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ABSTRACT

The model of Gardner (Radio Science 16, 377-384, 1981) is used to
study the attenuation of lightning fields with distance over a variety of
propagation paths. The lightning channel may consist of an arbitrary
arrangement of linear segments, each with a different propagation
velocity. The effects of an imperfectly conducting, anisotropic ionosphere
and a lower surface of earth or water (including sea state) are studied.
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It is of great interest to deduce the properties of lightning, such as
the current profile as a function of time, from remote measurements of the
radiated fields. For this reason, distortion of the signal by propagation
path effects must be understood quantitatively. The study of the distor-
tion of electromagnetic transient fields as they propagate over the earth's
surface has a long history; Sommerfeld (Ref. 1) considered the propagation
of radio waves over an imperfectly conducting earth in 1909, and a number
of recent texts (Refs. 2, 3, 4) review more recent developments. In
general the signals are éttenuated, the attenuation increasing with fre-
quency and decreasing as the surface conductivity increases. This presup-
poses smooth surfaces; corrugated surfaces (Refs. 5, 6, 7) have also been
studied in connection with propagation over a sea surface covered by
waves. When the ocean waves have lengths small compared to the radio wave-
length, a "trapping" of the surface wave is possible (Ref. 8) which results
in an increase in signal, while at higher frequencies an increased attenua-
tion results. The attenuation does not increase monotonically with fre-
quency, as Barrick (Ref. 7) notes, but rather a saturation sets in, with
the greatest losses for frequencies in the range 10 to 15 MHz for typical
ocean wave spectra.

In this paper we use the computer model developed by Gardner (Refs. 9,
10), extended using the results of Barrick (Ref. 6), to evaluate the role
of propagation effects on lightning signals.

THEORY

First'we will briefly review the theory; a more complete discussion
will be found in References 2 through 10. The lightning channel is treated
as a dipole source with specified current, with triple exponential form:

I(t) = [A(exp(-at) - exp(-bt))
+ B exp(-ct)] U(t) (1)




where U(t) is the Heaviside step function, A = 30 kA, B = 2.5 kA, a =

2 x 10* s=', b =2 x 105 s=!, ¢ = 1, x 103 s-!, The term proportional to A
has an inverse rise time of roughly b, or about 10 microseconds, and a fall
time of roughly 1/a or about 100 ps. The term proportional to B represents
the “continuing current" and constitutes a slow "tail" to the current
pulse, falling off over several milliseconds. While such a form for I(t)
is not perfect (e.g., its behavior at t=0), it is often used (Ref. 12) and
we will follow custom for ease of comparison with other references. This
current waveform propagates along the channel with normalized velocify v,
where v = speed of light divided by the velocity of propagation, i.e., v is
always greater than 1.

We will work in frequency domain rather than time domain, and assume
the fields have time dependence exp (iwt). This will both facilitate
analysis and comparison with observation. We can in principle inverse
Fourier transforh into time domain if desired. The lightning channel is
treated as a chain of dipole sources, and the Hertz potential (Ref. 13) may
then be used to find the fields at any point. The Hertz vectors have sim-
pler expressions in terms of the sources than the vector and scalar poten-
tials and therefore simplify calculations. For example, the electric field
due to a vertical electric dipole dipole may be written in terms of the
vertical component of the electric Hertz vector as:

E=vv.n+kan : (2)

where 7 is the Hertz vector and k = w/c is the wavenumber. Expressions for
general dipole source orientation will be found in Banos (Ref. 2). Cylin-
drical coordinates (p,¢,z) will be used (Ref. 10), with the source centered
above the origin, as shown in Figure 1. Wait (Refs. 7, 8) shows that the
Hertz vector due to a vertical dipole at any point above the surface may be

written as:
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Figure 1. Geometry for a point source.




where c the speed of light, ds is the length of the dipole carrying current
I (resulting in a current moment of Ids), u = (A2 - k2)¥, and

R(2) :k

- e (4)

is a reflection coefficient, expressed in terms of the normalized surface
impedance A which we will define shortly. By use of the identity

exp(- ikr)/r = ! exp[-,u(h-z)] JO(Ap)dA ‘ (5)

where
r= (o2 + (h-2)2)}

We may put this in the form:

ikr' -ikr
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r=(p2 + (z-h)z)%
r' = (pZ + (Z+h)2)%

_ ikA exp - u(h-z) A
P = .[' Uy + 1KA a Jo(2e)d2 (7)
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and T the z component of the Hertz vector. We clearly have a direct wave
of the form:

My = Ids/(4niew) exp(ikr)/r (8)

with a reflected wave:

m. = Ids/(4miew)[exp(ikr')/r' - 2P] (9)




(where r' is the distance to the image dipole source). HNote that for a
perfectly conducting, smooth ground P=0. The quantity A = Z/n in the above
is the surface impedance normalized by the free space value n =120 . The
surface impedance is the wave impedance, that is the ratio of fields Z =
E/H, at the surface. For a smooth homogeneous surface it is given by:

A= Ul/(dl + 181(&)) (10)
where

up = (k% - k%)% o ky = (wPureg - Tuppop)? (11)
k, as the wavenumber below the surface, w the frequency, o; the conduc-
tivity, €; and p; the dielectric permittivity and the permeability, respec-
tively, with References 6, 7 giving corrections for corrugations. Note
that it is in general a complex number; the real part represents a resis-
tive component while the imaginary part represents a reactance and gives
rise to the wave trapping discussed previously. The integral may be
evaluated using the asymptotic methods, yielding an expression containing
the complex error function. We found it simplest and most accurate to
include the results of Reference 6 by simply calculating the transmission
for a smooth surface and then correcting this result for the changed
attenuation, interpolating from a table in frequency, range, and sea state
from the results of Barrick. His data show little effect below frequencies
of 3 MHz for propagation ranges below 50 km. Enhancements in signal due to
trapping are typically only fractions of a dB for such ranges and are
therefore much smaller than other effects. Finally, integrating along the
length of the finite channel segments, taking into account the finite sig-
nal velocity, results in the factor ds being replaced by terms of the form

Lsinc(kL/2 (v - vr),) (12)




where L is the length of the segment, and V = v/c is the normalized propa-
gation velocity and sinc(z) = sin(z)/z.

We will refer to the signal discussed above as the "ground wave". In
addition, there is a "sky wave" due to reflection by the ionosphere. Its
treatment is analagous, the "single bounce" approximation of Wait (Ref. 11)
being used to find the reflection coefficient. References 9 and 10 give
the details of the method used. The sky wave is typically unimportant
except at the lowest frequencies. Finally, we note that at frequencies
below 1 kHz it is most appropriate to treat the propagation as occurring in
a waveguide formed by the ground and the ionosphere. This is discussed in
Reference 9 and will not be discussed here.

RESULTS

Figure 2 compares the results of Reference 13 with our calculations,
for a pulse propagating at the speed of light along a vertical channel with
a length of 1500 m at a distance of 50 km. We show results for propagation
over moist ground (the lowest curve), calm sea, and sea in "sea state 6",
corresponding to a wind of 30 knots. We note that agreement with the
propagation over water is excellent for frequencies below 10 MHz. It would
seem that the assumed form for the current I(t) possesses too high a con-
tent of high frequencies, possibly due to the "continuing current" term
which is discontinuous near t=0. Note that attenuation over the land is
somewhat higher than over the highly conductive sea water, but that this is
significant only for the higher frequencies. Note also that sea state has
an almost indiscernable effect.

Figures 3 and 4 present results for similar calculations for a tortuous
channel, both for pulses propagating at the velocity of light and 1/3 that
velocity. As the travel time of the pulse down the channel increases, due
either to the lengthening of the channel or the slowing of the propagation
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Vertical electric field just above the surface, as a function
of frequency, for a vertical channel 1500 m long, carrying
the standard current pulse propagating along the channel at
the speed of 1ight. The curves are, from bottom to top, for
propagation over moist ground, ocean water in sea state six,
and a smooth ocean surface.
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Same as Figure 2, but for a channel with three straight line
segments connecting the following points in Cartesian coor-
dinates: (0,0,0), (500,500,500), (-500,-500,1000), (0,0,1500)
where all lengths are in meters.
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Figure 4. Same as Figure 2, but for a current pulse along the channel
with a propagating velocity of 1/3 the speed of 1ight.




along the channel, the resonances shift downward in frequency and the
structure of nulls in the E(w) curve shifts downward. The slower propaga-
tion velocity reduces the high frequency component somewhat. Hence the
gross features of the curve, along with the location of the resonances in
frequency space, tell us the gross properties of the stroke--its length and
propagation velocity. Note that we do not include effects of branching,
there being only one current-carrying channel, although it need not be a
straight line. Additional branches can be treated with a fairly straight-
forward modification of the code, however.

Unfolding the pulse shape would be quite a bit more difficult. The
pulse shape may be expected to change with propagation (Ref. 9). The pulse
shape and the precise geometry of the channel would interact to give the
fine structure of E(w) at higher frequencies. We could hope to extract the
current as a function of space and time only with both optical measurements
to supply channel geometry and an array of electromagnetic observations to
enable us to separate signals from different portions of the stroke. Note
that even the rolloff of signal with frequency is a function of both propa-
gation velocity and pulse shape, and therefore it would be useful if the
optical observations would give us the former. There is some hope that in
the near future experiments in New Mexico may provide us with such cor-
related measurements.
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