms of vertical electric field £, at points 1-3 due to a

lightning strike to grounded object of height A~ = 100 m in the presence of
building of h; = 100 m located at distance d = 100 m from the strike object,
and (b) those in the absence of a building (point 2’ is located at height 100 m in
air directly above point 2).

point, and Fig. 9(b) shows those in the absence of the building.
Table II shows the ratios of magnitudes of vertical electric field
FE, atpoints 1-3 due to a lightning strike to a grounded object of
height h = 100 m in the presence of the building of height h;, =
20, 50, or 100 m located at distance d = 100, 200, or 500 m from
the strike object and those in the absence of the building (h; =
0). Similar to the configuration discussed in Section III-A, the
ratio at point 2 is the ratio of E, on the roof of the building to
. at the same horizontal distance on the ground surface in the
absence of the building. Tables III and IV are similar to Table II,
but for h = 200 and 500 m, respectively.

It is clear from comparison of Fig. 8(a) and (b) that the mag-
nitude of E, on the roof of the building of height A, = 100 m
(point 2) is about a factor of 2.9 larger than that at the same
horizontal distance on the ground surface in the absence of the
building, while those at points 1 and 3 in the presence of build-
ing are about 10 and 50%, respectively, smaller than those in the
absence of the building. It is also seen in Fig. 9(a) and (b) that
magnitudes of H, at points 1-3 are not significantly influenced
by the presence of the building of height h;, = 100 m (differ-
ence is less than 20%). Similar to the configuration discussed
in Section III-A, E. and H,, at point 2 (ground surface) in the

80
— Lightning strlke to object of helght h=100 m
S g [9710OME ... [V Building]
= Point1 :
T / e e ‘
=T T L R — -
[ : : H
= H H
L : ; ~ i
g 20 A "'P"'tz‘t'fb'l""fh"_'l"o‘o"""
S i~ Point 2, top 'of buiilding of A’=100'm
© : + H :
S h : : :
: : ~Point3
0 1 1 1 Oln 1
0 2 4 6 8 10
Time [ps]
(a)
80
—_ Lightning strlke to ObjECt of helght h=100 m
Se0 [9TOM . [F¥hout Buding]
E ' i :
S 40
3]
=
L
2 20
()
0 : ; >~ Point3
0 2 4 6 8 10
Time [ ps]
(b)
Fig. 9. (a) Waveforms of azimuthal magnetic field H,, at points 1-3 due to

a lightning strike to grounded object of height ~ = 100 m in the presence of a
building of h; = 100 m located at distance d = 100 m from the strike object,
and (b) those in the absence of a building (point 2’ is located at height 100 m in
air directly above point 2).

TABLE I
RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD E, AT POINTS 1-3
(SEE FIG. 1) DUE TO A LIGHTNING STRIKE TO A 100-m TALL OBJECT
(h = 100 m) IN THE PRESENCE OF A BUILDING OF HEIGHT
hy, = 20, 50, OR 100 m AT THE FIELD POINT, LOCATED AT HORIZONTAL
DISTANCE d = 100, 200, OR 500 m FROM THE LIGHTNING STRIKE POINT AND
THOSE IN THE ABSENCE OF THE BUILDING (h; = 0)

Horizontal A :

Field point distonen. 4 10 Building height, /;,, m

> & 20 50 100
Point 1, 100 095 089 087
on ground 200 096 087 084
in front of
building 500 095 086  0.79
Point 2, 100 1.6 23 2.9
on roofof 200 1.6 2.3 2.8
building 500 1.6 24 2.9
Point 3, 100 092 076 052
on ground 200 092 076 054
behind
building 500 093 077 059
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TABLE III
RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD E, AT POINTS 1-3
(SEE FIG. 1) DUE TO A LIGHTNING STRIKE TO A 200-m TALL OBJECT
(h = 200 m) IN THE PRESENCE OF A BUILDING OF HEIGHT
hy = 20, 50, OR 100 m AT THE FIELD POINT, LOCATED AT HORIZONTAL
DISTANCE d = 100, 200, OR 500 m FROM THE LIGHTNING STRIKE POINT
AND THOSE IN THE ABSENCE OF THE BUILDING (h; = 0)

Horizontal ¥R :
Field point distance. 4 m Building height, 4,, m
> 20 50 100
Point 1, 100 094 090 089
on ground 200 095 086  0.79
in front of
building 500 096 084 073
Point 2, 100 1.6 25 38
on roof of 200 1.6 2.4 3.6
building 500 1.6 23 3.6
Point 3, 100 094 078 058
on ground 200 092 077 059
behind
building 500 092 078 06l
TABLE IV

RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD F/, AT POINTS 1-3
(SEE FIG. 1) DUE TO A LIGHTNING STRIKE TO A 500-m TALL OBJECT
(h = 500 m) IN THE PRESENCE OF A BUILDING OF HEIGHT
hy, = 20, 50, OR 100 m AT THE FIELD POINT, LOCATED AT HORIZONTAL
DISTANCE d = 100, 200, OR 500 m FROM THE LIGHTNING STRIKE POINT
AND THOSE IN THE ABSENCE OF THE BUILDING (h; = 0)

. . Horizontal Building height, /,, m
Field point distance, d, m i

> & 20 50 100
Point 1, 100 096 096 097
on ground 200 098 091 083
in front of
building 500 094 085 073
Point 2 100 1.6 23 33
on mofof 200 1.5 2.3 3.4
building 500 1.6 22 34
Point 3, 100 096 077 058
on ground 200 093 077  0.60
behind
building 500 092 076 060

absence of building are not much different from those at point 2/
(height 100 m in air right above point 2).

It follows from Tables II-IV that the magnitude of £, on the
roof of the building (point 2) becomes larger as the building
height h; increases for horizontal distances d ranging from 100
to 500 m, while the magnitudes of E, at ground level in the
vicinity of the building become smaller with increasing h;. The
dependence of the ratio on horizontal distance d between the
building and the strike object is weak, as is that on the strike-
object height h. The ratios are 1.6, 2.3, and 3—4 for h;, = 20, 50,
and 100 m, respectively, which are almost the same as those in

TABLE V
PEAK VALUES OF E, IN KILOVOLTS PER METER ON THE ROOF OF A BUILDING
(POINT 2 IN FIG. 1) OF HEIGHT hj, = 100 m LOCATED AT DISTANCE d = 100
m FROM STRIKE OBJECT OF HEIGHT i = 0 (STRIKE TO FLAT GROUND), 100,
200, OR 500 m, AND THOSE AT THE SAME HORIZONTAL DISTANCE ON THE
GROUND SURFACE IN THE ABSENCE OF THE BUILDING (h;, = 0)

Strike object | E-field on building | E-field at ground
Ratio
height, /2, m roof, kV/m surface, kV/m
0 22 8.1 2.7
100 22 7.5 2.9
200 20 53 38
500 9.8 3.0 33
TABLE VI
RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD E, ON THE ROOF OF A
BUILDING OF HEIGHT hj, = 100 m DUE TO A LIGHTNING STRIKE TO FLAT

GROUND AND THOSE IN THE ABSENCE OF THE BUILDING (h; = 0),
CALCULATED FOR DIFFERENT SETS OF GROUND CONDUCTIVITY,
04, AND BUILDING CONDUCTIVITY, 0y,

Ground Building Horizontal distance,
conductivity, conductivity, d,m
0z, mS/m 03, MS/m 100 200 500
® o 2.8 3.0 32
® 1 2.7 3.0 32
1 o 2.7 3.0 32
1 1 2.7 3.0 32
1 0.01 1.8 2.1 23

the case of lightning strike to flat ground (h = 0, see Table I).
It is important to note that the magnitude of E, in the vicinity
of the strike object decreases with increasing the strike-object
height h due to the electric-field reduction effect of the strike
object (e.g., [12]), as seen in Table V, although the ratios are not
much influenced by h.

C. Influences of the Conductivity of Ground and Building, the
Plan Area of the Building, and the RT of Return-Stroke Current

In the preceding sections, we have calculated fields assuming
both the ground conductivity o, and the building conductivity
oy to be 1 mS/m, the plan area of the building S, to be 40 x
40 m2, and the 10-t0-90% RT of the return-stroke current to
be 0.15 us. In this section, we investigate influences of these
assumptions on the computed fields.

Table VI shows ratios of magnitudes of F, on the roof of the
building of height i, = 100 m due to a lightning strike to flat
ground and those in the absence of the building (h; = 0), cal-
culated for different sets of o4 and oy It follows from Table VI
that the ratio of electric-field enhancement due to the presence
of the building is only slightly influenced by the increase in
o, and/or oy from 1 mS/m to infinity. It is generally known
that lightning-generated vertical electric field on/above ground
is insensitive to the value of the ground conductivity. When the
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TABLE VII
RATIOS OF MAGNITUDES OF VERTICAL ELECTRIC FIELD E, DUE TO A
LIGHTNING STRIKE TO FLAT GROUND ON THE ROOF OF A BUILDING OF HEIGHT
hy = 100 m AND PLAN AREA S; = 20 x 20 OR 40 x 40 m?, LOCATED AT
DISTANCE d = 100, 200, OR 500 m FROM THE STRIKE POINT, AND THOSE
AT THE GROUND SURFACE IN THE ABSENCE OF THE BUILDING (h;, = 0)

Building plan area, Horizontal distance, 4, m
Sp, m? 100 200 500
20x20 34 3.7 39
40 x40 2.7 3.0 32

conductivity of the building is very poor (g, = 0.01 mS/m),
the ratio becomes about 30% smaller than that in the case of
moderate (1 mS/m) or perfect conductivity. The ratio of magni-
tudes of E. on the roof of the building of height h;, = 100 m
and that in the absence of the building for o, = 1 mS/m is 3.0
for both £,;, = 1 and ¢, =10. When o, = 0.01 mS/m, it is 2.2
for e;p, = 1 and 2.1 for £, = 10. Thus, the influence of .y, is
small relative to that of oy,.

Table VII shows the dependence of E, on S,. When Sj, is
20 x 20 m?, E. on the roof of the building becomes about 20%
larger than that on the roof of the building of S, = 40 x 40 m?.
This tendency is expected, since, in general, the electric field
normal to the conductor surface increases with decreasing the
radius (actual or effective) of curvature of the conductor.

The ratio of E, due to a lightning strike to flat ground
in the presence of the building of height h, = 100 m and
that at the same horizontal distance on the ground surface in
the absence of the building (h; = 0) for RT = 1.4 us, is almost
the same as that for RT = 0.15 ps. The magnitudes of E, both
on the roof of the building and at the ground surface in the
absence of the building, calculated for RT = 1.4 us, are about
10% smaller than those calculated for RT = 0.15 us.

When a Gaussian-shape current pulse having a half-peak
width of 0.3 pus is employed instead of the current waveform
characteristic of subsequent return-stroke current, the ratio is
1.5, 1.9, and 2.1 for h; = 20, 50, and 100 m, respectively, re-
gardless of d. These ratio values are to be compared with 1.5, 2,
and 3, respectively, found for the lightning return-stroke current
waveform.

IV. SUMMARY

We have compared the vertical electric field E, and azimuthal
magnetic field H,, due to lightning strikes to a tall object and to
flat ground in the presence of the building at the field point with
their counterparts in the absence of the building. The magnitude
of H, is not much influenced by the presence of either building
at the field point or the strike object, while the magnitude of
E. on the roof of the building of height h;, = 20, 50, or 100 m
is about 1.5, 2, or 3 times, respectively, greater than that at the
same horizontal distance on the ground surface in the absence of
the building. Dependences of electric-field enhancement factor,
due to the presence of the building, on the horizontal distance d
(ranging from 100 to 500 m) of the building from the lightning
channel, on the strike-object height h (ranging from 0 to 500 m),

on the conductivities of ground o, (ranging from 1 mS/m to in-
finity) and the building o}, (ranging from 0.01 mS/m to infinity),
and on the 10-t0-90% RT of return-stroke current (from 0.15
to 1.4 us) are weak. Transient (lightning-related) electric-field
enhancement factor due to the presence of the building is sim-
ilar to the corresponding static-field enhancement factor. The
magnitude of £, at ground level in the immediate vicinity of
the building is reduced relative to the case of no building, with
this shielding effect becoming negligible at horizontal distances
from the building greater than twice the height of the building.

APPENDIX A

COMPARISON OF FIELDS IN THE ABSENCE OF BUILDING
COMPUTED USING THE FDTD METHOD AND
THOTTAPPILLIL ET AL.’s [19] ANALYTICAL EXPRESSIONS

In this Appendix, we compare waveshapes and magnitudes
of the vertical electric field I, and azimuthal magnetic field
H, at the ground surface due to a vertical lightning strike to
flat perfectly conducting ground calculated using the FDTD
method with corresponding fields calculated using exact ana-
lytical expressions derived by Thottappillil et al. [19]. These
latter expressions are valid for the TL model, vertical lightning
channel terminating on flat, perfectly conducting ground, and
return-stroke front speed equal to the speed of light (v = ¢).
Under these conditions, a spherical TEM wave (centered at the
channel base) is formed.

In the FDTD procedure, we used the distribution of current
along the lightning channel (2000 m in length, although this is
immaterial, because our representation of channel by an array
of current sources does not include reflections from the top of
the channel) given by (2) with v = ¢ and pg, = 1, which was
represented by a vertical array of current sources, as described
in Section II. The lightning short-circuit current . (0, t) was
the same as that proposed by Nucci et al. [26]. The peak of this
current waveform is 11 kA, and the 10-t0-90% RT is 0.15 ps.

Thottappillil ez al.’s [19] analytical expressions for £, and H,
on the ground surface at distance d from the lightning channel
are reproduced as follows:

_1(0,t—dfe)
E.(d, t) = —omeced (A1)
I(0,t—d
H,(d, t) = %. (A2)

Note that (A1) gives the exact total electric field, which is the
sum of the electrostatic, induction, and radiation components,
and (A2) gives the exact total magnetic field, which is the sum
of the induction and radiation components [19]; i.e., they are
not far-field approximations as they may appear to be.

Fig. 10(a) and (b) shows waveforms of E, and I, at distances
d =50, 100, 200, and 500 m calculated using the FDTD method
and exact (A1) and (A2). Table VIII shows peaks of F, and H,
at distances d = 50, 100, 200, and 500 m calculated using these
two approaches. It follows from Fig. 10 and Table VIII that both
waveforms and peaks of E, and H,, calculated using these two
approaches are in good agreement: the difference in field peaks
is less than 3% at all the distances considered.
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Fig. 10. (a) Waveforms of vertical electric field £, at horizontal distances

d =50, 100, 200, or 500 m due to a lightning strike to flat perfectly conducting
ground calculated for the case of v = c using the FDTD method and Thottappillil
et al.’s [19] exact analytical expressions, and (b) those of azimuthal magnetic
field H, . Lightning short-circuit current waveform, /¢, having a peak of 11 kA
was used.

APPENDIX B
ENHANCEMENT FACTORS DUE TO THE PRESENCE OF
HEMISPHERE OR RECTANGULAR BUILDING IN
UNIFORM STATIC ELECTRIC FIELD

In this Appendix, we compare the value of FDTD-calculated
static electric-field enhancement factor due to the presence of a
perfectly conducting discretized hemisphere placed on a flat per-
fectly conducting plane in a uniform vertical electric field with
its theoretical value equal to 3 (e.g., [32]). Also, we present
FDTD-calculated values of static electric-field enhancement
factor for buildings of height h;, = 20, 50, and 100 m.

Fig. 11(a) shows a perfectly conducting hemisphere of radius
100 m on a perfectly conducting plane in a uniform electric
field. The enhancement factor for vertical electric field at the
top of the hemisphere is known from theory and is equal to
3 (e.g., [32]). Fig. 11(b) and (c) shows a perfectly conducting
staircase approximation to hemisphere of radius 100 m and a
perfectly conducting rectangular parallelepiped of height h;, =
100 m and plan area S, =200 x 200 m?2, both discretized using
10 x 10 x 10 m® cubic cells for FDTD calculations. The dis-
cretized hemisphere and rectangular parallelepiped were placed
on and in the middle of a 2000 x 2000 m? horizontal perfectly

Enhancement factor = 3

Enhancement factor = 2.5

K—100m —>1

(b)

Enhancement factor = 1.7

1

. [100m

L

K—100m—>

©

Fig. 11. (a) Perfectly conducting hemisphere, (b) perfectly conducting dis-
cretized hemisphere, and (c) perfectly conducting rectangular parallelepiped,
each placed in a uniform electric field. The latter two structures were discretized
using 10 x 10 x 10 m3 cubic cells for FDTD calculation to obtain the electric
field enhancement factor at the highest point of the structure. The hemisphere in
(a) is also shown, as a reference, by the broken line in (b) and (c). The electric
field enhancement factor for the hemisphere is known from theory and is equal
to 3 [32]. Note that the enhancement factor decreases with increasing the size
of the flat horizontal area surrounding the field point.

conducting plane that was located 500 m below another 2000 x
2000 m? perfectly conducting plane. Four side planes represent-
ing Liao’s second-order absorbing boundaries [21] were used
to avoid reflections there during the transient process before the
uniform static electric field is established. A step-function ver-
tical electric field (instantaneously rising to a constant value) is
applied between the two parallel planes near their edges. The
FDTD-calculated enhancement factor for vertical electric field
E, at the top of the staircase-approximated hemisphere, which
is evaluated at 200 s when the field is essentially static, is 2.5.
This is reasonably close to the theoretical value, 3 (e.g., [32]).
The FDTD-calculated enhancement factor for vertical electric
field E, at the top of the rectangular parallelepiped, shown in
Fig. 11(c), is 1.7. Note that the enhancement factor decreases
with increasing the size of the flat horizontal area surrounding
the field point.

Table IX gives values of static electric-field enhancement
factor due to the presence of perfectly conducting building of
plan area S, = 40 x 40 m? and height h;, = 20, 50, and 100 m
placed in a vertical electric field between parallel 2000 x
2000 m? perfectly conducting planes. Static electric-field
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TABLE VIII

PEAK VALUES OF VERTICAL ELECTRIC FIELD F/, AND AZIMUTHAL MAGNETIC
FIELD H, AT THE GROUND SURFACE DUE TO A LIGHTNING STRIKE TO FLAT

PERFECTLY CONDUCTING GROUND FOR THE CASE OF v = ¢ CALCULATED
USING THE FDTD METHOD AND THOTTAPPILLIL ET AL.’S [19] EXACT
ANALYTICAL EXPRESSIONS. LIGHTNING SHORT-CIRCUIT CURRENT
‘WAVEFORM, I, HAVING A PEAK OF 11 kA WAS USED

d,m

Quantity Method

50 100 200 500
E,, FDTD 13 6.7 33 14
kV/m Eq. (AD) 13 6.6 33 13
Difference, % 2 1 1 3
Hy, FDTD 36 18 8.8 36
A/m Eq. (A2) 35 17 8.7 35
Difference, % 2 1 1 2

TABLE IX
FDTD-CALCULATED VALUES OF STATIC ELECTRIC-FIELD ENHANCEMENT
FACTOR DUE TO THE PRESENCE OF A BUILDING OF HEIGHT h;, = 20, 50,
OR 100 m IN A UNIFORM VERTICAL ELECTRIC FIELD. ALSO GIVEN ARE

CORRESPONDING TRANSIENT ENHANCEMENT FACTORS FOR THE CASE
OF LIGHTNING STRIKE TO FLAT GROUND AT DISTANCE
d = 100 m FROM THE BUILDING (SEE TABLE I)

ng height, 4, m
enhancement
factor 20 50 100
Static 1.6 22 33
Transient 1.5 2.1 2.7

enhancement factors for buildings of height h, = 20, 50,
and 100 m (1.6, 2.2, and 3.3, respectively) are close to
corresponding transient electric-field enhancement factors
given in Tables I-IV.

(1]

(2]

(3]

(4]

(5]

(6]

(71
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