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A MODIFIED TRANSMISSION LINE MODEL FOR LIGHTNING RETURN STROKE
FIELD CALCULATIONS

V.A. Rakov
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High Voltage Research Institute
634050 Tomsk

USSR

Modifications to the transmission
line model developed at the High
Voltage Research Iunstitute, Tonsk,
USSR, are presented and compared
between each other and with the
modification proposed by the Italian~
Swiss research teamn. The modifications
considered differ from each other by
the height dependent attenuation factor

for +the return stroke current pulse
intensity. All of the attenuation
factors, corresponding to various
leader charge distributions along the
channel, provide fairly good agreement
of the calculated filelds with the
experimental data available. Some

problems with modeling of the early and
late stages of the return stroke
process are discussed.

1. Introduction and literature review

First of all we note that the term
"transmission line model” in title of
the paper denotes a return stroke model
described by Uman and McLain [11. In
this model a temporal and spatial
behavior of the return stroke ocurrent
is assuned, with the channel-base
current and return stroke speed being
specified in accordance with
experimental data available. The term
"transmission line model” i1s also used
to label more sophisticated models
which mathematically describe the
return stroke channel as a R-L-C
transmission line with circuit elements
that may vary with height and time
(e.g., [2-91).

In the R-1-C models the temporal
and spatial behavior of the current is
determined by the telegrapher’'s
equations. These models, being more
physically oriented and potentially
more informative, are in many respects
not compatible with presently existing
level of the understanding of the
physics involved. For instance, the
determining of +the C circuit element
requires a description of dynamics of
the channel corona charge while this
charge 1s collapsing into the channel
core, the process for which even a tinme
scale is a matter of great

‘properties)

disagreement: nanoseconds [61,
nicroseconds [10,1%11, milliseconds
{12,133, hundreds of microseconds and
seconds (143, Due to the rudimentary
knowledge on some pertinent lightning
discharge processes one have to make
too many arbitrary and speculative (not
well grounded in observed lightning
assunptions. As a result,
the R-L-C models are generally not able
to provide an agreement between
calculated and measured fields
(compare, for instance, Fig. 3 in {5]
and Fig. 1 din [151).Although, this
approach to modeling allows to carry
out extensive numerical experiments
whose results, being compared with
observed lightning properties, can
improve the understanding of lightning.

There has been considerable
interest lately in developing and
applying to field calculations of the
lightning return stroke models with
gpecified channel-base current, some of
the nodels being, in fact, a
modification of Uman and Mclain’s
(1069> [1] model (e.g., Lin et al., 1980
[101, Dulzon and Rakov, 19890 [161],
Master et al., 1081 [171, Rakov and
Dulzon, 1987 [181, Nucci et al., 1088
{19,201, Nucci and Rachidi, 1989 [211,
Rachidi and Nuceci, 19090 [221) while
others representing a somewhat
different approach (e.g., the so-called
traveling current source nodel
introduced by Heidler, 1985 [ 231, and
Diendorfer and Uman’s, 1990 [111
model). FProbably these extensive
efforts have been motivated by the need
to have relatively straightforward
techniques for (1> deriving the
lightning current parameters from
electromagnetic field measurements (the
so-called inverse source problem, and
(2> prediction of the coupling and
resultant effects of the {fields of
nearby lightning on airborne vehicles
and on ground based objects.

An  dinitial version of the return
stroke model we present here has been
developed in the early seventies in the
High Voltage Research Institute, Tomsk,
USSR, The model description has been
first published in 1974 in German [24]
and in 1975 in Russian (251, But,
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perhaps, due to the language Dbarriers
those papers appeared to be not
available for the most of the lighining

research community. The mnodel was
utilized for extensive electric and
magnetic field calculations d1n both

time and frequency domain. The results
were used i1in developing estimating
relations for deriving the return

stroke peak current from electric and
magnetic field measurenents, and in

substantiating the frequency response
of the various lightning flash counters
and other lightning fileld recording
devices, The most complete set of
calculated fields (both total and
separate components: electrostatic,
induction, electric radiation,
magnetostatic, and magnetic radiationd
in both time and frequency domain we
organized in the Atlas (not published>
which includes the calculated fields
and their spectra for the typlcal first
and typical subseguent stroke at two
ranges, 10 and 100 Xxm, for wvarious
channel heights and return stroke
speeds. Vaveforms in the Atlas show a
reasonably good agreement with
experimental data available in the
literature. In particular, electric
fields at 10 km show characteristic
ramp and both electric and magnetic
fields at 100 km show characteristic
bipolar waveshape [151.

2., Model description

Major features of the model Dbeing
presented here are the following. As in
original transmission line model (TLM)
a specified channel-base current pulse
is assumed propagating without
distortion vertically upwards from the
surface of a perfectly conducting
ground plane. Neither channel
branching, nor attachment process are
taken into consideration. In contrast
with the original TLM the current pulse

intensity is allowed to decrease with
height above ground level. Thus, the
current behavior as a function of time

(t> and height (z) is expressed as
iz, t> = P(z>-1(0,t - tz), 1)

where P(z) 1is the current attenuation
factor which is a function of only =z
(is a constant at fized z); tz is the
time for +the return stroke front to
reach the height z.

Ve assumed that entire charge to
be neutralized by the return stroke is
deposited onto the channel (mostly in
the corona sheath surrounding the
highly conducting channel core> of the
effective height H., This implies that
only charge stored above the given
channel section (no nore, no less) is
to be transferred through this section
to ground, i.e., total channel charge
will flow through the channel base (z =
= 0), and no charge will flow through
the effective channel top (z = H>.
Since the current waveshape is assuned

to be independent on height {(no
distortion, only attenuation’ this
decrease in charge transfer with height
corresponds to a decrease in return
stroke current pulse intensity with the
rate of decrease being the sawme in both

the cases. Hence, the current
attenuation factor at height z simply
is a ratio of the leader charge

distributed along the channel above the
channel section at height z and total
leader charge deposited onto the
channel of effective height H:

H
j qfz)-dz
z
Plz) = ' 23
H
f gfz>-dz
0
where qf(z? is the charge per unit
length at height =z. It is clear Ifrom
(2 that P(z} variles from 1 at z = 0 to
O at z = H. Note that in the wmodels
with exponential current decay [19-221

this attenuation factor is non-zéero at
z = H.
The Dbehavior of Pdz)> within the

boundary values indicated (P(0) = 1 and

PH? = 0> is determined by the
distribution of charge along the
channel. Firwt [24,25,16] we used the
uniform charge distribution, and then
we explored influence of the
distribution type on the calculated

fields consldering both linear [ 181 and
exponential decrease of the charge
with heipght.

1f the leader charge is uniformly
distributed along the channel (g(z) =
= const), then it follows from (2) that

P(z) = 1 ~ z/H, 30

Fpr the linear decresuse of the charge

4225

Vi

0 25 zg 75

Fig, 1. Return-stroke current
attenuation factors defined by
exzpressions (3) through (6> as
a function of height =z

¢ H = 7.5 km >

J
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witi height
2

Piz) = (1 - z/H) (4>

If +the leader charge per unit length

decays exponentially with height (qlz)=

= q -exp(z/L >, where subscript 0
0

q
refers to the channel base, z = 0, and
L ig the decay rate of the charge

q
with height?, then

exp(-H/L ) - exp(-z/L >
q 9
exp(-H/L > - 1
q

B>

P(z

~
1}

Expressions 3>
displayed in Fig. 1.
1 is the current attenuation
proposed in [191:

through (52 are
Also shown in Fig.
factor

P(z> = exp(~z/L 7, 6>
i

L = 1.7 kn [21] represents the
i
decay rate of the 1lightning current
pulse intensity. Due to lack of the
relevant experimental data any value of
L is to a great extent arbitrary. Ve

where

chose
of L ,

i
used values L

it equal to the foregolng value
which is close to the commonly

e.g., [261).

Returning to expression (1), the
time +tz for the return stroke fromt to
reach the height z is a function of the
return stroke speed. This speed is
probably correlated with the return
stroke current since the higher current
the faster transformation of the leader
channel to the return stroke channel.
If +this be so, then current decay
should be accompanied by a decrease in

return stroke speed, even in a
branchless channel. Ve arbitrarily
assumed an exponential decrease of the

speed with time:

vty = v -exp(-G-tJ, <73
0

where v

0
level, and G is the speed decay rate.
Although, in view of the subsequent
return stroke speed being commonly
claimed uniform <(e.g.,010,191) with
reference to Schonland et al. (1935)>
[27), we also consldered a case of G =
= (O, Thus, it follows from (7> that

is the speed at the ground

=L1In{l-z-G/v 31/G for G#0; (&)

0
tz = z2/V
0

for G=0. ()

Distributions of the return stroke
current along the channel at different
tinmes and current waveshapes at

different heights of the channel for
the attenuation factors defined by
expressions (3)-(6) are presented in

Fig. 2 and 3 respectively, assuming H =
8

= 7,5 km, v = 1.5-10 mw's, G = 0, and
0
L = L = 1.7 km To describe a
q i
channel—-base current we used here an
analytical approximation of the typical
current waveshape for subsequent return

stroke (28] proposed in {21, Fig. 21.

3, Calculated electric fields and
discussion

To calculate vertical electric
fields at various ranges we used well-
known expressions (e.g., [29]1> based on
the solution of Maxwell's equations in
terms of retarded scalar and vector
potentials. Upper 1limit to height
integrals in the expressions for
electrostatic, induction and radiation
field components [29] was assigned to
be z as derived from following
expression:

t -tz - = 0, (1o,
c

where D is a horizontal distance
between observation and ground strike
points, and ¢ is speed of light, until
the return stroke front. reaches the
effective channel +top, and to be H
otherwise.

Calculated vertical electric
fields E(t) at three different ranges
(2, 10, and 200 km> are plotted by the
attenuvation factor expression in Fig. 4

for H=7.% km v = 1.5-10 n's, G =
= 0, and L =1L = 1.7 kmn. The time
q i
origin (¢t = 0> indicated in Fig. 4 for
the observation point is by D/c later
with respect to the time origin at the
ground strike point. Change of the
value of G from zero to 0.9-v /H, which
0

is close to the upper limit for G as it
follows from (8>, does not make the
calculated fields much different from
those shown in Fig. 4.

In general, +the calculated fields
presented in Fig. 4 are quite similar
at the same range for different P(z)
and all are in fairly good agreement
with the experimental data available
(e.g., [1515. Although none of the
current attenuation factors considered
provides field zero crossing at 50 km
which is reported to be typical in [15,
Fig. 11.

Another discrepancy between the
calculated fields and experimental data
[15} is the absence in the former of
the electric field hump appeared to be
typical at some ranges: 1, 5, perhaps
10, 50, and 200 kmnm, although it is not
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Fig. 2. Distributions of the return
stroke current along the
channel at different times for
the current attenuation factors
defined by expressions (3)

through &)
evident at 2 and 15 km (see Fig. 1 in
[151). Similar electric field hump at
10 to 20 mnicroseconds 1ls produced by
the corona current in Diendorfer and
Uman’s model [11] which is probably
most physically oriented among all

presently existing return stroke models
with epecified channel-base current.
Although, in {11, Fig. 15b] the hump
pccurs at the same time at any range
(10 to 200 kmd while in the
experimental data the time of the hump
occurrence seems to Dbe (at least
sometimes) distance dependent (see Fig.
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Fig, 3. Return stroke current
waveshapes at different heights
for the current attenuation
factors defined by expressions
(3> through (&)
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5 in [30] and Fig. 4.
labeled E2, in [311).

It follows from Fig. 4
apparently no special uniforn
stroke current component [10] is needed
to provide the characteristic field
ranp at close ranges [15].

Now we briefly discuss a couple of
problens (sometimes not recognized)
with return stroke modeling in general,
not in any particular approach
mentioned above. These are related to
the very beginning and to the very end
pf the return stroke process, and

11, waveforns

that
return
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should be kept in mind to avoid
applying of a model beyond its
limitations.

Probably a return stroke process
may be viewed starting just after the
so-called streamer =zone {41 of the
downward-moving leader contacts ground
or streamer zone of the upward-moving
connecting leader. At this moment
potential of the downward-going leader
tip is still close to the cloud
potential and, hence, the first stage
of +the return stroke should provide
nearly ground potential to that point
on +the leader channel, the process
called the Dbreak-through phase [(41.
This phase was inferred toc exist in
lightning discharge by analogy with
long spark. Physically, the Dbreak-—
through phase is the transformation of
the relatively high longitudinal
potential gradient streamer zone (a
volume of some tens of mneters in
longitudinal dimension occupied by
numerous filaments) to relatively low-
gradient plasma channel. This phase is
characterized by reducing the streamer
zone length due to simultaneous
propagation toward each other of the
two plasma channels from the upper and
lower extremities of the streamer zone.
The process has very steep mnegative
voltage-current characteristic and 1is
thought to last from 1 microsecond to
even some tens of microseconds [41.

It seems to be not unreasonable to
hypothesize [41 that the initial rising
portion of the return stroke current
pulse, including the peak value, at
the channel base (i.e., first few
microseconds or so of the return stroke
process? i1s associated with the break-
through phase, the process physically
different from those modeled using any
of the transmission line and other
abovenmentioned approaches (see
Introduction and literature review
section) except the break-through phase
model developed by Gorin [41.

Thus, any attempt to improve the
lightning return stroke model for early
times of the process (e.g., [9]1) may be
not productive without taking account
of the break-through phase,

One may argue that the break-
through phase 1is lmportant omnly for
first strokes, not for subseguents. Ve
think that there is no great
phenomenclogy difference between first
and subsequent strokes. Even upward-
moving connecting leader thought to be
attributable exclusively to first
strokes was recently found cccurring in
subsequents as well (see [32,331 for
natural lightning; and [34,351 for

triggered lightning)>. Probably, the
streamer zone for subsequent strokes is
shorter than for first strokes

Fig., 4. Calculated lightning return

stroke @lectric fields at three
different ranges ( D = 2 km,
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break-through
hence, shorter
return stroke current rise tine
duration, the latter being in
accordance with the experimental data
availlable.
It is common (e.g., [10,191>
subsequent return strokes are
easier +to model as compared to first
strokes. It is certainly so but until
the process enters the cloud and nears
the region previpusly discharged by the
first stroke since then the subsequent
stroke channel wusually changes its
orientation from predominantly vertical
to predominantly horizontal [ 36-38]
with the horizontal extension being up
to 8 knm {361 and wmore. Hence, the
calculated fields may be not comparable

shorter
and,

resulting in
phase duration

view
that

with experimental data on the higher
order strokes for late times (later
than about 50 nicroseconds for fields

presented in Fig. 4> if the change in
the channel orientation is not taken
into account.

Further, the leader process
depositing charges onto the channel for
following neutralizing by the return
stroke should collect those charges
from the cloud hydrometeors initially
isplated from each other. This
funneling process is probably
associated with nunerous heavily
branched dionized channels pervading a
relatively large cloud volume and
serving to supply charges for the
highly organized movement along the
channel. Ve suspect that the return
stroke process after its front has
reached this funneling cloud region 1is
not adequately reflected by any of the
presently existing return stroke
models,

Thus, any return stroke model
assuming propagation of the current
wave along the previously charged
single channel is justifiable only for
niddle portion of the channel. Below
this portion at the early times the
channel should be viewed as a sort of
closing switch, and above this portion
(at late times) the leader funneling
region should be taken into account.
For subsequent strokes of the higher
order the change in the channel
orientation from predominantly vertical
to predominantly horizontal for the
late times may be also important.
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