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THE LIGHTNING GROUND FLASH - AN ENGINEERING STUDY

ABSTRACT

The thesis is concerned with a study of the electrical engineering parameters

of the lightning ground flash - i.e, the statistical distributions of peak
current amplitudes, discharge current waveform characteristics, and flash
striking distances - in the event of flashes to practical engineering structures.
In view of its predominating frequency of occurrence in practical situatioms,

the discharge of primary concern is the downward progressing and negatively

charged ground flash.

A central feature of this work is the establishment of a lightning research
station (incorporating a 60 m instrumented mast) in the Transvaal highveld region
of South Africa. The design of this station and the related measurement
techniques are fully described. Préliminary results accunulated over a 6-year
period of observation are presented, and include recordings obtained during direct
strikes to tﬁé mast, as well as data from associated measurements of additional
thunderstorm and lightning parameters. The latter studies include the use of
closed circuit television video recordings, together with electrostatic field
mills and lightning flash counters. Analysis of the resultant data serves to
provide a comprehensive characterisation of the thunderstorm and lightning
climatology in the region - on the basis of electrical activity. With only few
exceptions, it is concluded that the characteristics of lightning observed in the.
Transvaal region are generally consistent with the trends of data from other

regions of the world.

A unique aspect of the project is a study of lightning striking distances.
An attempt to estimate these distances using bi~directional photography of flashes
to the research mast is described, and several preliminary results are also
presented - in conjunction with the associated measurements of discharge current
amplitude, These results are compared with previously used relationships between

striking distance and peak current.

Thereafter .....
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PREFACE

Lightning has long been an object of fascination and awe to man - perhaps

because it is one of the most graphic manifestations of natural forces in a

state of turmoil. The occurrence aund consequences of lightning flashes have
featured as integral aspects of many earlier mythologies and such atavistic
attitudes have ﬁersisted until comparatively modern times. It has only been in
the past 250 years that the physical nature of lightning has become clarified,

and that steps have been taken to devise protective approaches againét lightning -
notably in the pioneering work of Franklin. More particularly, it has only been
in the past 50 - 60.years-that a comprehensive scientific understanding of the

phenomenon has emerged.

Concomitant with scientific development has been technological advancement
and increasing industrialisation. Thus it is only in the modern era that man's
exposure and susceptibility to lightning has been widened beyond the individual
or domestic level, to the collective - in that his technmological systems (and
soclety's increasing dependency theréon) are now also susceptible to disruption
by lightning. A considerable amount of research effort has therefore been directed,
over the past 30 - 40 years, towards clarification of the effects of lightning
upon engineeting systems, and toward the development of improved protective

means whereby damage and disruption may be minimised.

The principal objective of this thesis is to report upon a research programme
which attempts to arrive at an improved understanding of the ground flash - more
particularly in the South African highveld region, but alsc in terms of the

broader electrical engineering implications of the discharge process.

(Note: Except in isolated instances, as stated in the text, all the

material presented in this thesis is the author's own original work.)
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CHAPTER |

INTRODUCTORY REVIEW

Background
The primary coincern of this thesis is with the characteristics of the
lightning ground flash, since it is this aspect of the discharge phenomenon

which is mainly respounsible for the damage, or disruption caused by lightning.

In presenting the material in this thesis, it is assumed that the
reader 1s familiar with the main features of the lightning'discharge. For

completeness, however, a brief review of the phenomenolbgy of the process

“1is given 1in Appendix 1A and this also serves to define the terminology that

has been adopted iIn this work. This Appendix also points out that in the
majority of practical situations the most commonly encountered form of
ground flash involves the transport of negative charge from the cloud to
the ground (i.e. the negative downward ground flash). The study of this
particular variant of ground flash therefore forms the main theme of this

work.

The research programme which provides the basis of the material in
this thesis was initiated in 1972 by the author, as a research project of
the_National-Electrical Engineering Research Institute {(NEERI) of the South
African Council for Scientific and Industrial Research (CSIR). The background
motivation to this project lay 1in the need to arrive at a bettér understanding
of the ground flash and its characteristics, in order to arrive at more
effective and optimised approaches to prevailing lightning protection

problems In South Africa.

Again, by way of clarification to the non-specilalist reader, Appendix
1B contains a brief review of contemporary thinking on lightning protective
concepts and the electrical engineering implicatidns of the problem. This
demqnstrates that implementation of an effective lightning protective
approach - whether this relates to the protection of a house, or of an
electrical engineering installation such as a transmission line - requires
adequate knowledge of several primary aspects of the negative downward

flash process; as follows:
(1) an understanding of the striking mechanisnm

(11) a knowledge of the probability distribution of stroke current

peak amplitudes.

(i11) a knowledge of the time dependent characteristics of the stroke

discharge current waveform.
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In considering these requirements, it was recognised that a considerable
body of‘informatfon was already available from various experimental studies
of the lightning phenomeneon, which had been carried out over the pastISO
years in different regions of the world. These ranged from)phySigat ?tudies
d(l ' 2

ef the discharge mechanism (such as the work of Schonlan , Malan s

Pierce(3), Brook(é), and their colleagues) to experimental investigations
of the engineering characteristics and implications of the ground flash
{e.g. McCann(S), Hagenguth(G), Wagner(7), Whitehead(a), Anderson(g),
Popolansky(lo), et al),

Much of this earlier wmaterial has now been collated and reviewed in
several standard reference works (e.g. Uman(ll), Golde<12)(13), and 1t is
generally agreed that probably the most comprehenslve source of data on the
parameters of the ground flash derives from the comprehensive investigations

(14)

carried out by Berger' , over a 30 year perloed of study, on top of Mon;e
San Salvatore 1n Switzerland. '

(15)

In a review of aspects of Berger's data in 1971, Anderson drew
attention to the fact that certain data accumulated earlier in Southern
Africa raised the possibility that the lightning discharge in this region
could be more intense in relation to the more temperate regions of the
world, such as Switzerland. In particular, Aanderson's review indicated the
possibility that South African flashes could involve higher amplitude
currents, as well as a greater 1lncidence of multiple stroke and negative
polarity flashes, and flashes of longer duration, than had generally been
observed by Berger in Switzerland. This raised the question therefore, as
to whether Berger's data (comprehensive as they were), were necesgsarily
applicable to the study and resolution of l;ghtning protection problems in

Southefn Africa,

A further question concerning Berger'’s data related to the fact that
these were based upon direct stroke measurements carried ocut on masﬁs
lqcated'at the top of Monte San Salvatore. This mountain has an altitude
of 914 m above sea level, and rises steeply, some 640 m, above the Lake of
Lugano. The topography of this measurement situation is thus comparatively
far removed from many practical problem situations, such as domestic houses
or transmission lines in "normal countryside, and therefore raiséd the
additional question of whether the resultant measured data were representative
of what might be encountered in couwmon practical situations.

Arising-‘..../3
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Arising out of this background study therefore, the principal objectives

of the South African research programme - and thus of the work presented in

this thesis - were as follows:

(a)

(b

(c)

(d)

Establishment of a research station for the measurement of the parameters
of the ground flash during direct strikes to a structure - in a location
more representative of practical engineering situations - with the

emphasis primarily upon the negative downward flash.

Aceumulation of direct stroke data and a comparison of the results
with data from other regions of the world, in order to establish to
what extent local discharge characteristics may deviate in this climatie

region.

Rigorous characterisation of the local lightning and thunderstorm
climatology and again, a comparison with data from other regiouns of

the world.

A study of the lightning striking process, in order fo arrive at a
better ﬁnderstanding of those aspects which could facilitate and

optimise protective techmiques.

Plan of research

Two main lines of approach were followed in the course of the research

programme reviewed in this thesis. The first involved an experimental

study of a variety of ground flash characteristics, using both direct and

indirect techniques of observation, while the second included also an

analytical examination of striking distance concepts and led to the development

of a simple analytical model whereby structure effects upon the process

could be clarified.

In considering the material in this thesis it may be helpful to

review briefly the several distinct phases that delineated progress as the

programme developed:

(a)

The project was initlated in early 1972 and the first phase comprised
essentially the design, development and commissioning of the requisite

facilities making up the research station. This included the planuning

and erection of a research mast and the establishment of a suitable

instrumentation facility, together with the necessary site services.
The first dirvect flashes to the research station were registered

successfully in November 1972,

(b) Thereafter ..... /4



{b)

(c)

- -

Thereafter, the second phase represented a period of evaluation and
éonsolidation of measurement techanlques, during which the principal
objective was the attainment of a high reliability of all instrumentation
systems, in order that as much data as possible could Be accunulated.

Station.operation and data acquisition proceeded routinely until some

.27 flash events had been registered by COctober 1977;

At that stage It was considered that sufficient data had been obtained
to justify preliminary analysis and the author published a research

(16
paper in June 1978( )

,» Which presented the teantative trends emerging
from these early measurements. In order to examine the;implications
of these data adequately, the author had in the same paper carried
out én analysis of flash incidence and characteristics on a variéty
of structures in different: regions of fhe world. This analysis drew
attention to the important influence of structure height upon the
incidence of flashes of different types (e.g. upward and downward
flashes), and led also to the expression of an approximate empirical
relation, which accounted for the observed incidence of downward
flashes to various structures, in terms of an equivalent structure

attractive radius, viz.:

2 -
N, =N & R" x 10 6 flashes/year
where N, = annual incidence of downward flashes to a structure

N = prevalling annual ground flash density (km_zyr*l)

B
and Ra = structure equivalent attractive radius, given by:
0,61
= 16,3 H
a Dl (m)
where HS = structure height in m

Arising out of this analysis, the author also reached the tentative
conclusion fhat the cumulative distribution of. stroke current amplitudes
reglstered during downward flashes to structures, could be largely
independent of structure height and essentially similar to the distribution
of current amplitudes associated with flashes to comparatively flat

grouund,

This ...../5



This postulate had important implications for engineering practice,
but was contradictory to the trends derived from several comparatively
well—establishéd electro-geometric concepts, (e.g. Sargent(l7)) and
thus demonstrated the need for a better understanding of the strikiﬁg

process and particularly of the role of structures in this process.

(d) Accordingly, the most recent phase of the research programme (i.e. in
its stage of development, as represented by the preparation of this '
thesis), involved a study of experimentally measured "striking distances"
and the development of an analytical model which served to represent

the final stages of a downward flash te a structure.

Application of this model in numerical simulation studies - as
discussed later in this thesis - allowed examination of the effects of
structures of varying heights upon flash incidence, (including also
structure protective effects), as well as upon the anticipated distributio

of stroke current amplitudes in structures.

Ll

Subject to the assumptions of the model studies, the results tend
to support field observations and the author's earlier conclusions

from the tall structures analysis.

It should be emphasised that preparation of this thesis does not
represent termination of the research programme. This particular
project remains an integral part of the ongoing lightning research

programme of the NEERI.

1.3 Synopsis of the succeeding chapters

The material presented in the body of this thesis lends itself to being
grouped into several comparatively distinct topics, or sectioms, although

each remains an element of the overall research programme. Chapters. 2 to

5 {(inclusive) therefore, have eaéh been prepared as integral units, comprising
all the material germane to the particular topic of discussion (i.e.

including results and conclusions), and, taken together with thelr assoclated
Appendices, may thus be considered almost independently of each other, An
attempt is made in the concluding section, however, (Chapter 6), to correlate
the material presented in the preceding chapters, and, where necessary, to

enlarge upon this further.

By way of clarification of the organisation of the body of the thesis,

it may be helpful briefly to review the content of each of the succeeding
chapters.

Chapter 2 ...,.. /6



Chapter 2 - provisions of the research station

The activities reviewed in this section represent the first phase of
the research program and comprise the basic engineering steps involved
in the establishment of the research station and the related site

services.

No claim for originality is made in respect of the engineering
principles employed, but the situation itself was comparatively unique,
since, as far as the author is aware, it‘represented the first contemporary
instance that a complete measurement station — including the mast v
structure - was established purely for lightning recordings. The few
known research stations of similar nature have all taken advantage of

existing structurés, (typically, broadcast antennae of various types).

This chapter serves therefore to set on record the various
design steps involved in establishing the station, as well as the

reasoning behind the various specialised arrangements that were adopted.

The material presented includes firstly, an examination of those
factors that led up'to the choice of research station site on the CSIR
campus in Pretoria. The following three sections (together with
Appendices 2A and 2B) outline the design of various site facilities,
including the structural support of the mast itself, as well as the
specialised earth electrode and power supply provisions. The remaining
sections review the measurement technique and instrumentation arrangements
that were adopted for direct measurement of lightning currenté, as
well as lightning photography. A primary objective in planning the
site facilities was to reconcile the need to ensure maximum reliability
of all measurement systems at a time when the site services themselves
were experiencing maximum disruption, that is, at the time of a strike.
Considerable attention was paid therefore to effective grounding and

shielding principles.

As a last resort, to allow for the eventuaiity that all systems
might fail, a magnetic link system was introduced to provide a back-up
measurement of maximum current amplitudes. In view of their importance
to the project therefore, Appendix 2C reviews briefly the procedures

adopted for the calibration of these magnetic links.

Chapter 3 ..... /7



Finally, in operation of the station, it was necessary Lo take
account of the unpredictable nature and times of occurrence of thunder-
storm acfivity. This neéessitated an approach which combined continuous
operation (24 hoﬁrS) of certain strategic items of equipment, with
selective radio control of the remaining instrumentation ~ thereby
ensuring effective operation of all systems at the requisite times,

(i{.e. when lightning was in the immediate vicinity of the station).

Chapter 3 - Direct measurement of lightning flashes to the
research mast and results

This chapter reviews the performance of the research station over the
first seven years of operation (1972 - 1978). A total of 28 flash
events was recorded on the research mast during this beriod and the
circumstances surrounding each event are outlined in Appendix 34,

which also presents the relevant oscillograms and flash photographs.

A primary feature of the planning of the research station had
‘been an emphasis upon the negative downward flash and i1t is encouraging
therefore to note that the majority of the recorded flashes (15 in
all), were-iaentified as being of this type. In examining the incidence
of flashes to the mast, it 1s also observed that the negative downward
type mostly occurred during afternoon storms, while the remaining‘more
unusual flash types (such as those involving upward leaders), tended

to be associated with the less common, early moroing '"cold" frontal

storms.

As experience developed in the operation of the research station, .
various modifications to the instrumentation systems were gradually
introduced - leading to an improﬁing measurement success rate as the
programme progressed. Of the avallable records, meaningful data were
extracted from measurements on 13 flashes. (The majority of the
renaining flash events could not be analysed, either due to missed
recordings through loss of site power supply in the early stages of
the programme before a standby supply was arrauged,lor, because at
least 4 of these events involved weak upward leader discharges in

which the maximum currents were below the recording system threshhold).

Various waveform parameters were evaluated from the available
discharge current oscillograms and these results are analysed in the
body of the chapter. While the recorded data samples are too small to
allow meaningful statistical analysis, it is geunerally concluded that
the character of the preliminary results, as well as their trends, are

consistent with results obtained from other direct discharge current

measnrements - such as those of Berger(l8)
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A preliminary cumulative frequency distribution of negative downward
peak current amplitudes is also presented and yields a median value of 44
kA, but being based upon a small sample, is subject to wide confidence
1imits. Although. suggesting marginally higher current amplitudes than have
been recorded elsewhere — subject to the confidence limits - this result is
again consistent with contemporary thinking on the probable distribution of

negative downward flash current amplitudes.

Chapter 4 - Striking distance considerations

Following a short introductory review of the concept of striking distance,
this chapter outlines a unique experimeantal techaique which attempts to
determine the striking distances of flashes to the research mést. This
involves a system of bi-directional photography of direct strokes, coupled
with a technique of geometrical analysis, which leads to estimations of the
striking distance of the downward leader, as well as of the interxception

between the resultant upward and downward progressing leaders,

Tentative results are presented for 8 such evaluations - in correlation
with the assoclated values of discharge current peak amplitude, as recorded
on the research mast. Although considerable scatter is evident in this
small sample of records, the resultant trend of the‘mé35ured striking
distances (in relation to peak current amplitude) suggests-larger striking.
distances .than might be anticipated from the more common empirical elec—

(19)

trogeometric relationships - such as that of Whitehead , for example,

(9

Building upon earlier work which had been initiated by Anderson
an analytical representation of the final stages of a flash to a strugtﬁré
1s presented in Appendix 4A, This concept involves the appreach of a
linearly charged downward leader element, in the wvicinity of a structure,
and an evaluation of the electrostatic field gradients developed beneath'
this leader. The striking distance of the downward leader is considered to
have been attained when the upward leader ionisation inception gradient 1s
developed at the structure. For a given ratio of the downward and upward
leader average velocities, flash. termination is defined by the .interception

of these two leaders.

Application ..... /9
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Application of the analytical approach is illustrated by an evaluation
of striking distances to the research mast for a range of leader charge
ﬁagnitudes. The latter, in turn, are correlated(?z;h stroke currents
amplitudes (using Berger's measured correlations } to yieyd predicted
dependencies of both striking distances and interception distances for
flashes to the research mast. The results are found to display trends

comparable to those obtained from the measured striking distances.,

Au important conclusion arising out of this work 1s that striking
distances to a structure are directly dependent upon the degree to which

the structure intensifies the prevailing electrostatic field.

Additional aspects examined in this chapter include the implications
of leader branching, and the influence of upward/downward leader velocity

ratics.

The concept of structure attractive radius is further dlscussed and
evaluation of thils parameter in terms of the above analytical conéepts is
. also illustrated. It 1s concluded that the observed annual incidence of
flashes on the research mast 1s best accountable in terms of -a mast

”effectivé”'height of about 169 m - in relation to other tall'structures.

Finally, in the light of the pre;eding observations and analyses, the
last stages of a flash to a structure are re-examined and three potentially
decisive phases are identified} as well as the overall-implicétions regarding

the estimation of striking distances and flash incldence.

Chapter 5 - The study of additional lightning and thunderstorm
parameters in the Transvaal regien

This chapter in particular comprises a virtually independent and self-
consistent topic, or fleld of study, within the general framework of this
thesis. The principal objective of the material presented in this chapter
is to define the overall background climatology (in the "electrical” context),

to the region within which the main research station lightning observations

were being carried out.

Three principal aspects relating to the regiopél thunderstorm and
lightning climatology are examined and in each instance, an attempt is made

to compare the resultant data with observations from other regions of the

world.

Firstly, the incidence and characteristics of multiple stroke flasheé
are examined - mainly using closed circuit television techniques of obser-

vation and recording. After analysis of the resultant data In respect of

miultiple .. ... /10
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multiple stroke flash characteristics, such as interstroke interval and
flash duration, it is concluded that the local results are wholly counsistent
with data from previous work - including observations in several other

regions of the world.

The locally observed incidence of multiple stroke flashes depicts a
marginal reduction in relation to a "global" trend, however, and the pos-
'sibilities that this might be the consequence of differing measurement

techniques and/or storm and seasonal effects, are examined.

The second main aspect studied in this chapter, involved the
measurement of thunderstorm electrostatic field characteristics at ground

level - using field mills and computerised techniques of analysis.

A large sample of storm records is evaluated, with the parameters
studied including the distribution of maximum field intensities, as well as

the durations of persistence of various field levels,

It was found that less than 10X of storms cause ground level fields in
“excess of 20 kV/m and the resultant median positive and negative storm

maximum field intensities were 5,1 kV/m and - 7,3 kV/m respectively,

In comparing the local results with the limited data available from
other parts of the world, it was concluded that the éharacteristics of
storm fields in the Pretoria area did not differ substantially from those

observed in the other regions.

The third motivation for the work presented-in this chapter was to
arrive at an objective charactarisation of the regional thunderstorm and
lightning climatology, using comparatively simple instrumentation. This
was achieved by analysing the accumulated registrations-of'a CIGRE light-
ning flash counter — having known performance characteristics, and a
varlety of parameters was examined. These included storm diurnal incidence,
storm duration, flash counter registration per stovm and average flashing
rate. Over 400 storm recordings were accumulated in the course of a 5 year

period of study.

Comparisons with data from other regions of the world are illustrated
and these indicate that the Pretoria records are characteristic of what
might be anticipated from multi-cellular orographic air-mass storms. The

overall seasonal mean flash rate was found to be about 6x10_6 kmpzs—l.
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In general, it is concluded that sufficiently conslstent data have
been accumulated over the period of study, to allow a meaningful charac-
tarisation of storm climatology in the Pretoria area — (as expressed in
terms of electrically defined parameters) and the expected features of the

"average" Transvaal summer thunderstorm are presented.

Seasonal and long term variations (including possible periodicities)
are also examined briefly in thils chapter. While a pronounced seasonal
trend is certainly evident, it is concluded that considerably more data
will still be required before this, or any long term variations, may be

adequately defined.

Chapter 6 — General discussion and implications.

As the title implies, an attewpt is made in this, the final chapter,-
to re-—examine collectively the material presented in the preceding sections

and-to.highlight the implications and possible applications of this work.

There are two main aspects to the overall research which forms the
basis of this thesis. The first involves an experimental programme,
comprising the acquisition and analysis of field data, while the second is
concerned with arriving at a better understanding of the striking process
and, (althoﬁgﬁ including expetimental measurements also) this. is largely

based upon analytical concepts.

These two themes therefore provide the basis for the discussions in

this chapter.

In the first instamce, the material preseated in Chapters 2, 3 and 5
is reviewed briefly. It is concluded that the original objectives of the
experimental phase of the programme have largely been attained - in the
sense that the research statlon has proved capable of reliable measurement
of lightning paraméters, and sufficient background field data have also 7
been acquired to provide a meaningful and objectlve characterisation of the
regional storm and lightning activity. The trends of the preliminary data
are generally considered to be consistent with what has been observed
elsewhere and do not indicate any substantial variations in the charac-
teristics of the downward flash, In relation to observations in other
climatic reglons. - While sufficlent local data on lightning parameters have
been acquired to justify incorporation in a "global" review of lightning
parameters(zo), it is accepted that considerably more field data are still

required to clarify the preliminary trends, as well as any possible long-

term variations,

Thereafter ...,. [12
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Thereafter, the striking distance measurements and analytical concepts
presented in relation to the research mast, in Chapter 4, are re-examined,
and it is concluded that the preliminary agreement between the experi-
mentally and analytically determined relations is sufficiently encouraging
to justify further application of the analytical approach. Appendix 6A
therefore, outlines an extension of the earlier analytical model and applies
this to the study of a range of structures of varying height - leading to
the expression of generalised relations for‘striking'distance and attractive
radius (In terms of structure height and prospective stroke current); The
trends of these relations are generally consistent with earlier empirically

derived estimates - including those of the author's tall structures analysis.(Zl)

The resultant generalised expression for attractive radius is then
applied in a further series of simulations (using Monte Carlo techniques of
stochastic analysis), 1in anm evaluation of the protective effect of structures
and of the influence of structure height upon the distributions of stroke

currents registered in structures,

An important conclusion arising out of this work 1s that there appears
to be no substantial structure height effect upon the frequency distribution
of current amplitudes, thereby supporting the author's earlier postulate in

this regard,

These analyses also demonstrate consistency with the commonly held
concept of a 45° protective cone around structures, but indicate a decrease

in this angle, as structure height is increased.

Generalised curves for protective angle, as well as flash
incidence and penetration current, are presented in relation to structure
height, as a guide im practical engineering applications, but it is recognised .
that these results should be considered as being indicative of trends only,
since the analytical approach includes several important simplifications

and assumptions.

The final section of the chapter comprises a restatement of

the claims for this thesis and also includes several proposals for future

research.
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CHAPTER 2

PROVISIONS OF THE RESEARCH STATION

Introduction

This chapter 1s concerned primarily with the basic engineéring
associated with the establishment of the CSIR lightning research
station, and, apart from discussions on the choice of site, basic
design considerations and instrumentation techniques, mention will
also be made of related service aspects, such as the provisions of
the earth electrode and the specialised arrangements for the site

power supply.

Considerations on the choice of site

A number of factors were involved in arriving at a decision regarding

the location of the research station. These included the following:

(a) Regibnal ground flash density

It was clearly desirable that the station be situated in an area
exbériencing a high incidence of lightning. For example, it was
known from the results of a related research programme(zg), that
the Pretoria region experiences a mean annual ground flash density
of about 7 ground flashes km_'z, which is representative of much

of the Witwatersrand or industrialised region of South Africa.

(b) .Availability and security

By the very nature of the experiment and in view of the potential
hazards involved, it was desirable that the station be situated in
a comparatively large and undisturbed area, free from any other
structures, buildings or personnel. Similarly, it was preferred

that access to the station be controlled.

(c) Nature of the terrain

Although a prime objective of the research programme was that the
measuremént situation (and the consequent data) be generally
representative of practical engineering situations, it was
recognised that location of the research mast upon elevated
terrain should enhance the strike probability. Accordingly,
attempts were made to find a suitably elevated site (upon a

small hill or ridge for example), such that a moderate

attractive ..... /14
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attractive influence would be exerted upon nearby downward
progressing discharges. Bearing in mind that the latter
discharge is that most commonly encountered in practical
engineering situations, it was hoped that the attractive
bias would not be so extreme that a high incidence of upward
discharges would prevail, as has been encountered at other
measuring stations, such as that on Mount San Salvatore for
example, where 847 of the recorded flashes were upward ‘in

character.(23)

(d) Logistics

Although the intention was to design an automatic station,

it was recognised that effecti&e operation would necessitate
frequent site visits for routine data retrieval and equipment
maintenance. Hence, subject to the earlier comments on the
"need for site security, it was clearly Qery important .that
the station be readily accessible and reasonably close to the

CSIR laboratories in Pretoria.

_Accordingly, taking the above féctors into account, an optimum
site was selected on a ‘small ridge running through the main CSIR
property on the Eastern side of Pretoria. 'This site offered
considerable advantages as far as aﬁailability, sécurity and the
logistics of routine operation were concerned. The site topography
(which is shown in plan and cross-section .in Figure 2.1) is also
representative of the surrounding terrain, which is‘genefally

undulating in character.

Design of the research mast

‘Budgetary considerations 1arge1y determined the choice of mast and

that finally adopted for this programme was obtained from the South

African Post Office — where it had served as a temporary structure

in the course of microwave route planning and surveying.

The available mast (shown diagrammatically in Figure 2.2) was
of aluminium triangular lattice construction, being assembled from

24 vertical sections of 2,5 m length, bolted together to make a

total ..... 15
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total height of 60 m, and stayed at 15 m intervals. This height,
although marginally in excess of those of many engineering structures
(such as transmiséion line towers, which seldom exceed 50 m in

height in South Africa), was still considered acceptable, since the
little data available at that time suggested that the incidence of

upward flashes from a structure of this height should not exceed 107%.

When used as a temporary structure during microwave route
surveying, this mast was normally bolted solidly to a steel plate
resting upon the ground. In the research application, however,
it was considered that considerable advantage would accrue from
the incorporation of an insulated base construction. This
arrangement has the particular advantage of facilitating the
measurement of lightning currents at the base of the mast, where
equipment can be readily accessible and also obviates the problems
associated with the routing of signal cables up the full‘length

of the mast.

Accordingly, a_specially modified base was designed whereby
the mast was raised over two metres above the ground and supported
upon an arrangement of 4 "stand-off" cap-and-pin porcelain
insulators. In view of the more permanent nature of the mast
- lnstallation, taken together with the comparatively weak shear-
strength withstand capabilities of these insulators, this mast
base was also designed to incorporate a ball pivot joint - thereby
ensuring that the forces experienced by the four insulators were
largely those of axial compression. Figure 2.3 depicts the concrete
and steel structure which was designed to support the mast and

to accommodate the 1nsulators and ball-pivot joint.

Since the mast itself had been purchased as a proven structural
design, the mast design was not further examined in any great detail,
except with regard to the influences of wind—loading in determining
the requisite stay pre-tensions, and in establishing the relevant
loads to be provided by the stay anchor blocks. These two aspeéts
are examined briefly in Appendix 2.A, where the relevant désign

parameters are indicated.

In order ..... 18
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In order to confine any lightning currents (during flashes
to the mast) to the body of the mast alone - and thence into the
measuring transducers in the insulated base sectiom - the
decision was taken to support the mast with fully insulating stays.
This also had the advantage electrically of confining the mast
geometyy to a4 slender column - in contrast to the more complex
geometry which would have ensued had conductive stays with insulating

inserts been adopted instead.

Accordingly, when originally erected in 1972, the mast was
supported by insulating stays consisting of a fibre-glass rod
material, having a diameter of 11 mm and a rated minimum breaking
load of about 34 kN. Some four months after erection, however,
the top 30 m of the mast collapsed during a severe thunderstorm
as a cdﬁsequence of the delamination and failure of one of these
insulating stays. Although similar fibre—glass rod material bad
successfully been used by the South African Post Office on several
installations, it was concluded that this material was not
acceptable for the research mast application and an alternative

insulating stay material was sought.

The specifications of an imported proprietary terylene fibre
lrope (having an alkathene sheath for ultra-violent resistance),
compliéd with the mast requirements and the mast was subsequently
re—erected in May,.1973, with this material serving for the
supporting insulating stays. (The rope-core‘diameter is 12 mm
and the rated minimum breaking load is about 50 kN)}. The
proprietary fittings for attachment of the rope to the mast and
anchor blocks did not allow for adjustment and in order to accommodate
rope stretching during service (approximately 7% at full rated load),
as well as periodic adjustment of the rope tensions, the stays were
finished off with 10 m lengths of stranded steel wire rope (cross—
sectional area of 75 mmz) at all the anchor block ends. This

also served to protect the synthetic rope material in the possible

event of veld fires.

In order also ..... /20
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In order also to protect the topmost stays from possible side
flésh effects in the event of lightning flashes on the mast, the
three top stays were attached one mast section below the top of
thé mast, (i.e. a distance of 2,5 m down). The terminating
fittings were also shielded electrically with specially designed
stress-relieving rings - as shown in Figure 2.4. (The wet 1,2/50 us
impulse voltage rating of the rope material was in excess of 200 kV/m.
With the shortest of the topmost stays having a length of about .
85 m, this allowed a short term potential at the mast top of
approximately 18 MV (assuming linear grading for simplicity),
which, in view of the short surge propagation times down the 60 m .
length of the mast, was considered an adequate electrical

withstand capability).

In operation, the supporting stay tensions are measured
regularly (and adjusted when necessary, using the wire-rope
terminations), in order to ensure approximate conformity with

the design pretensions -~ as indicated in Appendix 2.A.

Design of the earth electrode

Figure 2.5 illustrates schematically the general layout of the earth
electrode arrangements provided on the research site, while a
sumnary of the relevant design calculations is given in Appendix 2.3,
in which it is seen that the calculated electrode resistance is

about 1,45 {2 per 100 Om soil resistivity.

During the early site construction phase in August 1972,
attempts were made to measure the site sojl resistivity, using the
Wenner method.(32) The resistivity proved to be very high and
difficult to measure accurately, but was estimated at about 10 000 GOm.
The rocky nature of ‘the terrain virtually precluded effective burial
of the electrode during installation and, accerdingly, some 100 m3
of soil backfill was imported onto the site and was used to cover
the electrode to a depth of about 0,5 m. It was anticipated that

this backfilling might also improve the effective resistivity

encountered by the buried conductors.

In view of the difficulties in obtaining a low value of electrode
resistance on the mast site, an additional buried counterpoise, some

210 m in length, was run down the hill from the mast electrode and

bonded ..... /21
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bonded to an extensive electrode system beneath a nearby building
coﬁplex. (The latter electrode had an annual average resistance of
about 1 ). This counterpbise was supported upon insulators over
the last 20 m of its approach onto the mast site in order both to
facilitate independent measurement of the mast electrode résistance,
as well as to allow the possibility of measuring any current flow
down this conductor. The final connection to the mast electrode

was achieved via a heavy duty knife-switch, as shown in Figure 2.5.

The mast electrode resistance is monitored regularly throughout
the year, as i1illustrated by the seasomal variations over a sample
13 month period shown in Figure 2.6 (together with an indication of
the accumulated rainfall over this period), which depicts an
observed resistance range from about 25 Q up to 115 §, with an annual
average value of about 65 . In terms of the calculated resistance
of the electrode system, this is equivalent to an effective soil
resistivity variation over the range 1 700 - 8 000 Qm, with an

average value of about 4 500 Qm.

Recognising that it would not be economical to provide an
electrode system capable of attaining acceptably low values of
electrode resistance (say, less than 10 ), there were three primary

objectives in the design of the buried electrode system:

(a) To ensure safety of personnel on the site. The loop counterpoise
was provided therefore, in order to minimise surface potential
gradients in the immediate vicinity of the huts and in the area
between the huts and the mast. Tt was anticipated that this
would serve to confine lightning currents to the site perimeter
(and thence into the radial counterpoises) and to define an

equipotential zone across the critical areas of the site.

(b) To provide a well-defined reference point for measurement and
for equipment earthing and protection. The two buried grids
were installed for this purpose both to define thé equipotential
zone in the area of measurement and to provide a high degree of
capacitive coupling (i;e. a low surge impedance) for the
measurement connections between the instrumentation and the

reference point - which was the primary mast connection.

(e} To ..... /23
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(¢) To provide a well-defined and low surge impedance in the event

of lightning currents entering the system.

This aspect is examined further in Appendix 2.B in which surge
impedance values in the range 20 — 50 Q are estimated. These values
are still subject to possible reduction due to soll lonisatien
effects, as also indicated in the appendix and, by way of example,
Figure 2.6 illustrates a short term reduction in electrode_resistance
of about 50%, which was observed after a severe s;roke (87 kA). It
is -possible that this is attributable to local soil breakdown and
to the subsequent ingress of moisture into the voids around the

conductor.

Power supply considerations

The preceding analysié indicated that the mast electrode impedance
could assume values in the range 20 - 120 § for the first 7 us
after the injection of an impulse current into the system. Since
it was anticipated that the lightning discharge current waveform
could display risetimes of the order of 1 - 10 us (in the event of
flaéhes-to the mast),.it was clear that substantial transient surge’
potentials could develop on the local earth electrode. Any ac
power supply conmection to the research mast site would itselflbe
referenced to some remote earth connection (i.e. at a remote
transformer nmeutral) and would not share this potential rise.
Therefore, the possibility existéd of damaging surge potentials
being developed between the local mast earth electrode (aund anything
bonded to it) and an incoming power supply. The incorporation of
surge arresters on such a supply in an effort to limit these surges
would in turn allow a component of lightning current to enter such

a power supply system.

Accordingly, in order to avoid such problems, the concept of an
isolated incoming power supply was adopted - as shown in Figure 2.7,

which outlines the general power supply arrangements on the research

mast site.

The central feature is a motor—alternator combination with an

isolating drive shaft. The alternator frame is bonded to the local

mast ..... /25



—ne— MAST SERVICES
1kVA

ALTERNATOR ] ISOLATING BELT

[

AUTOMATIC CHANGE-OVER

o

INSTRUMENTS 4
e
. V4
MOTOR —[] l /
i £- 5 kVA DIESEL GENERATOR
SITE |
ERVIC :
S ES _|_—~ISOLATION TRANSFORMER
|

ISOLATING SHAFT

P

IS kVA / ISOLATED

INCOMING SUPPLY

ALTERNATOR [——

MOTOR

t 7

CABLE
a -

il
o

T 77T T T 7 7 T

RESEARCH MAST EARTH ELECTRODE

FIGURE 2.7
RESEARCH MAST POWER SUPPLY ARRANGEMENTS

-6z -

" FROM REMOTE
SUPPLY



- 26 -

mast earth electrode system, while the wotor, which is supplied via
a 210 m cable Erom a remote supply, 1s mounted upon an insulating
frame. The incoming supply cable is also supported upen insulators

for the last 50 m of its approach to the research mast site.

The isolating drive shaft is formed from a 1 100 mm length of
synthetic resin bonded paper tube and minimum surface flashover
stresses in the range 300 — 600 kV/m have been assumed (for both
long and short wave impulses respectively). Allowing for the local
air-density correction factor of about 0,83, this-is‘equivalent to
a minimum long-wave impulse sparkover of about 270 kV. 1In practice,
as indicated in the preceding section, the earth surge potential
waveform is likely to be of short duration (1.e. 1eés than about
7 Us). A similar impulse withstand level has been adopted for

both the motor and cable supply isolation.

As may be seen in Figure 2.7 therefore, all site electrical
load is supplied by the local 15 kVA alternator. In order to
ensure a clean supply, however, the instrumentation load is further
isolated from the site services via a double wound and screened

isolating transformer.

Since several lightning current measurements were missed during
the earlier phases of the research program, due to power outages of
the primary incoming supply during thunderstorms, a5 kVA standby
diesel generator unit was subsequently installed, together with an
automatic control and changeover unit, in order to eusure continuity
of supply to the most important instruments. In the event of a
sustained power outage, this system restores power to the instruments

within 70 seconds.

The concept of an isolated supply has also been applied to the
supply of the mast services (primarily structure aireraft warning
lights). This was necessary, since the mast structure was mounted
upon insulators, as previously described. Accordingly, a 1 kVA'-

motor-alternator combination was also mounted across the mast isolated
 base structure, and fitted with an isolating belt drive. This system
has an impulse withstand level in excess of 250 kV, which is consistent

with the flashover characteristics of the mast stand-off insulators.

2.6 Measurement .,.... /27
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2.6 Measurement technique and instrumentation arrangements
2.6.1 General

Figure 2.8 illustrates the basic arrangement of instrumentation
employed for the automatic recording of lightning current

waveforms and peak amplitude determination.

In principle, the system involves the use of automatic
camera and high speed oscilloscope combinations — together
with a special transducer, which provides a voltage analogue
reproduction of the discharge current waveform during flashes
to the research mast. This transducer is a proprietary unit
(Pearson Electronies, Model B-1973), cousisting of a
specially designed impulse current transformer, and having

the following specifications:

Maximum peak current - 200 kA
Output‘sensititvity (* 12 over the range

< 1 kA - 200 kA) - 2,5 V/kA
Rise time ~ typical (107 - 907) . - 20 ns
Frequency response (3 db points) - 1 Hz to 10 MHz
Droop (over the range < 1 kA — 200 ka) - 0,027 per ms
Maximum RMS current - 1550 A |
Makimum change transfer - 456 C
Equivalent maximum flzdt ' -9 x 107 AZS
Output impedance . . - 50 8
Voltage rating between centre conductor |

and case (in air - 1,2/50 ps) - 30 kV peak

The rated maximum measuring errors of this unit are *
1Z over the current range of interest (< 1 kA — 200 kA).
A series of performance tests was conducted in the‘High Voltage‘
Laboratory of the South African Bureau of Standards using
this unit, together with a standard.impulse current shunt and
a conveutional impulse generator, and agreement to within 17
on peak impulse current amplitudes was demonstrated over the
available range of impulse current amplitudes (i.e. up to

about 60 kA).

In ..... /28
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In its application, a particular advantage of this impulse
transformer (in contrast to more conventional impulse current
shunts, such as non-inductive resistors), is that of isolation
of the measurement circuit from the current carrying conductor.
In the case of the research mast, the latter consists of a 25 mm
diameter copper eonductor, of 1 m length, which passes through
the impulse current transformer and.is connected to the base of
the mast at one end and to the earth electrode system, via a

-series spark-gap, at the other end.

As shown in Figure 2.8, the series spark—-gap serves to
protect a parallel resistive shunt, which was used for the
measurement of point discharge currents, and also provided
trigger signals for the initiation of oscilloscope deflectionm,
in the event of a lightning flash. This spark-gap was designed as
a uniform field gap, having parallel plane disc-electrodes,
(which aleo served as recording electrodes) and was designed
to spark-over at 10 kV peak, which was well within the rated

withstand capabilities of the impulse transformer isolation.

The oscilloscopes used for recording the discharge current
waveforms were the Tektronix dual-beam type 556 fwith type 1At
dual trace preamplifiers). This combination has a signal
frequency bandwidth from DC to 50 MHz, at 3 db down. When
correctly calibrated (which was checked regularly throughout
the course of the measurements), the resultant deflection
accuracy, both vertically as well as in respect of the sweeps,
is + 3%. The automatic recording cameras (Robot-type 36E)
were operated in the 'shutter normally open mode'; i.e. the
‘shutter was only closed approximately 1 second after a trigger
event, whereafter the film was advanced, and the shutter re-—
opened in readiness for another event.

A variety of system triggering wmodes was adopted at
various stages in the course of the measurement Programme ,

The most commonly used approach is depicted in Figure 2.8
and i1nvolves internal triggering of the oscllloscopes from
the incoming signal., The equivalent sensitivity in this case

corresponded to a current in excess of 1 kA. A 200 ns

interposing ..... / 30
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interposing delay cable in the signal path allowed display of

steeply rising wavefronts.

An alternacive arrangement involved triggering che
oscilloscopes with a signal derived from the point discharge
current measuring-shunt and in this case allowed the adop;ion

of an equivalent trigger level in the current range 40 - 100 A.

Grounding and interference minimisation

Considerable attention was paid to the problem of electromagnetic
interference in designing the instrumentation arrangements.

The instrumentation ﬁut was constructed from galvanised mild
steel sheet sections (with overlabping joints), Lncluding the
floor and roof - thereby serving as a medium quality screened

(26)

chamber 1.e. providing of the order of 20 - 30 db attenuation
in the intérfering signal frequency band of concern (normally
taken as 1 — 100 kHz for lightning), while the oscilloscopes

themselves complied with the interference withstand

“requirements of MIL-1-618t D.

‘A single point nodal prounding philosophy was adopted for
the connection of the instrumentation hut to the reference
earth point at the base of the mast.and a 1ow'iﬁpedance strap
of sheet copper (450 x 0,3 mmz) was provided for this
connection. This strap was run upon hardboard sheets in order
to isolate this connection from the body of.the earth and to
avoid circulating currents. Both the hut foundations and the
hardboard sheetings were themselves laid upon a 500 mm deep
bed of clean stone ballast (substation grade) in order to ensure

a reasonable isolation from the buried earth electrode.

Low impedance grounding for internal signal corinections
within the instrumentation hut was provided in the form of a

5 .
copper strap (200 x 0,5 mm~) mounted around the walls, which

served as a 'virtual earth' plane.

Co—axial type screened cables (RG-58 c¢/u) were used for
all signal interconnections. 1In addition, all signal cables
leading from the mast instrumentation to the equipment in the

hut, were also run through galvanised mild steel conduit

(having ..... /31



{having a wall thickness in excess of 2 mm) — thereby ensuring
in excess of 30 db additional shielding effectiveness over the

interfering signal band of concern.(26)

The above measures appear to have been- adequate, since
stable operation of electronic equipment within the instrumentation
hut was experienced and at no time was any damage caused to
this equipment. The resultant lightning current oscillograms
were also 'clean' in character, being apparently devoid of

any indications of interference.

2.6.3 Magnetic links

As a back-up measuremeént, in the event of site power supply
failure and/or the loss of instrumentation, several magnetic
links were installed in the proximity of the current path on

the research mast — as shown in Figure 2.8.

This is a well-known technique of peak current measurement
(having the advantage of being completely passive) and '
involves the determination of the degree of remanent magnetism
observed in a core of high permeability material, following
the passage of an impulse current. From prior calibration
relations, it is subsequently possible to relate the remanent
magnetism to the peak amplitude of the current — provided the
distance between the current path and the link position is

known.

The principles of calibration are discussed in Appendix 2.C,
which includes the determination of the relation applicable to

the research mast links.

Since a single magnetic link has a comparatively limited
equivalent dynamic range of measurement (before saturation),-
special brackets were installed on the mast, which allowed
the disposition of links over a wide range of distances -
thereby allowing a theoretical range of current measurement

extending from less than 1 kA, up to about 180 kKA. -

In addition, by adopting principles of redundancy and

employing a minimum of six links (at various distances) in the

estimation ..... /32
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estimation of a peak current from measures of the remanent
magnetism, the resultant maximum errors are about * 10%, as

demonstrated in Appendix 2.C.

The incorporation of the magnetic links into the
measurement arrangements has proved invaluable, especially
in the early days of the programme when, on several_occasions,
back-up measurements of lightning peak currents were still obtained,
despite the electronic instrumentation being out of action

for various reasons.

Lightning Photography

Two parallel approaches were adopted for photographing lightning

flashes in the vicinity of the research mast, viz:

(a) Still Photography

Two automatic 35 mm cameras (Robot Type =~36E) were
- located in outdoor housings just over 2,5 km away from
the research mast and viewing it from directiops
approximately at right angles to each other. The primary
purpose of these cameras was to obtain still photographs
of each flash to the mast - which could then be analysed
for subsequent evaluation of flash geometry and striking

distance, as discussed further in Chapter 4.

The resultant flash photographs - especially the
degree and characteristics of anf branching visible -
also served to determine whether the flashes had invelved
upward or downward leader progression — as discussed

later in Appendix 3.A.

Each camera was fitted with a 45 mm lens and the
normal exposure aperture was f£22. Black and white film
(having a speed of ASA 250) was normally used, in 30 m
magazines, thereby allowing photography of about 800

frames per film change.

These cameras were operated in the "shutter-normally~
open' mode taking short time exposures of the sky in the

immediate vicinity of the mast. The exposure periods were

controlled ..... /33
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controlled by electronic timers - allowing intervals of

15 seconds, 60 seconds, or 60 minutes. The former two
intervals were used during active thunderstorms, (with

the choice‘being determined by the time of day, or ambienf
illumination), while the latter long interval ﬁas found
useful at the ends of thunderstorms, or during overnight

periods of weak or intermittent activity.

The common field of view of the two cameras was

‘centred on the research mast, and covered an effective

ground area of about 2 kmz. Each camera was operated
independently (i.e. asynchronously), thereby minimising

the chance of a co-incident '"dead" period during the
automatic film advance at the end of each éxposure interval.
In fact, this advance period was less than 500 ms and
therefore, at the most common exposure interval of 60
seconds, the possibility of both camera shutters being
closed at the time of an external event such as a flash

to the mast, was less than 17%.

Television video recordings

Closed circuit television video recording techniques have

successfully been used for lightning photography by

. several other workers in the field and have the

particular advantage that they allow effective daylight
photography -~ compared to still camera techniques, whieh
require short time exposure intervals or specialised
filtering approaches in order to avoid film-fogging problems
during high ambient 1ight conditions. An additional
advaﬁtage of such a video recording system is that the
comparatively high framing rate of 50 frames per second
provides a good degree of temporal resolution - thereby
permitting discrimination of multiple stroke flashes ~ as

discussed further in Chapter 5.

Accordingly, in order to supplement the two still
cameras referred to previously, a CCTV video recording

system was established toward the end of 1975 at a point

about ..... /34
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about 1 km away from the research mast. The TV camera
purchased for this purpose has a silicon diode type video
tube, which has the capability - as noted for example,

(33)

by Winn et al - of recording very short duratien
luminous events. This is a prerequisite for lightning
recordings, since many individual stroke durations are

ohly of the order of 100 - 500 us. Although the individual
frame period of the recording system is 20 ms, using a
camera tube of this type allows successful recording of such
transient events. The silicon diode vidicon also has an
enhanced luminous sensitivity which extends into the red
spectral regime and 1s inherently burn proof: both features
are attractive for lightning work, since the first allows
photography of low illuminosity eﬁents'such as leaders, and
the second prevents damage in the event of nearby bright

return strokes.

When played back at normal speed {50 frames per second
with a standard 2 : 1 interlace) the overall video recording
system had a line resolution of about 300 lines (midscreen)

~and a total recording time of 65 minutes.

The TV camera was normally focussed upon the research
mast and the recording system was operated routinely whenever

lightning activity was present in the immediate vicinity.

Examples of flashes recorded successively using this

system are illustrated in Appendix 3.A.

and Remote Control

A feature
nature. of

as in the

of lightning research work is the comparatively unpredictable
thunderstorms —~ in respect of their characteristics, as well

incidence of ground flashes, in both space and time.

Throughout the development and establishment of the various

instrumentation systems employed in this research programme, considerable

attention was therefore devoted to achieving reliable and long term

automatic operation.

For ..... /35



For certain systems, such as the recording oscilloscopes for
obtaining the discharge current waveforms, it was possible (and
preferred) to allow continucus opefation for the full duration of
a thunderstorm season — subject to periodic functional and
calibration checks. In other instances, however, due eitheér to the
high number of trigger events ( on the remote still cameras), and/or
to a limited recording capacity'(such as the CCIV system, which
allowed only 65 minutes), it was necessary to operate these systems
selectively whenever lightning activity was in therimmediate
vicinity of the mast, or was judged to be imminent (i.e. when an

active storm appeared tc be apprecaching the mast).

Since many of these recording systems were positioned at
different locations and situated several kilometers apart, it was
necessary therefofe to establish an effective remote control system
which would allow selective operation of the relevant items of

equipment.

This was achieved with the commission of a VHF radio switching
system toward the end of 1975. This comprised a tone—codeﬂ'system
(operating at 152,8 MHz)Vand involved a central "base-station'
transmitter unit, together with switching receivers at each remote
location. The tone-coding system -allowed the use of unique adﬁressas
at each of the receiver stations = as well as control of up to & |
direct functions at each of'these points — thereby providing the

requisite selectivity and discrimination.

This system proved to be very effective and led to a significant
overall improvement in recording success rate — as shown in the

~ general review of results presented in the following three chapters.
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CHAPTER 3

DIRECT MEASUREMENT OF LIGHTNING FLASHES TO THE
RESEARCH MAST AND RESULTS

. Introduction

Thé instrumentation arrangements adopted for the study of discharge charac—
teristics during direct flashes to the research mast have been diséussed'in
the preceding section, and this chapter therefore is concerned with a

review of the results obtained during the first seven years of operation of

the research statlon,

Although erection of the mast was completed in September 1972, éstablish—
ment and attainment of satisfactory operation of the remainder of the.
station, and asscciated instrumentatioﬁ, took place over an extended
period ofltime, as outlined'schematically in Figure 3.1, which summarises
the research mast history. As indicated in this figure, the major items |
were in operation by early 1974, but additional systems, such as the CCTV
and VHF radio control systems, were only Introduced in late 1975, As |
mentioned earller, the loss of data on several occasions when direct
flashes- co-incided with power supply outages, also led to the incorporation
of an automatic standby power supply unit, and this was commissioned at the

commencement of the 1976/77 lightning season.

. The problems and consequent experience gained in the earlier years of
operation léd to various modifications in instrumentation and to an im-
proved success rate as far as measured flashes was concerned. It is ironic
therefore, as shown in Figure'B.l, that the incidence df direct flashes to
the mast has remalned consistently low over recent years (1975 - 1978),
compared to that observed over the first three years (1972 - 1975). Of the
28 flash events recorded on the research mast ‘through the whole seven year
period of analysis, over 607 occurred before January 1975 and the majority
of these took place before fully reliable instrumentation operation Qas

achieved.

Despite these drawbacks, sufficient flashes have occurred since 1975
to allow thorough testing of the {nstrumentation techniques and to prévide

preliminary data regarding the major parameters of the grodnd flash.
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Flash incidence

As already mentioned, Figure 3.1 depicts a schematic history of the
research mast and illustrates the sequence of direct flashes recorded over
the past seven'years._ Table 3.1 gives a summary of the more important
characteristics of the recorded flashes (such as direction qf progression
and discharge polarity), and indicates also what measurements were achieved
on each occasion. (The improving measurement success rate is also evident

in this table.)

Appendix 3A analyses the circumstances surrounding the occurrence of
each flash event and reviews briefly the instrumentation inroperation on
each occasion, as well as the.resultant data. The availlable flash photographé
and associated discharge current oscillograms for each flash are also
presented in.this Appendix, together with a summary of the relevant wavefdrm
parameters and remarks concerning the direction of progression, polarity,
storm intensity etc. The results presented in this'chapter'have therefore
been extracted and summarised from the individual flash analyses contalned _

in Appendix 3A.

Figure 3.2 summarises the seasonal incidence of flashes-to the mast.
Although: probably only an artefact arising out of the paucity of records,
1t is interesting to observe that 9 of the 28 recorded flashes have oceurred
in the month of November, while' the remainder of the flashes are spread
approximately uniformly over the period, late September — late February.
(The monthly data in Figure 5.14 in Chapter 5 indicates that the maximum
monthly storm activity in the region is normally experienced between -

November and January.)

An analysis of the times of flash occurrence presented in Appendix
3A leads to the summarised diurnal incidence shown in Figure 3.3. This
indicates-the possibility-of there being two times of most favourable
probability of flash occurrence - namely, around 03 h 00 in the morning,
and 17 h 00 in the afterncon. The latter observation 1in particular, is
consistent with the data given in Chapter 5 for general diurnai incidence
in the Pretoria afea, (Eigure 5.10), where it is shown that the majority of

thunderstorms in this region occur in the period between about 15 h 00 and
19 h 00, .

Reviewing the available data on dates and times of flash occurrence, 4a
tentative conclusion is that the maximum probability for a flash to the
research mast, in any given year, could prevail over the last week of

November, with the most favourable time of day being around 17 h 00.

3. Results/ .... 39



- 39 -

TABLE 3.1:  SUMMARY OF LIGHTNING FLASHES ON THE RESEARCH MAST
Direction Photograph. Measurements
Number ' Mag. Link. | Oscillog.|Polarity
¥ Y717 i +7?
721129/1 X L ~ - —ve
721129/2 X L X - —ve
730929/3 X - - - ?
730929 /4 X - - - ?
730929/5 1% - - - ?
731015/6 | X L - - ?
731126/7 X - - - —ve
731126/8 X - X - ~ve
73121679 X L X X -ve
740104/10 | X L +M X X —ve
740118/11 - - X —ve
740118/12 -~ X X -ve
741129/13 L - - -ve
741129/14 L -~ - +vel
741129/15 . X L - - +ye?
741224716 | X | M X X —ve
741225/17 X - - - ?
750227719 L +M X - —ve
751102/21 L X X —-ve
751114722 X L +M + TV X X ~ve
760207723 X ~ X X -ve
. 1760928/24 X L X - ?
770222/25 X I X X -ve
770507/26 | X - X - ?
771009/27 | X L +M + TV X X ~ve
780128/28 ¥ | Lewmasv X - ?
780128729 | X’ L +M + TV X X —ve
781018730 X L +M X - 7
ToTALS |10 | 6 |4 | 3 |5 18% 17 11

*Photographed by at least one system.

Key: ¥
47

Downwara flash

Presumed downward

(L
(M

-7

H

Unknown direction

+ Upward flash

+?7  Presumed upward

Lynnwood Glen camera)

Murrayfield camera)
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3.3, Results and discussion

As seen in Table 3.1, magnetic link measurements were carried out on 17
flashes, wﬁile oscillographic records were available from 11 of these.
Taking account of 4 upward events which delivered discharge currents

having amplitudes less than the measurement sensitivities, (as discussed in
Appendix 3A), meaningful data were only obtailned from meaSureménts on some
13 flashes. The individual flash and stroke waveform parameters are

presented in Appendix 3A and are summarised collectively in Table 3.2.

The following waveform parameters were determined from the recorded

current oscillograms:

I - maximum peak current amplitude,
(determined either from the magnetic link or oscillegraphic

records)

Q - impulse charge. (The oscllloscope sweep speeds were not slow

enough in any instances to record continuing currents.)

- - maximum rate of rise of current measured on the wavefront.
Although the initial "toe" of the wavefront was missed on some
occasibns, (due to the adoption of comparatively high trigger
settings), this did not prevent the measurement of %%3 since
the maximum rate of rise of current on the wavefront usually

occurred between about 50% and 907 of the crest amplitude,

5 ‘
17de As in the case of impulse charge Q, this parameter was
determined for the impulsive components of the current oscillograms

only.

No attempts were made to determine either the wavefront or wavetail
times, The latter is of relatively low dmportance in practical engineering
applications, while the former could not be determined in many instances,
due to the absence of the wave toe on the oscillograms. in practice, the
maximﬁm rate of rise of current is considered to be of more significance

than the wavefront time.(zo)

The results obtained for each of the above recorded parameters will

now be discussed individually, -

Table 3.2 ..... /42
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TABLE 3.2: SUMMARY OF MEASURED WAVEFORM PARAMETERS

F ‘ E Q dI/dt Izdt Direction of
Event /8 (kA) (C) (ka/ s) (Azs) Progression
721129/1 F -35 - - - |
731126/7 F -73 - - - l7
731216/9 F -10 | ) 1,6 - Y 1,2x10% !
740104/10/1 F -41 | 2 - > 31x10* ¢
/1072 s |>-12 | - - - -
/10/3 s | -4 - - - -
740118711 Pl =50 6,5 | )11 3,2x10° by
/12/1 F =58 | 12,4 | ) 4 7,2x10° {2
/1272 5 =55 | 10,4 | ) 5,0 5,7x10° -
/12/3 5 —22 5,8 |y 7,0 1,3x10° -
741224/16 Fol =53 | Ls | )80 3,7x10% ;
750227/19 F -26 - - - '
751102/21 F | -19 0,8 24 8,4x10° }
751114/22/1 F -10 0,9 3,1 7,3%10° 1
1222 s -16 0,9 22 9,0x10° -
/2273 S -15 | 0,8 29 7,0x10° -
760207/23 FoD-100 [V 9 Y12 ) ox1o® *?
770222725 F -83 |33 20 S 2x10° t
/2572 S -82 |52 170 Y 1x10° -
/25/3 s | -13 |Y0,3 27|y 2x10® -
771009/27 Foo| -87 15 12 6,8x10° 1
Key: F first stroke, or flash, value
S - subsequent stroke value
‘ downward flash
h - presumed downward
1 = upward flash
3.3.1 ...../43
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Peak current amplitude (1)

As noted earlier, this parameter is of fundamental significance in
practical applications, with the data of prime importance beilng those
derived from negatlve downward flash measurements. Table 3.2 records
12 flashes of the latter type and fhese therefore coﬁprise the availabh

data sample for analysis,

The resultant cumulative frequency distribution of peak current - _
amplitudes for these flashes Is given in Figure 3.4, together with 907
confidence limits which depict a possible spread in the magnitudes of
these data iIn excess of *30 kA. It is common practice to approximate
such cumulative frequency distributions by the log-normal distri-

(10)

bution " This has been applied to this data sample, and yields

the following values:

44 KA

-
]

o togi = 030

A nunber of workers have derived similar lightning peak current
amplitude distributions from various measurements - as discussed in

(30>. Most such distribucions.haVe

the recent critical review by Golde
been approximated by the log-normal form and a comparison of represen—
tative results 1s shown in Table 3.3.(46)

In éonsidering the preliminary results of the research mast study
against the perspective of the distributions shown in Table 3.3,
several ‘points regarding the latter should be noted:

(1) Those distributions derived From magnetic link measurements

on tranémission lines (such as those of Popolansky(lo),

(43) (

or

Anderson 44)), are subject to

» Or the original AIEE study
possible inaccuracles regarding the interpretation of the currents
recorded 1n individual towers, or in the separate legs of towers -

as discussed, for example by Golde(30).

In fact, this largely
prompted Anderson J. to a re~analysis of the original AIEE data
and to the subsequent derivation of a considerably higher median

value of current, as shown in Table 3.3.

Table 3.3 ..... /44
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TABLE 3.3: COMPARISON OF PEAK-CURRENT AMPLITUDE DISTRIBUTIONS
Log-normal approximation
Source Median (I) - kA Standard Remarks
Deviation
. (“LogI)
AIEE(AA) (USA) - 15 0,43 "Reference" distribution for
lines performance studies
(18) | -

Berger et al T Negative downward first strokes
masts on San

30 0,26
Salvatore
{Switzerland)
Popolanéky(bs):— ‘
lines (Czech) 31 0,25

(]‘0) " n
Popolansky - Global" distribution from many
(combined data) 28 0,39 sources and structures
Anderson, J.(AB):— Re~analysis of ATEE data
lines (USA) 46 0,24
Anderson, R,(ls):-
lines (Rhodesia) 40 0,33
(1n . '
Sargent 13 0,32 Proposed reference distribution
' for level ground

Anderson( 8?
Eriksson 31 0,30 Modified "global” distribution
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(1i) Sargent's reference distribution to level ground has

been derived from application of electrogeometric concepts to Berger's

(16), application of

méasurements, but, as pointed out by the author

these concepts is generally incoansistent with the observed effects of

tall structures on flash incidence. In this case also, 1t is considerec

that Sargent assigned an incorrect value of effective:height to Berger's
' (16) ,

measurement station

(11i) Arising out of a consideration of the effects of tall structures,
the author has separately re-examined the data comprising Popolansky's

"zlobal" distribution(zo)

, to arrive at a modified sample consisting
only of negatlive downward flash measurements, as well as currents
recorded on structures of height less than 60 m. The author cdnsiders
that the resuitant modified distribution is the most representative
available of the characteristics of negative downward flashes in

practical engineering situations.

‘On the above basis therefore, (and bearing in mind the wide
confidence limits applicaBle to the measured distribution), the pre-
liminary research mast data is generally consistent with the trends of
both the modifled global, as well as the ALEE, distributions - as shown.
in.Figure 3.4, which includes botﬁ the latter distributions.

The measured data suggest the possibility of marginally higher
amplitude currents belng recorded 1In South Africa, but the data sample
is considered too small to allow meaningful cbnclusions to be drawn in

this regard.

Comparatively few subsequent stroke measurements were obtalned in
the period between 1972 - 1978 - a total of 19 strokes being recorded
from 11 flashes. ' '

In general, these preliminary data are consistent with the results
of other multiple stroke current oscillographic measurements, such as
' (18)

;hose of Berger , in that the subsequent stroke peak amplitudes of

downward flashes were always less than the first stroke amplitude. The
data given in Table 3.2 indicate that the ratio of subsequent stroke/
first stroke amplitudes varied from about 0,10 to 0,98, with a mean

value of 0,48 - which compares well with the mean value of 0,5 recorded

by Berger.
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Taking all measured subsequent stroke amplitudes into account,
a median value of ié kA is obtained - which is marginally highex than
Berger's value of 12 kA - but again, the present data sample is too

gmall to allow meaningful comparisons.

Figure 3.5 deplcts the relationship (or lack thereof) between
first andVSubsequent stroke ampiitudes — as deteruined, from the data
summarised in Table 3.2 - and no correlation is apparent, which 1s
again consistent with the results from Berger's more comprehensive

sample of data.

Impulse charge (Q)

Table 3.2 summarises a total of 16 individual stroke evaluations of
impulse charge Q. A median value of 2,5 C was obtained, which may be
compared with the values recorded by Berger of 5,2 C and 1,4 C, for
firsf and éubsequent stroke data respectively. (The present data -
sample was considered too small to justify study-of the distinctions

between first and subsequent stroke distributions.)

The relationship between peak current and impulse charge 1s shown
in Figure 3.6, and although considerable scatter is evident, a measure
of correlation is suggested. (In fact, regression using a relatlonship
of the form -

yields a coefficient of determination r? = 0,52, which is just significan:

at the 95% confidence level in this sample size.)

~

Berger observed a significant correlation between peak current and’
14
impulge charge in his sample( ) and the resultant relationship is
shown in Figure 3.6 (for all strokes), together with the trend determined

through the research mast data {(assuming a relation of the form Q =
b , ‘
al’)y,

This comparison indicates that the research mast values of impulse
charge are generally considerably lower than the magnitudes recorded by
Berger. However, as noted earlier, apart from the small sample, the
oscilloscope timebases adopted in the present study were frequently
shorter than those used by Berger, and in several instances it is clear
that the full impulsive component of the wave waé not recorded -
especlally in the case of first stroke waveforms - as shown for example,
by the oscillograms recorded for Flash 770222/25, given in Appendix 3A.
(Figure 3A-14). |

3.3.3 ..... /48
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. , dIl
Maximum rate of rise of current QIE)

The available data are shown in Table 3.2 and comprises a sample of 3

. - ) dl
first stroke and 6 subsequent stroke estimations of maximum qr

Comprehensive analyses of the wavefront characteristics of first
and subsequent stroke discharge waveforms have been carried out by

(20>. As

Berger et 31(18) and more recently by Anderson and the author
noted earlier, the most distinguishing feature between first and
subsequent stroke wavefronts is the concave form displayed during

first strokes. While it is nof yet known whether this 1s characteristic
of discharges to tall structures only, the research mast data.is
generally consistent with Berger's data (which was obtained trom a

much taller structure), in that the concave form is clearly seen on
first strokes, whiie subsequent strokes display a much faster rate-of
rise of current - as showa for example by the oscilleograms obtained
during ¥lash 770222, (Figure 3A-14). The maximum dI/dt observed

l, which is

(18)

As_l, due to the difficulties of

during stroke :2 of this flash was about 1,7 x 1‘011 As~

higher than any value originally recorded by Berger
il

However, his
analysis was truncated at 1 x 10
manual evaluation of steep rates of rise, Subsequent computerised

evaluation of digitised waveforms from Berger's Sample has indicated
24

that values in excess of 1 x 10ll are certainly possible(zo) and

suggests a 4% probability of occurrence of a value of about 1,7 x lOll

st
(18)

Previous analyses of Berger's distributions yielded médian

values of 2,4 x lOlOAs_l and 3,8 x lOloAs_l for first and subsequent

stroke data respectively and the research mast data is counsistent with

10

this trénd, in that mean values of about 1,2 x 10 As_l and 4,3 x

10 1

10" "As" "~ were obtained for the preliminary first and subsequent stroke

samples respectively,

These samples were considered too small, however, to justify more

comprehensive analysis.

Action integral (fIzdt)

As in the case of the impulse charge (, this parameter was evaluated
for the impulsive component of the current waveform only; - or, in the

case of fast oscilloscope sweep speeds, for the available component

observed on the oscillogram.

Table: 352 ,;. 0. £57
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Table 3.2 summarises 16 stroke evaluations of fI?dt and the
general trend is toward higher values for first strokes. (A first

stroke mean of 8,6 x 10.4 A%S, was obtalned, compared to a mean of 4,6

X 104 A%s for subsequent strokes, assuming a log-normal distribution).

(18)

This trend is consistent with the results obtained bnyerger , but

again the sawmple is too small to justify more comprehensive evaluation.

Figure 3.7 depicts the relation observed between the measured
values of action integral and the associated stroke peak current, and

a reasonable degree of correlation is evident.

In fact, assuming a regression of the form,

fIZdt = aIb
leads to a coefficient of determination r2 = 0,7, which 1is significant

in this size.of sample.

(A similar positive correlation between action integral and peak
current was observed for both first and subsequent strokes separately,

(18)_)

in analysis of Berger's data

Classification of observed flashes on the research mast

As noted earlier in Chapter 1, Berger has proposed a classification

(22) (of the ground flash type) into 8 sub-divisions -

of lightning diséharges
depending upon flash polarity, direction of leader progression, and the -

occurrence, or not, of return strokes.

In examining the 28 flashes recorded on ‘the research mast, on
the basis of the data and evidence presented in Appendix 3A, it is consideréd
that the majority of flashes (about 82%) may be grouped into 4 of the above
élassifications. This categorisation is shown in Table 3.4. No evidence
was available regarding the balance of 5 flashes and these were asigned an

"unknown" classification.

Of the flashes which could be classified, 65% were identifiable
as being of the Berger type 1(b) - or classic negative downward ground
flash, as originally described by Schonland(l). The next most common
category (22%) was the type 2(a) - or positive upward leadér event., This is
the most common type of discharge at mountain-top installations such as

(47) 23)

Foligno ,» Or San Salvatore(

, where, in the latter case, the incidence
of such flashes was greater than 50% - compared to an incidence of only 11%

of type 1(b). 1In certain of the research mast flashes, the event
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TABLE 3.4: CATEGORIZATION OF RECORDED LIGHTNING FLASHES (BASED UPON

BERGER'S 8 FLASH TYPES(ZZ)

Berger's Type No. 1(b) 2(a) 2(b) 4(a) Unknown
Negative Positive | Positive Negative
downward upward upward upward

Description flash leader leadgr/ leader/

Negative Positive
multiple following
flash current
Flash Nos, 1* 13% 22 14* 3
2 24%* L5 5
4 26% 8
6 29 17
7% 30 23
9
10
L1=
12%
16
19
21
25%
27
28

Note: - *The marked flashes could not be positively categorised, but it

was considered that sufficient evidence was available in

these instances to support allocation into the designated

- groupings.

In the absence of any evidence, the remalning flashes.

were assigned to the "unknowﬁ” category.
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was considered incomplete, such as flash 780129, which could have led to
a flash of the more common type 1(b), had interception of the nearby

downward leader taken place.

To date, only one flash of type 2(b) has been recorded on the mast
(i.e. the true negative upward flash), whereas this was the next most
common event at San Salvatore, being responsible for over 30% of the re-

corded flashes thefe.

The remaining two identifiable flashes have tentatively been designated
as being of type 4(a) (negative upward leader and positive following current),
in view of the apparent polarity of the associated electrostatic field
changes ~ as discussed in Abpendix 3A, This represents, therefore, a positive
flash inéidence of 7% (or about l:l4) but being upward in character, this 1is

not necessarily representative of the incldence of positive downward flashes.

It is also of interest to consider the significance of the above flash
classifications in the observed diurnal incidence of flashes on the mast.
For example, the crosséhatchéd areas in Figure 3.3  depict those flashes of
type l(b) (négative downward flashes)., It is evident that flashes of. this
type comprise the majority of events occurring in the afternoon period, when
they‘wéré generally associated with thunderstorms' of the summer "hot" air- |
mass type. In contrast, the more unusual flashes (i.e. involving upward
leaders, or positive diécharges etc), tended to be associated more with the

anomalous early-morning '"cold" frontal thunderstorms.

Concluding remarks

Although problems were certainly experienced'at the commencement of this
research programme, it is considered that sufficient good quality data have.
been obtained to justify the claim that the instrumentation arrangements
described in Chapter 2 have proved capable of automatic recording of flash '
characteristics and discharge current waveform parameters, during direct

lightning flashes to the research mast.

In addition, although only comprising a small sample, the preliminary
data presented in the preceding sections (and the associated variations of
the observed values), appear wholly consistent with the character and trends

of results obtained from direct measurements carried out elsewhere; -
(14)(18)

including especially the results obtained by Berger , which represent

the most comprehensive analyses of waveform parameters presently available.

In ..... /54
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In particular, although the research mast effective helght is clearly
less than that of Berger's station, (as evidenced by the differences in the
ratios of upward/downward flash incidence) it is of interest to note that
first stroke wavefront records still display the characteristic concave form
observed in Berger's data(lg), while subsequent stroke records have a much
steeper rate-of-rise of current - thereby implying that similar "tower~
effect" processes (such as the initiation of upward connecting leaders

during downward flashes), are probably active at both stations.

The occurreance and relative incidence of other flash types (apart from
_the normal negative downward flash), indicate that the mast effective height
is sufficiently high to exert an influence on the lightning flash mechanism,
but the degree of inflﬁence is clearly different from that prevalent at
mountain-top stations such as San Salvatore. Desgpite this, it is encouraging
to note that the majority of flashes recorded on the research mast wererof
the negative downward type, since one of the prime objectives of the research
program was the study of the characteristics and parameters of this event -

being the most important in the majority of practical engineering situations.

An interesting, but in view of the small sample, inevitably speculative
feature of the observed data on diurnal flash iIncidence, 1s the possibility
of a relation between storm synoptic condition and flash type. 1In fact,

(48), in a study of San

similar observations were noted by Bosart et al
Salvatore flash incidence, who concluded that the relative incidence of
upward and downward flashes may be dependent upon cloud thickness and thus

upon the related synoptic situation.

Clearly, the research mast measurements will have to be continued
for a substantial period of time before sufficient data will have been

accumulated to clarify the above preliminary observations.



4.1

_.55_.

CHAPTER 4

STRIKING DISTANCE CONSIDERATIONS

Introduction

In addition to those parameters describing flash incidence and the discharge
current waveform, a parameter of fundamental importance in any electrical
engineering or lightning protective context is the lightning striking

distance ~ as discussed more generally in chapter 1, (and Appendix IB).

Impiicit'in many conceptualisations of the final stages of the downward
progression of a charged leader is the attainment of a point at which

"digscrimination is determined as to where the earth will eventually be

(N

The striking distance is akin to the "final-jump" in 1ongfspark

(51)

terninology , and is normally defined as the distance between the stricken

struck"”,

point on the ground and this point of discrimination - or more simply, as
"that distance over which a lightning leader is attracted to the point about
to be struck"(sz).

(31)

The topilc has been received extensively by Golde , and an Important
general conclusion is that the striking distance is determined by the
attainment of a critical breakdown gradient across the finailair—gap between
the downward leader and either the stricken point, or an upward rising
leader, (in the event of a connecting leader having been initiated from some
point on the ground), during the approach of the downward leader. In turn,

(31

it has been shown by many workers

(53)

s including the author, in collaboration
with his colleagues , that the development and attainment of the requisite
breakdown gradients is dependent upon the magnitude and distribution of

charges on the leader.

This implies a proportionality between striking distance and charge.

~ Assuming, in addition, a relation between.charge and prospective peak

discharge current, (as demonstrated by the correlations in Berger's field

(14)

data leads to a functional dependency between striking distance (DS)

and peak current amplitude (I).

Such relationships have been developed by several workers(lg) and these

normally take the form:
: b
DS K(I)

where K and b are constants, either theoretically or empirically(3l) derived.

Relationshiﬁs e /56
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Relationships of this form have become established components in
electrical engineering studies of lightning protection problems and are

19
fundamental to electrogeometrical concepts of analysis( ).

In contrast to these earlier studies, a unique feature of the research
programme with which this thesis is concerned is the attempt to measure the
striking distances of flashes to the research mast and to relate these to

the lightning currents recorded at the base of the mast.

The primary objectives of this chapter therefore are to describe these
measurements and to present preliminary results, as well as to consider the

concept of striking distance more generally.

Measurement of striking distances

(31)

Based upon Golde's review of the literature , there appear to have been
very few documented instances of attempts at rigorous measurement of striking
distances. Perhaps the best data available are the two results obtained by
Berger(zz) at the San Salvatore station, derived from rotating-camera

photography of the stepped downward leader, with the following values being

obtained:
D, =27 m for I =16 kA
and DS = 37 m for I = 27 kA

As noted earlier in section 1.3, striking distances of flashes to the
research mast are estimated from a study of bidirectional photographs

obtained from the two remotely situated automatic still cameras. .

Although stereoscoplc photography of lightning flashes has successfully'
been applied to the studyrof flash characteristics since at least 1912(54),
as far as the author is aware, the initiation of bidirectional photography .
of flashes to the research mast in 1972 represented the first attempt to
apply this technique to the determination of striking distances. (Sdbsequently,
this technique has also been applied to the study of flashes on the Ostakinsk

(24)

and similar bidirectional photography has also recently been
initiated on the CN Tower project(SS).)

tower

The two remote still cameras mentioned in section 2.6,'are each fitted
with a calibrated fine-wire graticule mounted upon a frame, which 1is rigidly

attached to the camera housing and is positioned at an accurately measured

distance from the camera focal plane.
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The general arrangement is shown in Figure 4.1, together with the

appropriate geometry, while the Table 4.1 below summarises the relevant

values of the geometrical parameters for each camera.

TABLE 4.1: FRAMING CAMERA PARAMETERS

Camera 1 Camera 2
DC Distance between mast axis and camera | 7
focal plane : ! 2 610 + 10 m 2 730 + 10 m
H Mast height 62 £ 0,3 m 62 + 0,3 m
AH Differencerin altitude between mast
base and camera focal point 94,5 + 0,5 m 97,5 + 0,5 m )
|
. 1
d- Distance between graticule and camera | ;
focal plane ‘ I 697 * 3 mm 697 * 3 mm ;
g Graticule grid spacing 40 + 0,2 mm 40 + 0,2 mm
. i ;
¢ Angle of inclination of camera axis i
from the horizontal {7,2%0,1° 7,0 £ 0,1°
B Angle of rotation between the two %
camera axes ' 109,4 * 0,5°

In all cases the measurement errors for these parameters were of the order

of 1% or less.

The ....

./58
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The grid spacing and its superimposed image upon any photographs taken
by a specific camera, (taking account also of the relevant geometry of the
situation), provides a scaling factor, which defines the relation bétween.
any lmage dimensions and the actual dimensions of the object being photo-

graphed (i.e. in this case, the lightning discharge channel).

In practice, the individual images of a flash, taken by each camera,
are projected upon an automatic plotting table and the respective two-
dimensional co-ordinates of the flash on each photograph are digitised
(with reference to the plotting table frame system). It is assumed that’

the image of a flash is a straight line between two consecutive points.

A computerised technique of analysis is described below, which combines
these two sets of two-dimenslonal data (taking account of the relevant
scaling factors) Iin a series of geometrical co-ordinate transgormations, to
yield a three-dimensional "re-construction' of the flash, with reference to

the position of the top of the research mast.

The striking distance of a flash, in the course of its progression
toward the mast, is then determined from an examination of this three-

dimensional flash geometry.

A fundamental assumption in this analysis is that the final stages in
the progression of a lightning stroke can be divided into two phases, or

progressive processes:

(a) involving the initiation and, on occasion, subsequent deflection of an

upward connecting leader from the top of the research mast, and

(b) the subsequent interception of the downward and upward progressing

leaders at some intermediate point away from the mast tip.

Subject to these constraints, the striking distance was defined as
that distance from the tip of the mast, at which the progression of the
lightning channel last assumed -a persistent orientation toward the point of

interception with the upward connecting leader.
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4.3 Re~construction of three-dimensional flash geometry

In considering the general geometry presented in Figure 4.1, it is evident

that several factors complicate an evaluation of a three-dimensional
reconstruction of a flash from analysis of the relevant sets‘of two—-dimensicnal
co-ordinates derived from a palr of photographs. These factors include the

following:

(a) the two cameras are at different distances from the résearch mast and
do not view the mast orthogonally, but are separated by an angle of

rotation B = 109°

(b) the two cameras view the volume of sky above the mast obliquely, being
situated at altitudes AH below the mast and inclined at angles ¢ with

respect to the horizontal.

(¢) due to independent digitisation Df_eaéh flash photograph, the numbers
of two-dimensional co-ordinate pairs sampled will differ for two

photographs of any particular flash;

(d} similarly, the measured points on the flash channel for the two sets
of two~dimensional co-ordinates obtained from the two .cameras respectively,
will generally not be the images of the same actual points on the
flash.

The first two aspects are reédily resolved through a series of angular
and co-ordinate transformations - in terms of the geometry depicted in
Figure 4.1 - but the latter two problems require careful econsideration of
the elemental flash geometry, as illustrated in Figure 4.2, which shows an

element (bd) of the flash channel.

A set of arbitrary points, measured consecutively along thé channel
and viewed in the grid plane of camera 1, say, define a plane P which
passes through the focal poiﬁt of this camera, as well as the measured
points on the grid, and which intersects the flash. Similarly, the correspondin
points measured in the grid of‘camera 2 define a plane Q, which passes
‘through these points and the focal point of camera 2. The two planes
intersect in a straight line (gbde in Figure 4.2) which must coincide with
a segment of the flash chaanel (bc in this example). The requirement
therefore is a determination of the co-ordinates of the two.end polnts, b

and ¢, of this segment.
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A method embodying a series of algorithms for carrfing out this
determination iteratively along the flash channel, was developed by the
National Research Institute for Mathematical Sciences - who also prepared a
comprehensive computer program {(termed Flaéh) for processing and analysis

(56)

of the digitised data, in the above manner

Clearly, the accuracy of the overall determination of three~dimensional

flash geometry is directly dependent upon the accuracy of the input geometrical

parameters — although these had been measured with care, as shown by the
relevant measurement errors given in Table 4.1, Accordingly, the effects
of these errors were evaluated in a series of sensitivity analyses which
were carried out using program Flash, and assuming different measurement
errors for the relévant input geometrical parameters. As might be expected,
the most important accuracies were those of the distance, or scale factor
parameters (namely, DC, d and g, in Table 4.1). The resulting errors in
effective flash geometry were found to be almost directly proportional to

the input ertors, and were thus limited to less than 1%.

However, greater errors arise during the digitisation process, due to

"the image size of the flash, which is broadene& by photographic halation.

An overall check of the accuracy of the complete technique of analysis was
carried out by applying program Flash to an evaluation of the known helght
of the research mast from analysis of photographs taken by the two cameras,

and the resultant error was about 3% - which was conslidered acceptable.

Results

As summarised. in Tab1e73.l of chapter 3, of the 18 flashes to the research
mast that have beén photographed by at least one of the above still cameras,.
only 7 have been photographed bi-directionally and thus are candidates for
geometrical analysis of striking distance., The primary concern in this
thesis however, is with the more common downward flash event, and only 3 of
the above flashes were of this type (Berger(zz) classification 1(b}) -
namely, flash numbers 10, 19 and 27.° (The relevant photegraphs, as well as
those for all 18 flashes, are presented with the review of each respective

flash event in Appendix 3A).

The resultant geometrical reconstructlons for each of these three

flashes are shown In Figures 4.3(a), (b), (c) and the analyses of these are
discussed briefly below, based upon the considerations and coustraints

presented in section 4.2.

Figure 4.3(a) el /B2
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Flash No. 740104/10

In reconstruction, a vertical component rising directly above the mast
to a height of about 35 m, is clearly evident. This then tracks of £
almost horizontally, and consistently in one direction, to a prominent
discontinuity - labelled "interception point" in Figure 4.3(a). Above
meanwhile, the downward progressing leader channel form suggests a
random orientation (including a degree of spiralling) untll, at a
height of about 150 m, a-fairly consistent progression starts toward

this intersection point.

Although there is also a small "kink" in this progression (at
Zz=~110 m), it is felt that the above analysis is consistent in indicating
7 a striking distance given by the co-ordinates, ZS= 151 m, YS =79 n

and Xg = 120 m. This yields a striking distance Ds = 208 m, and a

distance to the point of interception of about 104 m.

If instead, the "kinked" area mentioned above is used to define
the striking distance, a value DS = 148 m is obtained., This therefore
defines a possible lower bound to the measured striking distance on

this occasion.

Flash No. 750227/19

This flash exhibits a considerably more complex geometry than in the
previous instance, but is again amenable to analysis in terms of the

intersection of downward and upward progressing leaders.

It is considered that the latter is evidenced by the éssentially
vertically oriented component which rise; from about 20 m, ;p to 70 m
above the tower. This defines the area of interception between the
two leaders, while it is suggested that the upward leader process may
-have been initiated at the discontinuity evident in the progression of
the downward leader at a height of about 90 m abéve the mast, yielding

a striking distance of about 99 m.

It is obviously possible, as an alternative, that the striking
distance may be defined by the upper discontinuility in the area labelled
"interception area". This would yield a lower bound to the measured
striking distance of about 80 m, while the distance to‘the interception

point would reduce to about 51 m,

Flash 771009/27

The analysis of the geometry of this particular flash is less ambiguous

than in the previcus two Instances.
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Again, a vertically oriented element of the channel is clearly
evident above the research mast, rising to a height of about 65 m. In
this case however, a segmeit of channel is present which connects this
upward leader (as presumed), with the nearby downward progressing
leader., The resultant striking distance ié estimated to be about 138

m.

In this example, the final interception 1is thought not to be
defined as a point, but rather as an air-gap between the two leaders
(e.g. a rod-rod gap), over which the final breakdown takes place -
indicated by the points labelled AB in the diagram. In this event,
the lower bound to the striking distance 1s glven by the vector OB,

corresponding to a distance of about 103 m.

Following this study of the above examples of three—-dimensional flash
geometry, an attempt was made to estimate the approximate striking distances
associated with those flashes whiech had oanly been photographed by one .
framing ;amera; These analyses were still based upon the'presumptiohrof a
procesé ipvolving intercéption of upward and downward progressing leaders,

.and therefore attempted to identify these interception points In the flash

photographs — in a manner similar to that adopted earlier by Colde(lz).'

A further 6 flashes could be studied in this manner and peak current
amplitude data was available for 5 of these. The resultant estimates of
the interception distances are summarised in-Table 4.2, together with the
above striking distance results from the bi-directionally photographed
flashes, as previously discussed. From the study of the latter three
flashes it was also possible to determine the ratios of the respective
striking and interception distances (DS and DI)' and these values are given.
in Table 4.2, A mean ratio Ds/DI = 1,77 #0,28 (one standard deviation) is
obtained.

This ratio was then applied to the 6 estimates of interception distances
derived from the single camera photographs, to yleld approximate valués of
the striking distances that may have been associated with these flashes -

as summarised also in Table 4.2.
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TABLE 4.2: RESULTS OF STRIKING DISTANCE ESTIMATES

Peak Interceptioh Striking Ratio
¥lash No. Current Distance (DI) Distance (DS)‘ DS/DI

(kA) (m) (m)
721129/1 35 78 * 116 160 -
731015/6 - 177 + 263 - 364 -
731216/9 10 35 1 82 - 113 -
740104/10 41 104 148 208 (3D) | 1,42 - 2,00
741224/16 53 151 225 - 310 |
750227/19 26 51 80 - 99 (30) | 1,57 - 1,94
751102/21 19 23 1 34 - 47
770222/25 ' 83 169 + 251 347
771009/27 87 65 103 - 138 (3D) 1,58 - 2,12
Note: 3D deﬁotes Tesults obtained from three-dimensional analysis

t+ denotes values estimated from study of single camera photographs

The resultant correlation between these measured distances and the

peak current magnitudes recorded in the research mast on each occasion, is

depicted in Fipure 4.4 — together with one of the more representative

empirical relations commonly used in practical applications.

taken from Whitehead

(19)

and is given by:

The latter is

Figure 4.4 ..... /68
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p =10 10°%°
s .

Tt is seen to be generally below the measured distances.

This figuré also includes two analytically derived relations for
striking distance Ds and interception distance DI — which are based upon
Berger's abserved correlation between peak current and stroke impulse

(14)

charge

These analytical relationships and the implications of these results

are discussed further in the following sections.

An analytical approach

This is presented more fully in Appendix 4A and only the salient points and

conclusions will be summarised here.

(9)

The approach 1s based upon work originated by Anderscn in 1971

: 53 7
and subsequently extended by the author in collaboration with AnderSOH( )5 ).

The particular concept involved considers the approach of a model
linearly charged line element leader moving downward toward the ground, and
evaluates. the electrostatic field gradients developed both at the ground,

and in the vicinity of a structure.

In this concept, the striking distance is defined as the distance
between the downward leader tip and a prospective flash fermination point -
such as the top of a mast -~ at that stage in downward leader progression
when an upward leader ionisation inceptipn field is attained 1in the vicinity

of such a point. Thereafter, it is considered that the flash will terminate

_on this point, rather than at the ground, provided the upward leader can

traverse the Intervening distance to intercept the downward progressing
leader, before the corona sheath around the latter has advanced sufficientlf
to contact the ground. Clearly, this will depend upon the relative velocities
of the downward and upward leaders, It is assumed therefore, that the two
leaders intercept at some intermediate "Interception distance' remote from

the stricken point and that the downward leader experiences little deviatioﬁ
in path as a consequence of the approach of the upward leader. (The IAftef

assumption 1s supported by the fact that the charges ralsed,in the upward

~leader are substantially less than those lowered on the descending leader -

(14)

as shown both by Berger's direct measurements

(9)_)

, as well as by Anderson's

earlier analyses

The application of this approach is illustrated in Appendix 4A, by a

consideration of the influence of vertically descending leaders lowering

varying ..... /70
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varying charge magnitudes in the vicinity of the research mast and a
determination of the distances of approach necessary for the attainment of
upward leader incéption potential gradients at the top of the mast. (For
the purposes of this study, these have been defined in terms of corena
inception at the surface of an equivalent sphere having a critical corona
radius at the mast tip. Account is alsc taken of the stricture field

intensification factor and of the relevant air density correction factor.)

The results are shown In Figure 4.5 for a leader of.average channel
length (5 km). Considering an average leader charge of 5 C for example,
these indicate that the approach of such a leader to within a radius of
about 440 m of the mast tip 1s sufficient to cause attainment of upward
leaderlinception gradients at that -point. However, interception of the two
leaders is determined by an evaluation of the équivalent collection volumes
of geometric space  around the mast tip, within which the requirement is met
that the upward leader traverse the intervening distance before the downward
leader reaches the ground. The resulting collection volumes are also
1llustrated in Figure 4.5 for two values of the relative leader velocity
ratio (given as Kv = VQ/Vu, where v

2
downward and upward leaders respectively).

and vu are the velocities of the

From a consideratidn of the results shown in Figure 4.5, although
upward leader inception fields may be attained at quite long distances of
approach of thg‘downﬁard leader (i.e. long striking distances), depending
upon the relative leader velocities the downward leader is required to
enter a comparatively small volume of space surrounding the mast top,

before interception by the upward leader is .ensured.

As noted in Appendix 4.A, an equivalent attractive radius Ra may
therefore be introduced - expressed by the radius of the cross—-sectional
plan view of the collection volume, for a given leader charge and velocity
ratio, For example, for the results given in Figure 4.5, and counsidering
an avefage leader charge of 5 C, although the so—called striking distance
remains constant at about 440 m for a velocity ratio varying between 1,0 -
1,2, the associated attractive radius Ra reduces from 220 m, down to about

90 m, over the same range of velocities,

In order to relate these analytical results - which are expressed as
functions of the leader charge q - to the measured striking distances
presented 1n the previous section, it 1is necessary to make use of the known
correlations between stroke peak curfent amplitude and impulse charge - as
derived from Berger's data(l4). This then was the basis of the analytical
relations depicted earlier in Figure 4.4, However, as pointed out by

58
Golde( ), and discussed further in Appendix 4A, a consideration of the

Fipure 4.5 ,.... /71
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parameters of the return-stroke indicates the adoption rather of a relation
between peak current and only those charges in the lower portion of the

leader.

Berger's observed correlation becomes modified, as shown in Appendix
44, as;

1 = 29,4 qo’7

This relation may be applied to the analytically derived values of striking
distance as functions of charge q, to yield an average striking distance
.relatibn;

D = 0,6 11’46
s

in a similar manner, as shown in Appendix 4A and taking a velocity ratio Kv
= 1,2, a relation is derived for the interception distances;

DI = 0,27 11’46

The above two relationships are shown in Figure 4.6 - in which the mean
values of the measured striking and interception distances have also been
replotted, together with the related peak current amplitudes. A power

curve relatilod has also been drawn through the measured striking distance

data ('sb'& = 16,5 107y,

Although there is considerable scatter in the measured data (which
comprise only a small sample), there is a reasonable measure of agfeement
between the measured and analytically derived estimates of strikimg distance.
(In general, the measured points tend to lie above the analytical relationships

for both striking and interception distances.)

Although this trend toward agreement may only be fortuitous, (due to
the small sample size,las well as to the many assumpfions invelved in the
analysis), this does also imply that the basic concepts compfising the
analytical approach in Appendix 4A may well be acceptable and could allow
application of these concepts to an estimation of striking distances to

other structures.

The various conclusions arising out of the analytical study will be
discussed further in sections 4.8 and 4.9 below, but one very important
aspect that this approach does illustrate is that striking distances depend
directly upon the strﬁcture field intensification factors. Thus the above
derived'relationships apply in particular to structures similar to the
research mast (i.e. having field intensification factors Ki of the order of

44), and may not be considered as generalised relationships,

Figure 4.6 .. ... /73
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The effects of leader branching

In an earlier study of the incidence and characteristics of lightning

flashes to tall structures(l6) the author concluded that the peak current
amplitude diétribution of negative downward flashes may largely be.independent
oflstrﬁcture height. Although data was scarce. this copclusion, if wvalid,
implied that the base assumption of many electrogeometric concepts of
analysis (l.e. of a functional relationship between striking distances and
peak current), may in turn not be wholly correct. 1In attempting to account

for this observation(ZI)

, the author drew attention to the complex branched
nature of downward leaders - both on the micro and macro scales geometrically -
and suggested that'finai stages of a flash may still invoive the interception
of upward and downward leader elements, but that the point of strike
termination might be detefmined more by the approach of one, or more,

charged leadér branch elements, rather than by the macro distribution of
charges along the complete leader structure. Ia coantrast, the resulting

discharge current waveform could be influenced by the discharge of charges

from adjacent branched leader elements.

This hypothesié would imply that the common practice .of representing
the downward leader as a.single geometrical element, bearing all the pro-
spective impulsive charge - as in fact was the case in the preceding
analytical approach (Appendix 4A), could be an over-simplification of the
physical situation.

Accordingly therefore, in order to examine these aspecté of the
problem more fully, a short study of flash branch characteristics was
initiated, followed by an examinatiqn of the influence of a representative
downward branched leader upon the development of the electrostatic field

potential gradients at the ground - as discussed below.

Firstly, in order to obtain a meaningful impression of flash branch
characteristics, a study was carried out on a sample of downward flash
photographs which had been taken by the two remote still cameras. (Although
photographic studies of flash tortuousity had been carried out before(59) -
there appeared to be little data available on the degree and extent of

flash branching — except the early data presented by Schonland(60)).

A sample of 159 flash photographs was examined. These were analysed
in respect of the numbers of branches off the main channel, the branching
angles in relation to the average direction of progression, and the interval
between branches, expressed as a percentaée of the visible channel length

between cloud base and ground. (In the Transvaal region thundercloud

condensation
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condensation levels normally ‘lie between 1 000 and 2 000 m above ground

level).

Some 575 branches were analysed in this sample and the results are

summarised in Figures 4.7 and 4.8.

Subjéct to the difficulties of adequately resolving flash branches and
to the possibility that the sample may be non-representative, (although it
was based upon several years of recordings) this analysis suggests the

following -observations.

(a} Unbranched flashes are in the minority - comprising only 12} of the

sample.

(b) the average flash has approximately 3 - 4 branches visible (between

cloud base and ground)

(c) The most common branching angle is about 45° - measured with respect

to the average direction of progression.

(d) The branching interval appears to decrease progressively as the ground
is approaching - suggesting that the degree of branching may increase
foward the ground. (The latter observation may not be unreasonable
gsince the presence of space charges is known to increase toward the
ground due to the effects of poilnt discharge from objects Qn'the

ground).

Having completed this exercise, and based upon these observations, a
simple model of the lower 2 000 m of a descending leader was derived,

having aﬁerage flash branching features.

This model 1s shown in Figure 4.9(a) - together with the equivalent
single line element model, bearing the same total charge, given in Figure
4.9(b).

The Eranched model comprises three main branches, together with a
minor sub-branch, and all branqhing angles are chosen as 45°. Branching
intervals‘varyingrbetween 400 m and 800 m were adopted, corresponding to
intervals of 20 - 40% along a channel length of 2 000 m between cloud base
and ground. Any charges above an altitude of 2 000 m were ignored in this
analysis, since it 1is readily éhqwn that their influence upon the fields at
grbund level is comparatively small, (For example, a point charge of 1 C

1s required at a'height of 2 000 m to cause a field 1in excess of 4,5 kV/m

on the ground.)

Figure 4.7 ..... /76
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For consistency with the earlier work, approximate linear charge
distributions were assumed along the leader branches and, for ease of
calculation in this complex gecmetry, these charges were represented by
varying point charges distributed at about 200 m intervals along the branches -
as shown in Figure 4.9. The total charge lowered by the leader when down
to an altitude of 200 m above the ground, was 3,63 C - which is close to an

(18)

average value of impulse charge for first negative downward strokes

Thé effect of the approach of the dowvnward leader was simulated by
repeating the calculation of ground level fields while the leader branch
tip positions were advanced at 200 m vertical intervals. In each case, the
charges lowered along the branches were increased according to their
respective distributions. (Assuming an average downward velocity of 2 x
105 m/s, the charges lowered in these step intervals are equivalent to
average branch currents varying hetween 40 - 80 A - which are consistent

(61)).

with various estimates derived from indirect measurements For each
position H of the branched leader above the ground, the integral field
strength E was evaluated for a variety of positions along the ground,

removed distances D away from the equivalent axis of the leader, using the

expression:
i L 2, 2.~3/2
E = 2lie E qu (H D7)

i=1

The results are summarised in Figure 4.10, which depicts the field potential
‘gradient profiles developed along the ground, for each of the last four
positions of the descending model branched leader. (These diagrams also
depict the field profiles developed when the branched model is replaced by

the equivalent single line element model.)

While it is evident that the single line element model always leads to
substantially higher field intensities on the ground vertically below the
leader, (i.e. along the leader axis), the wider spatial distribution of the
leader charge into the branches leads to the development of comparatively

high field levels across a wide extent of the ground beneath the branched

model - as might be expected.

Bearing in mind 1n the case of the research mast, as noted in Appendix

4A, that the upward leader inception field is given by:

E =E /K, = 2,6x 10°/44 = 59 kv/m,

Figure 4.10 ...../79
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Figure 4.10 indicates that fields abproaching this level can be developed
at several positions along the ground, for a branched leader height of 400

m, and are cértaiﬁly exceeded at many positions for lower leader heights.

Depending upon the-posifion (and number) of structures on the ground,
this would imply the possibility of several potential striking distances
being attained during the approach of such a branched leader. The final
poiﬁt of flash termination therefore, might then depend upon which of |
several competing upward leaders (developing perhaps from several structures

in the area), first intercepts a descending leader branch.

In the course of this research progrémme, two events have been photographed
on the research mast which support the above concept of the circumstances
surrounding the apprecach of a braﬁched teader. The two events are described
more fully in Appendix 3A - which also includes the relevant photographs
(namely Flash Nos. 21 and 28).

(50) _

In the first instance (Flash 21) - which has been reported elsewhere
the flash presents a good example of the phenomenon originally termed
"root-branching" by Schonland et a1(60), in that two apparently simultaneous
ground terminatlons are evident in the photograph - each of similar illuminosity.
1mp1y1ng at least approximately simul taneous magnitudes of discharge
current amplitude.

(50) the author considered it possible that a

In discussing the flash
short upward leader was initiated from the research mast top during the
approach of a descending branched leader, and that this traversed the
intervening distance of about 23 m (Table 4.2} to intercept a leader branch,
at about the same time as another branched eiement neared the ground some
300 m away ~ thereby leading to an instance of simultaneous grouﬁding -a

(62)

phenomenon which has also be observed by Hagenguth

In the second instance (Flash 28), both remote still cameras photographed
a ground flash which struck the ground some 650 m away from the research
mast and which exhibited a pronounced branch above the mast. The finely
branched lower end of this major branch is clearly evident in the associated
CCTV video frame (as shown in Appendix 3A). Of particular interest however,
is the presence also of a faintly luminous channel extending about 60 m
above the research mast and presumably developing upwards from the mast.
In this instance, the author considers that this upward leader was initiated
from the mast top during the approach of the charged leader branch (as
envisaged analytically in Appendix 4A), but that the relative velocities of
the upward and downward leaders were such that interception was not achieved

before the remaining leader elements reached the ground and discharged the
flash.
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In summary therefore, the author considers that the degree and extent
of leader branching is an important contributory influence in determining
the final point of flash termination - the primary effect being to increase
the effective or proépective area of influence over which an upward connecting

leader may be initiated, for a given flash.

A concept of attractive radius

In the course of the analytical approach presented in Section 4.5 (as well

as in Appendix AA), an attractive radius Ra was introduced‘to represent the
effective area over which upward leaders which had been initiated from a

given structure during the approach of a descending leader, might intertept
that downward leader and cause flashltermination upon the structure. The
results presented for an analysis of the research mast sltuation indicated
that this attractive radius was sensitive to the relative velocity rafio of
the downward and upward progressing leaders, but was comparativeiy independent
of the magnitude of charge present on the descending leader -except for '

relatively small values of charge,

The concept of structure equivalent attractive radius may also be
approached from a different point of view - as in fact has been carried out

(21

previously by the author , in an examination of flash iﬁcidence to tall
structures. In this exercise, the incidence of upward and downward flashes
was studied séparately, together with height dependencies, for a variety of
structures in different regions of the world. Although it was found thét
there was a more dramatic increase in the incidence of upward flashes as
structure height was increased, (attaining over 90% upward flash incidence
on structures in excess of 400 m), the associated data also indicated a
height dependency in the incidence of downward flashes and it was observed
that the trend through these data could be approximated by the empirical

relation;

4 22

N = 8,33 x 107" ml»
D s

1

?

In a region experiencing an annual ground flash density N = 1 km_zyr_

where ND = average annual number of downward flashes to the structuré and

H .
8

structure height in m.

Defining an equivalent effective downward flash “"collection area" A

for a given structure, as 1s common practice in lightning protective concepts

and expressing A in terms of an attractive radius R , as
a

2
a

A=TR

it 1s evident that the average annual incidence of downward flashes N

experienced ..... /B2
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ekperienced by the structure may be stated as:

N, = AN = HRZ.N x1x10'6
D 24 a g .

where N is the average annual ground flash density in the region of the
g.

structure.

Therefore, the above two relations for ND may be combined to yield an

empirical expression for Ra in terms of the structure height-HS, viz:

R = 16,3 n°
a ‘S

when Ra and HS are expressed in m.

A comparisen of this expression with the tread of the relation Ra =
2Hs’ shows reasonable agreement for values of HS < 400 m(Zl). (The
relation R = 2H has long been adopted as a simple rule in practical im-

' | (12) )

plementétion of lightning protective concepts

The above relation for downward flash incidence was derived from an
-analysis of data describing the average incldence of flashes to a variety
of structures of differing heights. In practice, when considering a
specific structure, one must take account of the stochastic nature of
groundlfiash incidence over comparatively short periods of analysis. Over
such limifed periods, the Polsson distribution P(n) has pfoved effective in
accounting for the observed incidence of flashes to small samﬁles of

(12) (63)

structures — as shown, for example by Golde and Anderson

This may be illustrated by consideration of the observed incidence of
downward flashes on the research mast, which; as shown by the data presented
earlier in Table 3.1, comprised 15 downward flash events of which 14 finall§

terminated on the mast - over a 6 year period of-recording.

The probability P(n) that a given area A will be struct exactly 0, 1

»

2, 3 .... n times over a given period of analysis T, may be expressed by
the Poisson relation(63):

L0
P(n) = o7 exp(-z)

where z = average number of strokes to the area, given by z = T.A.N and T

= period of analysis (in years): Ng = annual regional ground flash density.

Therefore, assuming that the incidence of downward flashes to the

research mast may be accounted for in terms of an equivalent collection



- 83 -

area A, having an attractive radius Ra’ the above distribution may be
evaluated to estimate the possible incidence of flashes, as a function of

different values for Ra’ over a sample period of 6 years.

This has been carried out - taking a value of Ng = 7,0 km_zyr_l, which
represents the average ground flash density observed in the Pretoria area
over the past 10 years(64). The results are shown in Figure 4.11 and
suggest that the observed incidence is best accounted for (i.e. with
maximum proﬁability) in terms of an attractive radius Ra of about 325 m.
(It is st1ll recognised however, that there is a very low probability of
the mast having behaved as a structure having an equivalent -attractive

radius of only 100 m, or even 200 m.)

'

In the earlier examination of the characteristics of flashes to tall
structures and the associated influence of structure height, the author

(16) (21)

also derived the following empirical relations for the annual
incidence of flashes of all types to structures, as well as for the relative
percéntage of upward flash events:

N, = 0,041 exp (0,015 H )

P = 68,2 1n {H) - 315,5
u T s

where_NF is the average annual incidence of flashes of all types - normalised
to a ground flash density Ng =1 kmfzyr—l; and Pﬁ is the percentage of

upward flash events. Hs is the structure height in meters.

From the data presented earlier in Table 3.1, the following values for
NF and Pu are obtained from the observed research mast performance, over
the full period of study, viz:

NF = 0,6 (flashes/year per Ng =1 km_zyrbl)

P = 29%
u

In terms of the abave two relationships therefore, this yilelds values

for the research mast effective height HS of 181 m and 158 m respectively,

or an average of about 169 m.

(Note: 1In the tall structures analysis(l6) the author found it
necessary to introduce the concept of "effective height™ - as has also been
(65) |

used by Pierce for example, to take account of those structures whose

performance in terms of flash characteristics and incidence — when viewed
against the perspective of the global survey of structures - did not
correspond with what might be anticipated from their actual structure
height. This was particularly the case for mountain-top structures, oY very

slender structures, which would have higher field intensification factors

than the average structure.)

Figure 4.11 ,,.../84
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As noted elsewhere by the author(l6), it is consldered not unreasonable

therefore to assign an effective height to the research mast, which i1s

higher than the structural height, since this mast has an unusually high

structural slenderness ratio compared to the tall chimneys, or broadcast

antennae, which comprise the bulk of structures in the global survey.

This being the case, and taking a value HS = 169 m for the research
mast, the above estimate of effective attractive radlus Ra = 325 m implies

the relation;

R~ 1,9 H
a S

This result is in accord with the earlier observation that the global

trend approximates the relation Ra = 2H, and suggests that there is a

‘peneral consistency in conclusion, as far as the regsearch mast is concerned,

whichever approach for estimating attractive radius. is adopted.

Summary and general discussion

In the introduction to this chapter, it was noted that the generally
accepted definitions of striking diétance are based upon the attalnment by
the downward leader, of a point of discrimination at which the potential
strike point upon the ground is determined. It was also noted that empirical
expressions relating striking distance DS and prospective peak current I
are widely assumed as being applicable in electrogeometric techniques of

analysis for practical systems; viz:

_ b
DS = K(I)

‘Thereafter, a photographic and analytical technique was described
whereby attempts were being made to measure the striking distances of
flashes to the research mast and to relate these to the recorded values of
peak current flow in the mast. This technique assumed the initiation of an

upward connecting leader from the mast at an interim sfage in the descent

‘of the downward leader, and defined the striking distance as that distance

at which the progression of the downward leader first assumed a persistent
origntation toward the point of interception with this upward leader. This
implies thefefore, that an element of the descending 1eadqr may experience
a minor deflection toward the upward rising leader and that the étriking

distance is determined from this point of deflection.

A clear understanding of the concept of striking distance is further

complicated by a consideration of the analytical approach presented earlier

in ..., /86.
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in this chapter. In this analytical s;udy, the striking distance was
defined 1in terms of the distance between the descending leader and the
prospective strike polnt, at that stage when the upward conqecting leader
is initiated from this point. - i.e. on the basis of the required distance
of approach of the charges in the Ieader before ionisation. inception field

gradients are attained at the prospective strike-point.

The analytical approéch also showed that attainment of the strlking
distance &expressed in terms of the above concept) does not automatically
lead to flash termination_upon the point from which the upward leader
developed. -This i1s determined by the relative velcocities of approach of
the downward and upward leaders and, dependeunt upon ;he assoclated velocity
ratio, final termination of a flash upon a structure is determined jointly
by the attainment of the required striking distance and by the entry of the
descending leadef into an equivalent collection volume in-the'vicinity of
the structure. A concept of attractive radius was Introduced to express
the equivalent area over which the above collection volume was effective
(for a-particular ve1ocity ratio). This approach also indicated that the
analyticélly determined values of striking distance were proportiomal to
leader charge magnitude and thus, (through a suitable relationéhip which
took account of thg discharge current waveform), were also dependent upon
the peak current magnitude - in contrast to the values of attractive
radius, which remained relatively insensitive to variationms in chafge

magnitude.

Thereafter, the situation was further complicated in an extension of
the analytical approach which demonstrated tﬁat the effects of the distribution
of leader charge into the generally branched structure of the descending
leader, could lead to the potential attailnment, independently, of several
pfospectiQe striking distances at a variety of positions (or structures),
on the ‘earth in the vicinity of a descending leader. It was suggested
iberefofa, that the final flash termination could be determined by fhe
interception of one (or, on occasion, more) competing upward risihg leaders, .
with branched elements of the downward leader, and it was noted that two
recently observed flash events to the research mast depicted features in

support of this concept,

The author considers that the above concepts and definitions of
striking distance, as well as their possible inter-relationships, may be
clarified by a re-consideration of the final stages of downward leader

progression toward a structure on the ground.
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The relevant stages are shown schematically in Figure 4.12. (The'_
flash depicfed here is derived from a photograph of flash Ne. 771009/27 to

the research mast.)

While in principle the general path taken by a downward leader is
broadly determined by the electric field direction between'cloud and
ground, and, on average therefore, is approximately vertical, it has been
shown (by Hill(sg), for example) that the detailed channel path {s essentially
random - being probably influenced mainly by the presence of localised
pockets of space charge in the air between cloud and ground. In the final
stages of this progression toward the ground, the author considers that

three declsive stages may be identified - at least conceptually - ‘as follows:

(a) Point of upward leader initiation

It is known from lightning photography(ﬁﬁ) that even flashes to flat

ground (such as a sandy beach), involve the interconnection of the
descending leader with an upward rising 1eadér. As discussed in the
preceding sections therefore, the attainment of a sufficiently close
approach of the downward leader to initiate development of this upward
leader, represents an important point in the flash process, since it
first allows the possibility of determining the prospective point. of
strike. Since this stage closely resembles the 'point of discrimination”
embodied in the general definition, the author proposes that the
intervening distance between the leader and the po;ential strike point
be termed the striking distance (DS). It is cleér also from the
preceding discussions that the attainment of this distance depends

upon many factors, including:
(i) the distribution and magnitude of charge upon the leader.
(ii) the complex branched structure of the leader.

(iii) the presence, as well as geometry, and hence, field intensification
factors of structures on the ground; (the analytical approach
showed that striking distances to structures are directly proportional

te the relevant field intensification factors).

(iv) the critical field gradients required for initiation of a progressive
upward leader, which could vary, depending upon the geometry of a
structure and/or the occurrence and presence of corona and space

(58)

charges

It is evident from point (iii) above (and from Appendix 4A) that
very tall structures (having high field intensification factors) could

Fipure 4.12
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be associated with extremely long striking distances (in excess of 1
km) -leading to ﬁhe initiation of upward leaders from these structures
before the descending leader has emerged frem the cloud, for example.
On‘very prominent structures, the movement of charges within the cloud
(in the form-of ¢loud flashes) may already cause sufficient fileld
enhancement in the vicinity of a structure to initiate an upward

(23)

leader — as has been found by Berger Thus 1t 1is not unexpected

that the observed incidence of upward flash events Increases dramatically

(16)

A stage has therefore been identified in the progress of the
downward leadef'(advancing at an average velocity.vl), that corresponds

with the initiation of one, or more upward rising leaders (having

veloecities vu) from structures on the ‘ground. The attainment of this

striking distance however, does not represent an exclusive requirement
for determination of thé potential point of strike, and the advance of

the leader must be further examined.

Point of leader deflection

It is considered probable that the initial path taken by upward rising
leaders will be determined by the electric field ‘direction in the
immediate vicinity of the structure itself - u5uully highly divergent
at the top of a tall structure — and thus will tend to be vertically
oriented, as in fact was found for many of the flashes on the research

mast.

Thereafter, the upward leader path.is likely to become influenced
by the intense electric fields developing between the upward and
descending leaders. The charge magnitudes ralsed in the upward leader
are small(g) compared to those distributed upon the descending leader
andrthe former is likely to experience deflection before the latter.
However, especially in the case of a branched leader, a stage could
well be reached when an element of the descending leader becomes
deflécted.toward the rising upward leader. (Preliminary model studies
by Dei}efa et a1(67), suggest in the extreme case of an unbranched
linearly charged leader, that the lntervening distance at which deflection
of the downward leader takes place is approximately 7:RC, wﬁere RC is

the corona radius around the upward leader tip.)
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The identification of this point of deflection of the downward
leader (or final orientation), was the basic premise of the measurement
technique adopted for the study of the three-dimensional geometry of
flashes to the research mast - as discussed earlier in section 4,2,

The author proposes therefore that the resultant measured values of

'striking distance’ be re-defined as deviation distances (Dd)'

It is evident that these deviation distances (Dd)’ will either
correspond to, or be shorter than the true striking distances (DS);

and will depend upon the following factors:
(1) in particular, the spatial extent and degree of leader branching.
(1i) the leader approach angle.

(ii1) the magnitude and distribution of charges on the relevant leader

branches,

(c) Point of interception

Despite attainment of both the striking and deviation distances, it 1s
clear from the earlier discussions that the final point of strike is
only detefmined positively when the upward leader ineercepts the
downward leader. This then defines a third decisive distance —the so-
called interception distance (DI)’ which will obviocusly be less than
either (DS) or (Dd). In physical terms, this act of interception is
equivalent to the 'final jump' process observed in long-spark studies
and represents attainment of an average field gradient, between the
two approaching leaders, in excess of a.critical value - considered to

be of the order of 500 kv/m(7)(3l)

Concluding remarks regarding the concept of striking distance

Based upon the preceding discussions therefore, the author considers that -

the following conclusions may be noted:

(1) A unique"'point of discrimination’ cannot positively be identified in
the progression of a downward ledder toward the ground or toward
structures on the ground. In fact, terminafion of a flash to a particular
point depends upon the dual requiremeats of approach by the descending
leader to within at least striking distance (i.e. lea&ing to initiation
of an upward leader), together with entry by the descending leader (or
an element thereof) into an‘effective collection volume within which

interception of the two leaders can take place,



(i1) Specific values of striking distance may be estimated for a particular
" structure. These values are directly proportional to the magnitude
and distributien of charge on the leader, and depend as well on the
dimensions of the structure (including also its field intensification
factor) - being thus specific to the structure and not'generally

applicable,

(111) Preliminary expressions have been presented for the research mast,
which relate striking and interception distances to the proépective
flash peak current amplitudes. These relations show a reasonablel
. agreement with the trend of the first results emerging from measurement
of deviation and interception distances for recorded flashes‘to the
research mast. This agreement is sensitive however, to assumptiouns
regarding the correlations between leader charge and peak current
amplitude and, in the absence of further data relating these parameters,

may only be fortuitous.

(iv) The actual incidence of flashes to structures is not accountable
simply in terms of striking distance considerations - due to the dual
requirements stated in (i) above - but may on average be expressed 1in
terms. of a structure equivalent attréctive radius which, for many

structures, may be approximated by twice - the structure height,

(v) The incidence of flashes to structures - apart from being influenced
by the degree of leader branching - is dependent upon the relative
downward and upward leader velocities and there is an evident neéd for
additional data in this regard. The séaﬁty avallable data(68)

suggests similar orders of magnitude for both velocities and the
estimates derived from consideration of the research mast situation
~support this possibility, to the extent that an average velocity ratio

(Yk/vu) of about 1,1 is indicated.

The implications of these conclusions for practical engineering'studies are

discussed further in Chapﬁer 6.
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CHAPTER 5

THE STUDY OF ADDITIONAL LIGHTNING AND THUNDERSTORM 'PARAMETERS

1

2

IN THE TRANSVAAL REGION

Introducfion

The previous three chapters have concentrated on measurement. techniques and
the associated results obtained in the course of studying several of the

more basic electrical engineering parameters of the ground flash,

In this chapter, work 1s described which is cohcerned with a more
general characterisation of the local thunderstorm electrical environment -
or Stﬁfm climatology, (defined in terms of electrically measured parameters) -
within which the direct measurement§ of lightning parameters are being

carried out.

. There are several aspects (o this werk and the princibal objectives of

this phase of the research programme were as follows:

(a) Study of the incidence and characteristics of multiple stroke grouad '

flashes.

(b) Study of thunderstorm electrostatic field characteristics at ground

1eye1.

(¢) Characterisation of the regional lightning and thunderstorm activity

using relatively simple instrumentation and analytical techniques.
The above three aspects will be discussed in turn,

The incidence and characteristics of multiple stroke ground flashes

There were two'primary reasons for studying maltiple stroke flashes: -
firstly, the éccurrence of a series of discharges in close succession
obviously presents an additional burden to any electrical engineering or
lightnihg-protective system, which has thus to be capable of withstanding
the effects of such a process. Comprehenslve data under local conditions
were therefore required in order that the design of protective systems

could be optimised; -.secondly, several authors had raised the possibility
that the incidence of multiple stroke flashes could vary considerably
through the various climatic regions of the wdrld(15).l It was considered
desirable thérefore, that the local situation be defined with comprehensive
data, (which could then be'comparéd with results from measurements elsewhere
in the world) and that simple measurement techniques be evaluated for

obtaining these data.

5.2.1 ..., /93
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Measurement techniques

' as observed also by Brantley et al

In the course of lightning research over the years a variety of
instrumentation approaches have been adopted for studying the charac—
teristics of multiple stroke flashes. These have ranged from time—

(73>

resolved electrostatic field change recordings , or high speed

photography(zz), to direcf measurements of lightning stroke currents

- as previously discussed.

More recently, the use of closed circuit television (CCTV) video
recording techniques, despite some limitations, has also proved

(33)(74). As noted in

effective for recording multiple stroke flashes
Chapter 2, a CCTV system had previously been established for studying
flashes in the immediate vicinity of the research mast, Although of

necessity this unit had a comparatively restricted field of view, a

_considerable number of flash recordings was obtained over several

thunderstorm seasons.

The limitations of CCIV techniques have previously been discussed
by Winn et a1(33). Apart from a relatively poor spatial resolution,
‘(being limited by the line resolution of the camera and tape recbrder),
the principal disadvantages are the time resolution (which is limited
to the system framing rate of 50 Hz - or an equivalent framing interval
of 20 ms. per frame), and a degree of remanent Image persistence which
influences the determinatién of flash durations. In the local system,
(75), it was found that the decay of
image persistence was approximately exponential with a time constant
of about 40 ms (or two frames). This had to be taken into consideration

therefore, in determining flash durations from video recordings.

The CCTV system was operated routinely (via the radio remote
control system) whenever lightning activity was observed within about
a 5 km range of the research mast. The resultant video tape recordings
were analysed By identifying and recording the number of single stroke
flashes, and by noting the number of video frames between stroke
Images in the event of multiple stroke flashes. In‘the latter case,
flash durations were also estimated by integrating the previously

noted interstroke intervals over the whole flash:

However ...../94
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However, 1t was considered that the above approach, in common.
with most other techniques for studylng the incidence of multiple
stroke flashes, was inevitably selective, in that the samples of data
obtained would normally have been recorded during the most intense

periods of thunderstorm activity.

Steps were taken therefore, by the author and his collegues, to
develop an alternative technique which would allow measurements of
multiple stroke incidence to be continued automatically over extended
periods of time ~ in an attempt to obtain data which would be fully

representative over a whole thunderstorm season.

. The resultant instrument is termed the multiple stroke discriminator
(M5D) and has been fully described elsewhere(76).(Basically, it comprises
the combination of a proven ground flash counter - the RSA10(77) -
together with an electronic circuit which classifies subsequent
strokes in serial order, as they occur. The unit has a basic subsequent

stroke interval resolution of 10 ms.)

. A prototype version of the MSD was operated continuously threough
two storm-seasons (over the 1976/77 period) in conjunction with routine

operations of the CCTV recording system in the same area.

.Results

The comparative data on multiple stroke incidence obtained uéing both
the above systems, are depicted in Figure 5.1. The two sets of results

compare reasonably well, although, apart from flashes having only two

. strokes, there is a general tendency for the CCTV results to indicate

a higher subsequent stroke incidence. The effects of video image
persistence after first strokes (which are almost invariably much
brighter than subsequent strokes), coupled with a frame resolution of
only 20 ms, make the resolution of second strokes on the CCTV system
rather difficult and it is believed that this may account for the
comparatively low incidence of 2 stroke flashes obtained using this

system.

The cumulative frequency distributions resulting from analyses of
the.CCTV interstroke interval data, as well as total flash duration
measurements,‘are given in Figures 5.2 and 5.3. As found also by

(9)

Anderson , these distributions may be approxiﬁated by the log-

normal distribution, as shown in these figures. Median values of 50

" ms and 189 ms are indicated for interval and duration respectively,

¥

while the related 99 percentile limits are about 400 ms (for interval)
and 1 500 ms for duration. -

Figure 5.1 ..... /95
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A variety of data are available from several regions of the world

(including some earlier results from South Africa) and these provide a

perspective against which the above results may be compared. This is

summarised Iin Table 5.1.

TABLE 5.1: COMPARATIVE DATA ON MULTIPLE STROKE INCIDENCE AND CHARACTERISTICS

(a) Incidence:
| .
ob Reoi No. of Mean No. of Single stroke flash
Server egron. flashes strokes/flash incidence

Schonland(1) Soﬁth Africa 1 800 4,2 25%

Andérson(g)) Rhodesia 1 405 3,4 36%

Berger 227 | witzerland 1 026 1,8 76%

carte(78) South Africa 877 1,9 65%

Brantley'’>’ | Florida 206 2,4 423

Malan(73) South Africa 530 3,5 13%

Overall mean fesdlts' 3,1(1) 45%(2)

Eriksson

{CCTV) South Africa 638 2,5 51%

(MSD) South Africa 9 263 2,0 50%

Notes
(1) A weighted mean, taking account of the sample, sizes.

(2) Determined by combining all the individual cumulative distributions on

stroke incidence into a "global" curve. (Figure 5.4).
{(b) Interstroke interval
Observer Region Interstroke intervals for the cumulative
percentage values
10% 50% 0%
(9) .
Anderson ) Rhodesia 10 ms 35 ms 150 ms
22 -
Berger Switzerland 10 ms 33 s 104 ms
75
Brantley( ) Florida - 70 - 80 ms -
, (75)
Cianos and(P;erce‘ Global review 10 - 25 ms | 35 - 80 ms 90 - 280 ms
1 ' ‘

Schonland South Africa 15 ms 45 ms 150 ms

Eriksson South Africa 16 ms 50 ms 155 ms
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(¢} Flash duration
Flash durations for
Observer Region the cumulative percentage Remarks on distribution
values
10% 50% 90%
Malan(73) South Africa 45 ms | 200 ms 460 ms _Including single stroke
' flashes
Kulijew O USSR 125 ms | 430 ms | 800 ms | All flashes
Anderson(g) Rhodesia - 67 ms | 453 wms Including single stroke
Anderson(g) Rhodesia 20 ms | 177 ms 543 m -Excluding single stroke
Berger(zz) Switzerland 0,4 ms 13 ms 400 ms Including single stroke
Berger(zz) Switzerland 50 ms | 180 ms | 600 ms | Excluding single stroke
Cianos an%79) ' 7
Pierce United Kingdom - 180 ms - Unknown
‘ ’
|[Exriksson South Africa 58 ms| 189 ms | 608 ms | Excluding single stroke
: flashes

LIt is.ndtable that the new data on interstrdke intervals and
flash durations compare very favourably with the trends of measurements
elsewhere in the world and there is a general consistency in ‘the

resultant median values. (Tables 5.1(b), (c).)

On the other hand, the new data on multiple stroke incidence
(from both the CCIV and MSD measurements) -suggest a marginallyrlower
number of strokes per flash than has been obtained by several other
workers (Table 5.1(a)). Anderson and the author have combined the
available data on multiple stroke incidence to derive a "global"
cumulative frequency distribution of the nuwber of strokes per flash(zo).
This 1s shown in Figure 5.4, together with the results obtained using
the CCTV and MSD systems, and depicts a generally higher multiple

stroke incidence than indicated by the new measurements.

The different distributions and measurement techniques employed
by various workers have been discussed elsewhere by Anderson and the

(20)

author and it 1s considered that the dispersions amongst various

sets of data on multiple stroke incidence are at least in part attributable
to varying sensitivities amongst the different measurement techniques,
(i.e. electrostatic field change studies, revolving camera, or CCTV

systems, etc.). Both photographic and CCTV techniques would have

Figure 5.4
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difficulty 1n resolving faintly luminous, or distant subsequent strokes,
while it is also conceivable that the MSD system may have a different
effective range to subsequent strokes(76) {which would involve lower
magnitudes of impulse charge transfer), compared to the normally more

powerful first strokes.

It is considered probable therefore, that the data on multiple
stroke incidence obtained using both the CCTV and MSD systems - as
presented in Figures 5.1 and 5.4 - may require adjustment to take
account of these differences in sensitivity to flrst and subsequent
stroke events. At this stage however, additional reséarch is required

to provide an adequate basis for such adjustments.

It is also possible that the incidence of multiple stroke flashés
may vary with the degree of thunderstorm intensity and the author has
in fact previously presented preliminary data from the MSD,‘which
suggest a tendency toward a higher incidence of single stroke flashes

(81)

in storms of reduced activity It'is net unexpected therefore,
that the MSD data, being drawn from measurements dover a complete

- " season rather than only from selected active storms - such as those
providing the CCTV data, may well show a lower multiple stroke incidence,

as in fact Is the case in Figure 5.4,

In summary therefore, the new data on multiple stroke flash
characteristics are wholly consistent with the results of-previous
work - as far as inter-stroke intervals and flash durations are
concerned, Frand this SUggests that the latter paraméters of lightning

. may vary little fhrough various regioné of the world.

The new data on mﬁltiple stroke incidence, however, indicates a
marginally reduced incidence compared to previous results, but additional
research will be required to clarify whethef these differences arise
only as a coﬁsequence of different measurement techniques (having
varying sensitivitiles), or whether global, seasonal, and/or storm

“effects are also involved.

5.3 Study of thunderstorm electrostatic field characteristics at ground
level '

5.3.1 1Introduction

Measurements of thunderstorm electrostatic fields at ground level were

included in the research programme for two main reasons:
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(a) 4in order to provide an additional index of thunderstorm

climatology in the area of cooncern, and

(b) in order to accumulate comprehensive field data characterising
local thunderstorm conditions, which could subsequently provide reliable
basic criteria for development work on storm warning principles .and

devices.

Measurement technique

A variety of approaches is avallable for measuring atmospheric potential

(82)

In practice,

(83)

thunderstorm fields are usually measured with field mills , which

gradients - as reviewed for example, by Chalmers

have the advantages of stability (i.e. absence of drift over long
periods), and an effective capability for reliable measurement of slow
varying, or d.c. fields.

(84)

A prototype field mill of the tyoe originally evolved by Smith
' ‘ (85)

and subsequently employed by Berger , wWas under development within
the NEERT and this was used for the local measurements. This field
mill has an extended equivalent signal frequency range, which 1s
achieved using complementary stator elements and balanced modulation(sa)
and‘employs synchronous switching of the clamping circuitry to provide

polarity discrimination,

In the form used in these measurements, the inverted mode of
operation was adopted, together with a linear scale of sensitivity up

to a maximum field strength of #28 kV/m.

Absolute caiibration of the field mill was carried out in a
parallel plate capacitor arrangement, wﬁile the form factor for the
inverted‘configuration was determined from comparative recordings from
a calibrated and flush mounted vertical—facing mill, which was located
in the ground plane nearby. The absolute accuracy of these calibrations

is estimated to be better than 10%.

Several field mills of this type were deployed at the various
NEERI research stations in the Pretoria area, with between I and 5
mills being in operation on any particular thunderstorm occasion. The
output yoltages of these field mills were recorded on cOntinuously-
operated chart recorders, with chart speeds of SOAmm oer hour normally

being used. This implies that the emphasis was upon continuous

recording ...../102
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recording of the slowly varying thundercloud field strength magnitudes,

rather than upon resolution of individual lightning flash field changes.

All field recordings were subsequently digitized upon an automatic

plotting table and these data were then processed. using a computer
(86)

The following parameters were defined and evaluated for each

storm:

(i) Start—-time and finish-time of storm activity - defined as
those times when the electrostatic field strength first exceeded

(and last reduced below), an absolute magnitude of 500 V/m,

(1i) Storm duration - defined as the sum of those periods
- between storm start and finish, during which the field intensity

exceeded an absolute magnitude of 500 V/m.

(11i) Maximum positive and negative field intensities attained

during each storm.

(iv) TFor both positive and negative field excursions,'ﬁhe
total periods of time that the field exceeded each of the following
“intensities, 1 kV/m, 2 kV/m, 3 kV/m .......... 14 kV/m, for each

storm.

These measurements were continued routinely for three storm seasons
over,fhe period 1973 - 1976 and a considerable body of data was
accumulated. Individual storm records were evaluated in the above
manner and the resultant parameters were collated on a seasonallbasis -

as well as over the full period of study:

Results and discussion

Typical examples of field recordings for a complete storm were shown
earlier in Figure 3A-7. (In terms of a common convention in atmospheric
(82)

electricity , the polarity of the electrostatic field is assumed to

be positive when dominant positive charpe is overhead.)

The predominating excursions of field during a storm, as shown in

this. example, hay frequently be grouped into two phases of -the storm

lifetime; ‘ .

- firstly, a period of intense Hghtning activity, when

frequent reversals of polarity are often observed and,

- secondly ..... /103
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- secondly, toward the end of the storm, when lightning activity
has mostly ceased, and a period of steady, or slowly varying
fields.ris observed, during which one or more reversals may also

occur,

These features of thunderstorm electrostatic field records have
also been observed in American storm studies, (as discussed by Moore

and Vonnegut(87) and illustrated in the records presented by Livingstone

(88)

and Krider, ) with the secaond phasé of the storm record oftem being

termed the "end of storm oscillation'" or EQSO.

No attempts have been made in the analyses of the local storm
records to distinguish between the characteristics of eash'of these
two phases of a thunderstbrm, since the primary motivatlion for this
~work was to stud? the statistics of occurrence and the range of magnitudes

of storm electrostatic field intensities, as observed at ground level.

The limiting effects of local point discharge curtents from

grass, bushes etc, on the development of the vertical potential

(89}

gradient close to the ground are well known The screéning

influence of the consequent space charges between the ground and cloud

(87)

(as discussed, by Moore and Vonnegut ), was recognised in this
study therefore, and no attempts were made to relate the measured
field characteristics to any cloud charge distribution models - even
0)

from multi-station measurements (as suggested by I"lacker't.'as(‘9 , for

example), due to the complexity of the situation.

A total of 461 storm records was obtained over the three years of

measurement and the results of this analysis are summarised in Table
5.2,

Table 5.2 ..... /104
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TABLE 5.2: SUMMARY OF RESULTS OF THUNDERSTORM ELECTROSTATIC FIELD
' INTENSITY MEASUREMENTS

Seasonal Results

Parameter Overall
: 73/74 74/75 75/76 results

Number of records 86 215 150 " 461

Maximum positive fileld in-
tensities per storm:

Mean (E) - kV/m 3,4 6,1 7,1 5,9

Standard deviation (OE) . : ‘
- kV/m 1,9 4,1 4,9 4,3

Maximum nepative field in-—
tensities per storm:

Mean (E) - kV/m 5,4 7,8 9,6 : 7,9
Standard deviation (OE)

- kV/m ‘ 2,8 4,0 5,8 4,7

Storm duration - in terms
of field intensities in
excess of 500 V/m:

.Mean (hours) 2,9 2,6 1,9 2

“Standard deviation 1,5 2,1 1,6 1,9

It is evident that the maxima of negative field excursions were generally
higher than the positive, with overall mean values of - 7,9 kV/m and
+5,9 kV/ﬁ being obtained for the distributions of maximum negative aund,

positive f£ield intensities respectively.

The individual distributions of these wmaxima are depicted in
Figﬁre 5,5, in which the tendency for negative field maxima toward

higher levels of field intensity is supported.

The numbers of storms displaying field intensities in excess of
various levels were separately analysed and the resultant probability
distributions are shown in Figure 5.6, indicating a 50% probability of
Eield intensities in excess of about +5,1 kV/m and -7,3 kV/m being |

attained in any particular storm.

Figure 5.5 ..... /105
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In general, the range of field intensities recorded is consistent
(82) (87) (88) .
with the results of other measurements and it is apparent
that less than 10% of storms attain surface fileld intensities in

(91)

excess of 20 kV/m. In contrast with Anderson and Freiler however,

who reported an almost equal probability of attaining field intensities

of both 3 kV/m and 6 kV/m, the results in Figure 5.6 indicate a substantial
order of difference 1n proﬁabilities (about 30%) at this end.of the

scale,

Although it is recognised that a measurement of surface electrostatic
fields is not sufficlent to provide an adequate (eor reliable) thunder-
storm warning, the data and probabilities presentéd in Figures 5.5 and
5.6, being derived from a comprehensive sample of measurements over
severai years, provide valuable guidance in arriving at basic warning
criteria. (By way of comparison, storm warning field intensity levels
in the range 2 kV/m - & kV/m have been suggested by other workers(gz)).

" The summarised data given in Table 5.2 also indicate an overall
mean storm duration of 2,4 hours (expressed in terms of the period-
during which the electrostatic field intensity was above an absolute
value of 500 V/m). This value may be contrasted Qith'average American

(93) (based oﬁ 10-

values of 2,0 hours measured in Minnesota by Freier
years of data), and 1,8 hours, determined in Florida, by Livingstone
and Krider(gs), in each case also from using recordings of storm

electrostatic fields.

The distribution of thunderstorm durations derived from the local
~rTecordings is shown in Figure 5.7 and indicates a low probability of
exceeding 5 hours. This is confirmed by the associated cumulative
freqﬁency distribution of storm durations, given in Figure 5.8, which

indicates that 95% of all storms had durations less than 5 hours.

In fact, it is found that much of the total period of thunderstorm
activity involves electrostatic field intensities belbw 3 kV/m.. This
is shown by the results given in Figure 5.9, which depict the mean
periods per storm during which various levels of field intensity were
exceeded. For example, these data indicate that field intensities in
excess of 5 kV/m persist on averagé for integrated periods of only 20
minutes and 32 minutes, for positive and negative fields respectively
(1.e. equivalent to only about 14% and 22% respectively, of the average
storm duratioﬁ of 2,4 hours). This implies that storm maximum field

intensities which, as noted earlier, have average values of +5,9 kV/m

Figure 5.8 ..... /108



pue

60t/ "

PERCENTAGE OF STORMS

"BASED UPON 461 RECORDS AND
FIELDS IN EXCESS QF 500 v/m

0 .
1 2 3 4 ) 5 s 7
DURATION OF ACTIVITY {HOURS}
FIGURE 5.7

DISTRIBUTION OF STORM DURATIONS DETERMINED FROM
ELECTROSTATIC FIELD INTEVSITY MEASUREMENTS

10 BASED UPON 451 RECORDS

4 -
“E‘ NEGATIVE
= 40
o
O - +
= POSITIVE
w
5 30 ]
[+ 8

L —
3 sy
g 1
< 20 L] 4 w
o .
3 AWM d U
= ] 1
o 10 1 11 ¥ ¥
= /] g ]

% Jd

% ‘R H H

0 0 -
3 a 5 & 7 8 k] 10 I 12 13 14 15 16
FIELD INTENSITY (kv/m)
FIGURE 5.9

MEAN PERIODS PER STORM DURING WHICH VARIOUS
LEVELS OF ELECTROSTATIC FIELD /NTENS/T'Y WERE
FXCFEDED

PERCENTavE OF STORMS HAVING DURATIONS LESS THAN THE

Copsk

VALUES INDICATED

[eXall

| ' 8ASED UPON RECORDS
FROM 461 STORMS

sr N LOG NOAMAL APPROXIMATION

20k
0
a0r
50
60
701 -
8O

SO
95

98—
99~

99,8
99,9+

e

t 1 L I I |
025 05 I 2 3 4 5678910

99,99

STORM DURATION IN HQURS

FIGURE 5.8

FREQUENCY DISTRIBUTION OF STORM DURATIONS
DETE/?MINED N TERMS OF ELECTROSTATIC FIELD
INTENSITIES

- 801



- 109 -
and -7,9 kV/m, do not normally persist'for more thén a few minutes.

These data are again consistent with the preliminary observations
on Florida thunderstorm characteristics presented by Livingstone and

Krider(aa).

They found typlcally that fileld intensities over the

" range 1 - 10 kV/m (both polarities) were present for cumulative periods
of about 10 minutes or less, during each of the two_main phases of
storm activity. In addition, they observed a bilas toward sustained .
negativé polarity fields having average intensities in the range of 2-
'8 kV/m during the EOSO phases of the storms studied. This nay .well
account for tﬁé fact that in the South African reco;dings, the negative
field excursions generally persist longer than the equivalent positiye

fields -~ as shown by the data given in Figure 5.9.

In general, therefore, it would appear that the characteristics
of thunderstorm electrostatic fields at ground level in the Pretoria
region do not differ substantially from those associated with thunder-

storms in several other geographical regions of the world.

Bearing in mind the limited applicability of these data - due to
the complicating Influences of point discharge and space charge effects,
1t .was considered that-suffiéieﬁt local data was now available for the
primary purposes of this exercise: opamely, characterisation of the
local storm climatology and provision of a meaningful basis for evaluating
storm warning criteria. -Routine recordings of thunderstorm electrostatic
field intensities were therefore discontinued after the 1976 storm

season,

5.4 Regional characterisation of thunderstorm activity

5.4.1 1Introduction and definition of parameters

The most commbnly used index of regional storm aétivity‘- as wentioned
also in Appendix 1B, is the annual thunderstorm day incidence, or
keraunic index, TD’ but as previously noted, this is a very subjective
parameter and bears little relation to the actual incidence of lightning
in an area of interest, which is more meaningfully expressed in terms

of the annual regional ground flash density N . The latter parameter
has been di;ectly measured by the NEERL on a %outine basis in tﬁe
Pretoria area of the Transvaal for the past 10 years, using lightning

flash counters of several types(64),
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Atnthe start of the general lightning research programme in 1972,
the &ecision was taken to take advantage of the known characteristiés
and objective registrations of flash counters in order to study the
incidence and degree of lightning activity assoclated with Transvaal

thunderstorms more fully.

In principle, any flash counter having known performance characteris~

tics could be used and the standard CIGRE 500 Hz counter(ga)

, being

the most readily available Instrument at the start of this prograﬁme,

was chosen for this purpose. The performance characteristics of this
instrument in the Transvaal had previously been determined by the

NEERI, from direct calibrations(64). The CIGRE counter has a statistical
éffective.range to ground flashes of 37 km and a ground flash correction
factor of 0,83 — implying that about 17% of its registrations over a

sufficiently long peried of time would be due te cleoud flashes.

The primary data for this study comprised the accumulated regis—
trations of a CIGRE flash counter on a continucusly operating event
recorder. The latter had a resolution and accuracy of about *2 minutes
over a onerweek period'of recording. The CIGRE counter itself was
located-at Silverton, one of the primary NEERI flash counter calibration

(64)

stations, at a distance of about 5 km from the Iightning research
mast. This flash counter/event recorder combination was wmaintained in
routine operation and regularly monitored, throughout the year, for a
period of 5 years from 1973 to 1978. For the purposes of this study,

a thunderstorm was defined in terms of the following criteria:

(a) the start and finishing times of lightning activity were
determined by the first, and last five minute periods respectively

in which at least two flash counter registrations were noted.

(b) storms associated with less than 25 flash counter

registrations were ignored.
(c) flash counter rates of less than one per hour were ignored.

These requirements were arrived at following an earlier study of
preliminary ddata and comparative evaluation of several different

criteria - discussed elsewhere by the author(gs). '

The data sample accumulated over the 5 year period of study
included regisfrations from 434 storms which complied with the above

-criteria, and the following parameters were adopted for analysis:

(1) ... /111
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(L) Diurnal incidence in storm occurrence, expressed in terws

of the variations in storm starting and finishing times.

(11) Storm duration, expressed as the period between starting and

finishing times.
(1ii) Flash counter registration per storm.

(iv) Average flash rate - expressed by the ratio of the

flash counts registered per storm and the assoclated storm duration.

The primary objective of this programme was to arrive at a more
rigorous, or objective characterisation of regional thunderstorm
activity, using relatively simple instrumentation and analytical

techniques.

The results of the S—year analysis have been fully presented in a

(81)

series of reports by the author , and are summarised now in Table
5.3, while comparative data from several other regions of the world
are presented in Table 5.4.. These results, and the varlations of

these parameters, are examined further in the following sections.

TABLE 5.3: SUMMARY OF THUNDERSTORM ELECTRICAL PARAMETERS RECORDED IN THE PRETORIA

Seasonal results | Overall
Parameter - means
73/74 74/75 75/76 76/77 77/78
Number of thunderstorm days - 84 65 57 70 67 69
Number of thunderstorms 9% 89 88| 82 79 87
Ground flash density (km 2) 6,3 5.9 46 | 7,2 5,5 5.9
|CIGRE flash counter total 33 285 33 866 | 24 3321 32 006| 20 162 28 730
Flash count per storm
mean 420 - 480 348 | 466 310 402
standard deviation 360 511 403 540 469 466
median 240 180 114 233 21 181
Thunderstorm duration
mean (hours) 4,7 3,3 3,0 3,5 2,3 3,3
standard deviation (hours) 2.7 2,9 2,2 2,1 1,8 2,5
median (hours) 2,4 1,7 1,6 2,1 1,3 1,9
Average flash count rate
per minute
mean 1,6 1,7 1,9 2,0 2,0 |
standard deviation 1,3 2,3 1,9 1,2 :
1] | ] » 2]
i
median 0,9 0,6 1,0 AJ 1,5 1,1 1,0
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TABLE 5.4: COMPARATIVE REGIONAL DATA ON STORM PARAMETERS

{a) Storm duration

. Keraunic
Observer Region index Duration (hours) Remarks
u g
Krider et a1(88)(96) Florida 91 1,7 1,1 Electric field studies
Popolansky(97) Czecho~
: slovakia 30 1,8 - Observers' data’
Mackerras(gs) SE Queens-—
land 30 1,7 1,3 | Observers' data
Eriksson Transvaal 69 3,3 2,5 ‘Flash counters
Eriksson Transvaal 69 2,4 1,9 | Electric field studies
{b) Flashes per storm
| ‘ ' K ini
Observer Region Eraunic  ojash/storm Remarks
index :
\ ' LR ¢}
HE s (99) ' '
onninger - Austria 40 241 212 Flash counters
Krider et 81(88)(96) Florida 91 370 506 Electric field studies
Mackerras %) SE Queens-~. :
. land 30 326 - Flash counts/storm day
Eriksson Transvaal 69 402 466 Flash counters
| ,
{(c) Average flash rate
Average
Observer .Region Keraunie | ¢7,ch %hte' Remarks
index u o .
88) (96 , .
Krider et al(- ) (96) Florida 91 2,8 2,5 Electric field studies
Lundquist et‘al(loo) Ontario 20 2,5 3,6 Flash couhteré
100 '
Lundquist et al( ) Capri 50 2,0 3,8 Flash counters
. 1 :
Lundquist et al(.oo) Sweden 10 12,3 5,4 Flash counters
_ 100
Lundquist et al( ) Switzerland 50 2,2 3,3 Flash counters
Eriksson Transvaal 69 1,9 1,7 Flash c0uﬁters
5.4.2 ..... /113
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5.4.2 Diurnal incidence

The 5 year average diurnal variations in storm starting and finishing
times over the thunderstorm season (September to April), are shown 1n

Figure 5.10,

The trend in diurnal cycle observed in the Transvaal region 1s
.similar to that observed at about the equivalent latitudes in Australia(gs)
and Florida(88) and indicates a prominent peak probability ofzgtorm
activity in the mid-to-late afternoon period (local time).

(79)

This aspect has been discussed further by Clanos and Plerce ,
who 1Indicate that the above feature is charactetistic of air-mass
storms caused by local heating and orographic effects, rather than by
frontal systems.  They indicate also that the awmplitude of the diurnal
cycle 1s greatest in continental interiors, and they present data for
the mountain and prairie states of the USA depicting a cycle amplitude
of about 10%, which is comparable with the 10 - 12% peak amplitudes

observed 1in the Transvaal data.

l5.4.3 Thunderstorm durations

The' average distribution of storm durations accumulated over the 5

year period df analysis, 1s given in Figure 5.1l and indicates a
significant degree of right skewness, as did the comparative distributioﬁ
of storm durations determined from electrostatic field measurements,

given earlier in Figure 5.7.

Thus, although the average storm duration is 3,3 hours, as stated
in Table 5.3, the median duration is much shorter, being only 1,9
hours, which may be compared to the median value of about 1,4 hours

obtained from the electrostatic field studies.

Assuming an arbitrary movement of storm activity through the area
of observation, this consistent difference in durations determined
.from the two different measurement techniques, implies a greater
effective vange of storm registfation for the flash counter'technique,

compared to the electrostatic field measurement approach,

¥

Such differences in measurement technique and definition therefore
are thought partly to account for the variations between Transvaal
average storm durations and the values obtainea in several other
geographical regions - as presented in Table 5.4. (For example, the
approximate limiting effective range of storm registration using

(79))‘

observers, is known to be only about 1S km

Figure 5.10 ..... /114
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(79)

In a global review of this tople Cianos and Pierce indicate

that temperate storms are usually of single-cell nature and have

durations of about one hour, while trdpical thunderstorms may involve
several areas of consecutive cellular actiﬁity and have average
durations of about three hours - which is consistent with the local

measurements.

Bearing in mind that the effective range of the CIGRE counter (37
km) 1s equivalent to a potential observation area in excess.of 4 000
km2 and that an average stotm cell may be only 500 km2 in ex;ent(79),
the possibility in thus very plausible that the Transvaal long duration
data may be associated with multi-cellular storm activity - both

consecutive and unrelated.

-'whiie any determination of storm duration Iis evidently range
dependent, thé above average value of 3,3 hourslis wholly consistent
with what might be anticipated from empirical relationships with the
local keraunic index - such as that of Popolansky and Laitinen(101?-

which gives;
{(hours)

where'Dg 1s the average duration of storm activity per storm day (TD),

on an annual basis.

Taking the average T  value of 69 days over the 5 year period

D

(Table 5.3), the above relation yields a mean storm duration Dg of

3,2 hours —which shows good agreement with the measured result,

Flash counts per thunderstorm

The 5-year average distribution of flash counts per storm, as accumulated
seasonally by the CIGRE counter, is shown in Figure 5.11 and again '
indicétes a marked degree of right skewness. This trend is supported
by the summarised results given in Table 5.3 where the overall average
result of 402 flashes/storm may be compared with the associated median
value of 181 flashes/stqrm. Taking account of the CIGRE counter
effective range of 37 km and the ground flash correction factor of
0,83, this is equivalent to an average ground flash density per storm
{for the area of observation),

402 x 0,83

Ng = 5 = 8 x 10_2 km_2 per storm
" x 37
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The mean value of 402 flashes per storm compares comparatively
well witﬁ the values for several other geographic regions given in
Table 5.4, although tending to be marginally higher. The Florida

data'?®

owever, may not be comparable, being reportedly drawn from:

a smaller area of observation and apparently equivalent to a ground
-2

flash density per storm of about 0,28 km ~ per storm - implying a

proportionately greater degree of activity than in the Transvaal.

Average flash rate

The lightning flashing rate is perhaps the most direct index of
thunderstorm activity and is known to vary considerably through the
life-cycle of a storm - with extreme rates appreoaching 100 per minute

being reported - as' discussed in a review by Prentice(102)-

The author has followed two approacheé in studying the characteristics

of local storms. Firstly, variations in actual flashing rate were

examined by carrying out high speed recordings of electrostatic field

changes and analysing the recovery intervals between flashes ~ in a

(96)

manner similar to that conducted by Jacobson and Krider

‘Secondly, as noted in 5.4.1, above the overall average flash
rates for ihdividual storms were determined from the ratio of the

flash count per storm to the storm duration.

In the first instance, field change recordings were obtained from
a horizontal plate~type 'slow' field change antenna,(1]) haviog a
discharge time coanstant of about 1 secon&. These signals ﬁene displayed
upon a high speed chart recorder with a resolution of about 5 mm/second.
These recordings were taken during the most active phases of thunderstorms
and:the resultant recovery intervals were then analysed. Over 2 000
flashes were recorded through some 22 storms in this manner, ané the

ensuing distribution of flash intervals is shown in Figure 5.13 -

together with the equivalent flash rates.

These data indicate that maximum flashing rates in excess of
30 mi'n—I are comparatively rare and that the most common recovery
interval is about 6 - 8 seconds during the most active'phase of the
storm cycle; (equivalent to a flash rate of about 8 - 9 ﬁin.hl.) In an
earlier analfsis of these data(103);the author found that the median

Interval was 13 seconds - which is equivalent to a flash rate of about

5 min._l.

As noted previously, the average flash rates were determined

from an analysis of corresponding storm durationland‘flash count data,
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on a storm by storm basis. As noted in Table 5.3, the resultant
distribution of average flash rates over the past 5 years has an
overall mean value of 1,9 uini-l. and a medlan value of 1 nin.-|+
Although Prentice's review of flashing rltultiﬂzjlndicntan rhlt

» with

baing common, the comparative data

average flash rates may vary from about 1 N'Llrl..-l to 5 min,
rates of the order of 2 - 1 nln.']
presented In Table 5.4 suggest that the Transvaal result may be

marginally lower than has been observed in several other-geographic
reglonas. The suthor considers however, that the gquestion of definition

is again important here and fe¢ls that the marginally lower Transvaal

flash rate may well be attributable to the large effective area of
observation of the CIGRE counter and to the consequent tendency

toward the measurement of long storm durations - as discussed in

section 5.4.3. In addition, the comparative data presented in Table

3.4 is mostly dravn from small samples (e.g. only 15 storms for

Lundquist's data) or from selected periods of storm activity, whereas

the Transvaal data includes analysis of activity over complete thunderstorm

s#easong, comprising many weak as well as major thunderstorms.

Being based upon CIGRE flash counter registrations, the mean
flash rate of 1,9 uin.'l. is equivalent to an average ground flash
rate of 6,1 x lﬂq& k:_ﬂn'l, which agrees well with results obtained
from the ratio of the overall mean Flash count per storm/mean storm

duration, viz.: -

402 x 0,83/3,3 x 3 600 x v x 37° « 6,5 x 100 ru-2e"1

(It is of interest to note that a similat order of magnitude is

obtained when the median values of flash count and storm duration are

used, (as given in Table 5.3) namely, 5.1 x 10" ke 251y,

Various other estimates of average ground flash incidence have
been suggested by several workers, with typical values varying between

G il -
10.% 107° K™ s cand-about 100 % 107 ka 2e~1. (79

The Transvaal result, although on the low side in relation to
these estimates, has the merit that {t i{s derived from objective
studles of many thundersatorms over several complete seasons, using a
flash counter having known performance chﬂtunter!!t1EE: while the
carlier estimates tend to be empirically derived from selectlve
studies and involve assumptions about areas of obgervation and thunderstorm

effective areas - as noted for example, in the discussion by Clanom
and Pttrter?g].

| ') TR
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~In summary therefore, while Transvaal thunderstorms may frequently
attain peak ground flash rates of about 8 - 9 min._l (equivalent to a
ground flash incidence of about 25 x lO—6 km-zs_l), the overall average
ground flash incidence displayed over a complete thunderstorm season
is about 6 x 10—6 kmﬂzs_l. These results are consideréd to be generally

consistent with estimates from other regions of the world,

Seasonal variaticns

" A prominent seasonal trend in thunderstorm incidence and characteristics is

present in. the Transvaal region - as illustrated for example, by the
results in Figure 5.14, which deplcts the mean monthly variations‘in
several thunderstorm parameté;s that have been observed over the past few
yearg. These data indicate that the peak activity occurs generally in the

months of November and January.

 This trend toward a pronounced maximum in thunderstorm activity-around
mid-summer is a feature of the climate of temperate and sub-tropical
regions and Is consistent with results that have been obtained in similar

climatic regions elsewhere in the world - as discussed by Prentice(loz),

(79)

and Cilanos and Pierce

A studﬁ of the seasonal trends deplicted in Figure 5.14 suggests the

following tentative conclusions;

(a) there is an apparent shift in the diurnal cycle toward earlier

afternoon storm starting times, as the summer progresses;

(b) there is a tendency for storm durations to be longer during the months .

of maximum activity (i.e. November - February);.

(c) there is also a tendency for those storms occurring in the months of

maximum activity to be associated with higher values of flash counts

-per storm.

The latter feature was also observed by Mackerras(gg) in a2 similar
climatic region (SE Queensland) and, taken together with the observation of
longer durations during these months, Implies the maintenance of approximately
the same average flashlrate througﬁ all storms of the season.

This is reported as a general feature of'global thunderstorm behaviour
by Cianos and Pierce(?g) - who suggest that average lightning flashing

rates remaln essentially similar. throughout the world and that the main

differences in flash incidence between storms of different climatic regions

arise through variations in thunderstorm duration.

Figure 5.14 ..... /121
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The above preliminary seasonal trends therefore appear to be consistent
with this observation.

Thesé results are based upon only a few years of recordings, however,
and further measurements will clearly be necessary in order that these

tentative seasonal trends may be conflrmed or modified.

Long term trends and periodicities

~ NEERI flash counter development programme over the past 1l years(64)

The possibilities of long term trends and/or periodicities in the general
incidence of thunderstorms have been discussed by several workers. For

(98)

example, in the area around Brisbane, Mackerras examined the keraﬁnic
index over the past 50 years and found a downward trend after about 1940,
while Stringfellow reported data for the United Kingdom(104{ which indicated
a 10 ~ 12 year periodicity'in lightning incldence and suggested a cérreyation
with tﬁe sungpot cycle.

(105)

The author has examined this aspect separately, having analysed
annual variations in keraunic index for several regions of Southern Africa
(including the Transvaal) over the past 33 years. Although the data is
considered unreliable, due to the subjective nature of the thunderstorm day
as an index of lightning activity, a tentative-conélusion of this analysis
was that perlodicities of the order of 10 - I2 years, or 12 - 16 years,
(depending upon the region involved), may be present in the regioral annual

incidence of thunderstorm days.

The possibility of a downward trend in keraunic index in the Transvaal
also exists, as suggested by the data given in Figure 5.15, which depicts
annual variations in this parameter for Pretoria since 1939 -based upon

(106). ;

Weather Bureau reports . For comparison, variations in ground flash

density - which have been measured directly at the Silverton station of the
, are
also included in this figure. The latter parameter is considered far more
reliable than the thundgrstorm‘day index, but it is diffiéult to identify

any significant trend over the short period of available data.

Similar comments apply in respect of any annual variations in the

other thunderstorm parameters discussed in the preceding sections, for

which there 1s generally only 5 years of data available.

The mean and median values obtained for thesc parameters each year
were summarised in Table 5.3, while Figure 5.16 depicts their corresponding
annual variations over the past 5 years, together with variations in

keraunic index and ground flash density over the same period,

While ..... /123
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While there appears to have been a short-term dowaward trend in keraunic
index and storm duration, the effects of this are partly offset by a marginal
increase In average flash rate, and the resultant flash incidence, or

ground flash density, does not show any significant trend.

Clearly, there is a need for conslderably more dafa OVer many more
years. Any speculations on possible solar related periodicities are thus

also premature at this stage.

Summary on thunderstorm and lightning climatolopy im the
Transvaal region

Based upon the preceding discussions, it is considered that a suffieciently

'comprehensive sample of data has been accumulated to allow a meaningful

statement regarding the electrical characteristics of the "average” Transvaal

summer thunderstorm.

Taking account of the data presented In Tables 5.1 - 5.3; this storm

would be expected to have the following features:

(a) - the most favourable time of storm occurrence would be around

16 h 00 on a summer afterncon over the period late November - mid

March.

(b) -  the storm duration would be about 200 minutes (3,3 hours), -as

determined by the registrations of a CIGRE flash counter.

(c) - the surface electrostatic field intensities recorded at ground
level would be expected to exceed *5 kV/m and to remain above a level

of 500 V/m for about 145 minutes (2,4 hours) of the storm duration.

@ - in the event of the surface electroStatic fields exceeding *10
kV/m (about a 20 - 30% probability), such field levels would not
usually be present for more than 10 ~ 15 minutes ~ or only about 5 -

- 7% of the storm duration.

(e) - on average, a CIGRE flash counter in the area would be expected

to register about 400 flashes - or about 330 ground flashes.

(£y - on average, about 50% of the ground flashes would display multiple

stroke behaviour - involving 2 - 3 return strokes per flash.

(g) - less than 507% of the multiple stroke ground flashgs would have
flash durations in excess of about 180 - 200 ms, vhile the median

interstroke interval would be about 40 - 50 ms.
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h)y - at the peak of the storm activity, the ground flash incidence
: -6 -2 -1
might attain a flashing rate of about 25 x 10 ~ km s = and the storm
would be expected to sustain an average flash incidence of about

6 x lO_6 km_zsql, over its full duration.

On average, some 69 storm days and about 1,26 storms per day may be

anticipated In the Transvaal region.

-6 -2 -1
Assuming an average ground flash incidence of 6 x 10 ° km "s = and an

average storm duration of 200 minutes (3,3 hours) the expedted average

annual ground flash density Ng is glven by;

69 x 1,26 x 6 x 100 x 200 x 60

N =
5 2
= 6,3 km yr’l
. ' : -2 -
This compares well with the 11 year average value of 6,6 km yr
measured in Pretorfa, during the NEERL flash counter development programme(64).

While it {s clear that considerably more.data will be-reqﬁired before
seasonal or long term annual varlations in storm characteristics become
clarified, it is considered that the above "summarising” parameters are
representative of what might reasonably be encountered in an avérage

thunderstorm in the Pretoria region of the Transvaal.

Of course, as shown by the measured variations in storm parameters
depicted in the various figures in this chapter, many of the distributidns
are non-~Gaussian in form - being generally right-skewed - and in practiée
therefore, average values of parameters méy only occur comparatively

"rarely.

However, for electrical engineering purposes and lightning warning
“concepts, the above characterisation of thunderstorm climatology 1is considered
to be far more meaningful and comprehensive, than wmight otherwise be determined

from only the prevailing keraunic index.
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CHAPTER 6

GENERAL DISCUSSION AND TMPLICATIONS

Introduction

The preceding chapters have outlined the primary facets of the research

project with which this thesis is concerned, namely,
(a) the experimental concept of the local research station

(b) the application of this station to the measurement'of-the fundamental
engineering parameters of the lightning ground flash and a presentation

of preliminary results

{c) a conslderation of the concépt of striking distance, including also an
examination. of eariy daﬁa emerging from an experimental study of the
striking process - together with the introduction of a simplified
analytical model, whereby striking distances to structures may be

estimated

(d) a characterisation of regional thunderstorm electrical activity in the
Transvaal region - based upon a five year study of various thunderstorm

and discharge parameters.

It 1s considered useful to discuss these various facets under two

collective headings, namely, "Parameters" and "Striking distance considerations’

and the impliéations of the preceding work in each of these areas will be

examined in turn.

Lightning and storm parameters

The principal objectives of this phase of the work were to establish a
research station and to evolve instrumentation techniques wheréby the basic
engineering parameters of the ground flash could be measured. In con-
junction with this, it was to define the prevailing thunderstorm climatoclogy

in the region where these measurements were carried out,.

In general, the -author considers that these objectives have largely
been met. The results presented in.Chapter 3 have demonstrated the basic
effectiveness of the research station aﬁd allied instrumentation concepts.,
The fundamental engineering aspects Involved in the original establishment
of both the mast and research station also appear to have been adequate, in
that the system has operated successfully with minimal problemé for over b
years. The principal problems effecting the measurement éuccess rate have
been the loss of power supply on the research site arising from general
thunderstorm activity in the area. On no occasions, however, have direct

strikes to the mast caused any damage either to the mast itself, or to the
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site supporting services, or to the primary instrumentation systems, and it
must be concluded that the original protective measures, including the
specialised power supply and earthing arrangements, appear to have been
adequate.

A total of 28 flash events on the research mast was recorded during

the 7 year period of analysis. The circumstances surrounding these events,

and the associated measurements, have been fully reviewed in Chapter 3 and

Appendix 3A.

flashes is given in Table 6.1.

TABLE 6.1: SUMMARISED FEATURES OF THE RECORDED FLASHES

A summary of the more important features of the récorded

Total number of flashes recorded (1972 - 1978) 28
Mean number of flashes per year 4
'Number of flashes on which measurements were made 17
Total number of strokes recorded during the 1l oscillo-

. graphically measured flashes 19
(1 :
Observed incidence of downward flash events 57%
(1)

Observed incidence of upward flash events 29%
(1)

|Observed incidence of negative flashes 612
|

(1) '
|Obgerved incidence of positive flashes 7%
Median current for negative downward flashes 44 kA
(2)

Median current for all strokes

Notes: (1) 'i.e. excluding the unknown events in each category

(2) 1i.e. comprising both upward and downward events, as well as

subsegquent stroke records.

Althoggh generally, the recorded data samples are too small to permit
Eully meaningful trends or conclusions to be identified, the following

observations may be noted:

(i) Some 65% of the identifiable flashes were of -the classic downward
22
negative type {Berger type l(b)( ) _ thereby supporting the original
choice of site and mast geometry, since a fundamental objective had

been to study the characteristics of those flashes most commonly

encountered in practical engineering situations.
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(11) Although the research mast results differ in this respect froﬁ those
obtéined by Bergef (where the majority of events were of the positive
upward leader type), the preliminary waveform characteristics obtained
from the sample of negative downward flash records are generally
consistent.with thosé obtained by Berger. This includes in particularr
the concave wavefront during first strokelrecords - thereby suggesting
that any tower-effect influences on the discharge piocess are eséentialiy
similar over a wide range of structure effective heights -at least 1n

respect of the initial wavefront develdpment.

(111) Although the available records comprise only a small sample ~ and are
thus associated with wide confidence limits to the distributions of
results - the measured cumulative frequency distribution of peak
current amplitudes supports the possibility that flashes 1n Southern
Africa may involve marginally higher amplitudes than have been recorded
in more temperate climates. This observatlon notwithStanding, the
general trend of the distribution is consistent with those of several
distributions already adopted, or under consideration in modern engineering
studies (i.e. the modified AIEE(44) and CIGRE(zo) distributions

respectively) .

While in the past it has been traditional to express the regional
thunderstorm activity in an area of interest in terms of the keraunic level
(which in the Transvaal, is typically about 70 storm days per year), such a
characterisation is totally inadequate in relation to practical requirements,
such as the provisions, or criteria for thunderstorm and lightning warnlng

syscems, or as the basis for comparative englneering studies.

In an attempt to provide a more meaningful characterisation of lightni;g
and storm activity in the Transvaal rtegion, various meésurement concepts
and parametefs were presented in Chapter 5 - together with results which
had been derived over a 5 year period of study of the regional storm climatology
As noted 1In the discussion of this work, it was considered that a sufficiently
comprehensive data sample had been accumulated to allow a meaningful statement
of the electrical characteristics of the "average" Transvaal thunderstorm,

and the relevant features of such a storm were summarised in 5.7.

In general, when comparing the results obtained from the measurement
of various lightning and thunderstorm parameters with data obtained in
other regions of the world, aan overall conslstency in trend was observed.

It was concluded that in many regpects, the electrical characteristics of

thunderstorms
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thunderstorms may not vary substantially in different regions, and that the
distinguishing feature of varying degrees of regional lightning activity

may be varlations In storm duration.

In particular, the characteristics of multiple stroke flashes showed

good agreement with results from many other regions of the world.

Similarly, 1t was found that the characteristics of thunderstorm .
electrostatic flelds recorded at ground level in the.Pretoria area did not
differ substantially from those associated with thunderstorms studied in
several other geographlcal regions. It was also concluded that sufficient
data had been accumulated on the probabilities of occurrence (and durations),
of various electrostatic field intensities at ground level - in telation to
storm activity — to allow the development of meaningful criteriz for storm
warning purposes. This therefore provides a basis for potential future

regearch and application.

The author considers that perhaps the most direct index of reglonal
storm activity (as opposed to lightning incidence or ground flash density),
1s given by the lightning flashing rate. The data analysed in Chapter 5
indicate that fhis varies cousiderably over the lifetimes of Transvaal
thunderstorms, with ground flash rates as high as 25 x 10—6 km_zs*l being
frequently attained at the height of the storm. On average, however,
sustained mean ground flash rates of about 6 x 10_6 km-zs_l were observed
over the full storm duration. This value-is-of comparable magnitude to

estimates reported from several other regions.

In diséussing the work presented in Chapter 5 and in relating the
local data to results from other parts of the world, it was noted that two
additional factors could account for certain of the observed differences,

namely:

(1) the rigorous definition of several of the local storm parameters (e.g.
being determined objectively from the characteristics of proven instrumen-
tation, such as the CIGRE flash counter, or from computerised analyses

of fleld mill records)

(i1) the fact that the local analyses were based upon several years con-
tinuous recordings of all storm activity, in contrast-to evaluations
of selected samples of more active storms - as had been the case in

certaln of the previous studies.

It is evident that measurements such as those presented in Chapter 5
would have to be maintained for many years in order to clarify both the
degree of seasonal variation and the possibility (as well as extent) of

long term trends or periodicities. Despite this, it 1is considered that for
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many electrical engineering requirements, the available data and cousequent
representation of the Transvaal storm climatology demonstrates a far more
meaningful and comprehensive characterisation than that expressed by the

prevailing keraunic index.

Finally, although the preliminary peak current amplituae data presented
in Chaptér 4 also comprise only a comparatively small sample, it may be
noted that these results, together with some of the parameters reviewed in
Chapter 5 (including iﬁ particular those relating to the characteristics of
multiple stréke fiashes), have already found useful application in a general
review of lightning parameters for engineering application, which has

(20)

recently been prepared by the author in collaboration with Anderson

Striking distance considerations

The concept of lightning striking distance and the relevant implications
regarding downward: flashes to the mast, were examited both empirically and

analytically in Chapter 4, (as well as 1in Appendix 4A).

The émpifical approach involved the introduction of a novel measurement
technique whereby the striking distances of flashes to the mast were
evaluated from analysis of bi-directional photographs, aﬁd'8 such measurements
were recorded. Tt was considered that the resultant flash geoﬁetries were
best examined in terms of a 3 stage concept of the process of downward

leader approach, involving:

(1) the initiation of an upward leader from the mast (thereby defining

attainment of the leader striking distance)

(1i) subsequent deflection, or deviation of a branch element of the downward

leader

(1i1) final interception of the downward leader by the upward leader,

-0n this basis, values for the leader deviation and interception distances
were estimated for each of the 8 recorded flashes and related to the associated

measured values of peak current amplitude.

‘ Thereafter, an analytical approach was introduced in whiﬁh the electric
field intensities were evaluated beneath a major Eranched element of a
descending charged leader both at the mast, and on the grodind Immediately
below the leader. The leader was modelled as a linearly charged element,
and the striking distance criterion for a given charge was defined by the

attainment of a critical upward leader ionisation inception field strength
at the mast tip.

In ...../132
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In terms of this model, and based'upon the above concept of the final
stages of the leader, an important conclusion arising out of this work was
that attainment of the striking distance (for a given charge on the leader),
was not a sufficlent condition for flash termination upon the mast. An
additional requirement was that the descending leader approach sufficiently
close to the mast to allow the upward leader to traverse the interveﬁing
distanée, (to interception), before the downward leader reached the ground.
This in turn was shown to depend upon the relative upward and downward _
leader velocities. It was also found that interception of nearby leaders
was generally only possible over a very limited range of the upward/downward

leader velocity ratio (Kv) - typieally =1 #0,1.

Application of this concept, for a given'velocity ratio, allowed
rdefinition of an equivalent collecticn volume within which downward leaders
would terminate on the mast. TFor any particular leader charge Q, a structure
equivalent attractive radius Ra was defined as the radius of this collection

volume at the striking distance,

In order to relate the analytically derived values of striking distance
‘(which were expressed in terms of leader charge Q) to the prospective
stroke current amplitude I, use was made of Berger's empirical correlation

(14)

between Q and I - based upon direct stroke current measurements

Following a line of appfoach adopted by Golde(58)

however, 1t was found
necessary to take account of the return stroke characteristies in applying
this correlation, and to consider only that impulsive component of the
leader charge which contributed to the atfainment of the current crest in

the discharge waveform,

A comparison of the resultant analytically determined relation between
striking distance and stroke current with the previously measured results
on the research mast, showed on acceptable degree of agreement in trend (as

shown in Figure 4.6 in Chapter 4).

In examining the implications of this work, the author considers that
the above agreement is sufficiently encouraging to justify further application
of the analytical concepts to other structures of varying height, in order
to examine the influence of structure height. This is important for engineering
studies since there is still considerable speculation in the literature on
the effects of structure height upon striking distances and flésh incidence,
as well as on the distribution of peak current amplitudes in structures -

as discussed elsewhere by the author(ls).

Accordingly, oo /133
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Accordingly, the above anélytical meodel has been extended to allow
analysis of striking distances and structure attractive radii over structure
heights varying over 10 — 200 m. The appfoach followed 1is essentially similar
to that introduced in Chapter 4 and is outlined fully in Appendix 64A.

As noted in this Appendix, the primary interest was In practical free-
standing structures and the critical corona radius concept has again been
incorporated, in order to take account of extremity effects - which the
author considers may well dominate the electrostatic field enhancement

prevailing in the immediate vicinity of practical structures.

Compﬁtérised routines were evolved in order to allow analysis over a
wide range of varying parameters - as discussed in Appendix 6A - and the
resultant variations in striking distance and attractive radius are summarised
in Figures 6.1 and 6.2, (for a leader element length of 3 000 m, and a
vélocity ratio Kv = 1,0). 4

Bearing in mind the calculated dependency of electrestatic field en-
hancement on structure height (Figure 6A ~ 1), the resultant substantial
variations in striking distance with increasing structure height are not at
all unexpected. However, over the normal range of shielding failure current
'amplitudes (i.e.‘IZ<25 kA), the striking distance curves are comparatively
ingensitive to structure height and it is of interest to note that their
trend in this low current range yields striking distance estimates of com-~

parable magnitude to those derived from an established empirical relation(lg)

=,65
(DS = 10.I *"7). This 1s an encouraging result and may assist in accounting
for the fact that previous application of empirical relations of this type in
shielding and performance calculations, has often shown good agreement with

(19) '

field experience .

The curves in Figure 6.1 imply that this empirical relation may corres-~
pond in effect to a compromise, or averaging trend, through several practical

structure heights (i.e. about 10 -~ 50 m) over the range of shielding currents.

Taking structure height into account, the equivalent analytically
derived relation (for the curves in Figure 6.1) - as noted in Appendix 6A,
takes the form. '

-3
D_ = (0,4 + 2,18 x 1072y (LAl =B x 107

"The corresponding curves for attractive radius - as depicted in Figure

6.2) also display an encouraging trend, since good agreement is evident with

0,61

another empirical relation (Ra = 16,3 H ), which had previously been

derived by the author from a study of the incidence of flashes to tall
(21) '

structures In the latter instance, the average annual flash incidence

Figure 6.1 ...../134
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had been analysed, and thus the resultant relation should correspond with the
analyti{cally derived curve corresponding to the average value of the distri-
bution of lightning current amplitudes — as in fact 1s seen to be the case in

Figure 6.2, since the average current amplitude 1is about 45 kA.

A compatison of the trend of the curves depicted In Figure 6.2 with the
equivalent protective radius asasumed in the empirical 45° éone—of—protection
concept (i.e. Ra = H), es§ecia11y over the range of low amplitqde currents,
indicates an Increasing propensity for weak current discharges to penetrate

the 45° cone, as structure height 1s increased above about 50 m.

This observation may account for the fact that the 45° protective
concept has commonly proved very effective over the range of structure
héights of normal practical interest (i.e. dwelling houses, small masts,
etc;)1 but has been knowh to fail on much taller structures - such as the 540

(24)

m Ostankino mast These results also provides justification for the

-adoption_of a 30° cone (Ra = 0,58 H) in more critical protective applications -
(12)

as 1s commonly recommended in many lightning protective codes

The resultant relation fitting the analytically derived curves for
attractlve radius ~ as noted in Appendix 6A - is given by,

R 10,64 (0,66 + 2T x 10

4
) (m)

Although there 1s thus an encouraging degree of consistency amongst the
trends of these analytically derived relations for striking diétance and
attractive radius, not only 1in respect 6f earlier empirical relations, but
also with regard to well-established protective concepts, the limitations of
the analytical approach must still be recognised. A number of assumptlons
were adopted in the course of this approach and the subsequent conclusions
are therefore subject to the validity of these assumptions. These were
discussed previously - méinly in Chapter 4, but also in Appendix 6A, but for
convenleunce, the most imporﬁant of these are again summarised below, together

with relevant comments:

(1) Although other lengths were 1in fact studied, the specific generalised
relations presented above are based upon a linearly charged leader
length of 3 000 m., (The attractive radius is comparatively insensitive
to this parameter - except for small charge magnitudes - but §triking-
distances depend directly upon the choice of leader element length, as

well as upon the form of charge distribution).

(11) ..... /137
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(ii) Again, although other velocity ratios were also examined, the above
relations are based upon the assumption of equal upward and downward
leader velocities. (In this case, the striking distance values are
insensitive to this parameter, but the attractive radii vary directly
with the choice of velocity ratio, especially for low magnitudes of

charge).

| (ii1) 1In order to allow practical application of the resultant relations, 1in

both the striking distance and attractive radius analyses it was necessary
to relate the original leader charge magnitude Q to the consequent

stroke peak current amplitude I. As discussed earlier, this was achieved
using Berger's empirically observed correlation between Q and I, but

wlith Q reduced in terms of the average return stroke propagation charac-
teristics, to yield only an impulse component; an approach which was
adopted earlier by Golde(ss). In practice however, Berger's data(14)
deplect considerable séatter between Q and I ~as well as in respect of
the relevant return stroke parameters (i.e. impulse current and front

. times, for example). The generalised analytical relations for striking
distance and attractive radius, although expressed in terms of the
variable I, should therefore be considered as representing only the

anticipated average trends for a particular current peak amplitude I,

(expressed in kA).

(iv) To a lesser extent, the choice of the criteria determing the critical
upward leader ionisation inception field gradient, can also influence
the resultant expressions for striking distance and attractive radius.
(This relatés also to the application of the critical coromna radius
concept to account for the structure wmicro-geometric effects upon field
profiles). Due to the logarithmic nature of many of the distance terms
in the relevant expressions however, (e.g. Eqns. ! and 2 in Appendix
4A), the relative impact of these assumptions is comparatively small

compared to those outlined in (i), (4i) and (iii) above.

As a general comment, in every Instance, attempts were made to base
these assumptions upon a comprehensive study of the relevant available
physical data, but in each case, these data were either comparatively scanty
(e.g. velocity ratios), or inconclusive, (e.g. leader charge distribution),
and the author considers that there is a very evident need for additional
physical-data which might clarify these aspects of the discharge process.

The primary justification for these assumbtions therefore lies in the general
consistency in trend between‘the resultant analytical expressions and other

independgntly derived empirical relations and pretective concepts.

For ...../138
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For an area experiencing a particular annual ground flash density, N

’

14
(flashes kmvzyr—l), the above generalised expression for attractive radius

provides a ready means for determining fhe annual incidence of discharges

having a peak current I to a structure of height H (m). This is given by:
2 -6
N = ﬂ_Ra.Ng. x 1 x 10 ° flashes per year

This analysis may then be extended over a representative distribution of
current amplitudes, to determlne the resultant frequency distribution.of
currents discharged into the particular structure in a sample period of
study. One method of carrying out such an analysis is on a stroke by stroke
basis, using Monte Carle techniques of numerical simulation; and a compdterised

approach employing these techniques is included in Appendix 6A.

In this case, the above methods and relations are applied to an examina-
tion of the effects of varying structure height upon both the protective
effect of structures, and upon the consequent distributions of peak current

amplitudes, over a wide range of structure height.

As was anticipated earlier in the examination of the trend of the
attractive radius curves, in relation to peak current amplitude and structure
height,'ﬁhe resultant simulations indicate that the 45° protective cones
around structures may well be penetrated — as shown by the example presented
in Appendix 6A (Figure 6A-4). In addition, both the incidence of such
shielding penetrations and the amplitudes of the penetration currents are

found to be dependent upon.structure height.

This is illustrated by the summarised results of the numerical simulations
shown in Figure 6.3. As defined in Appendix 6A, the critical protection
angle Oc {(whose dependency on structure helght is illustrated in Figure 6.3)
“1s determined from the closest distance of approach of those flashes which
penetrated the 45° cone of protéction'of any particular structure, (1.e. Qc

is equivalent to providing 100% protection).

Again, as might‘be expeéted from the trend of the attractive radius
curves shown earlier in Figure 6.2, these analytically determined results
support the adoption of protective angles of about 45° for structures of
comparatively low height. An important observation however, 1s the apparent

‘steady decrease in protective effect as structure height 1s increased - such
that a protective angle of even 30° could be expected to experience shilelding
penetrations. around structures having heights in excess of about 300 m. This
in fact is known to have occurred in isolated instances on certain very tall
structures - such as the Ostankine mast (540 m high), where an equivalent
critical protective angle of about 20° has been observed during a 7 year

period of study(za)_



SF/2000 YEARS 7 km™2 yr~|

Iy (kA)

- 13¢% -

fo
50 |-
RELATIVE INCIDENCE OF
: _ 45° CONE PENETRATIONS
SO 4,7 x 107 H>?
ok | : | : | | .
100 100 - 300 400 500 600
401 REDUCTION IN CRITICAL
PROTECTION ANGLE
B )
9 . : .
30, .= 40 EXP (=1,2Hx 1073)
20| ®
| | | | ] |
100 200 200 400 500 GO0
30 |
0,7
Iy = 0,3H "
101~ MAXIMUM VALUE OF
PENETRATION CURRENT
0 | | | 1 |

|
100 200 200 400 500. 600
STRUCTURE HEIGHT {m)

FIGURE 6.3

EFFECT OF STRUCTURE HEIGHT ON THE 45° CONE
OF PROTECTION |



- 140 -

In practical engineering applications the curves given in Figure'6.3
allow estimation of the effects of structure height upon the .incidence of 45°
cone penetrations and upon the magnitude of penetration currents ~ which
could have .important implications in the systems being protected; In principle
provided sufficiently large samples of flashes were studied in the numerical
simulations, these cufves could be generalised to examine the protective
effects of structures in relation to other protective angles, or in tefms of
varying degrees of protection (i.e. as opposed to the preéent curve for
critical protective angle, which is equivalent to 1007 profection — subject

to the sample sizes studied is Appendix 6A).

Finally, this Appendix illustrates the application of the analytical
approach and numerical studies to an examination of the effects of structure
helght upon the distributions of peak current amplitudes recorded in these

structures.

Typical results are shown in Figure 6.4, together with the CIGRE
(20)

reference distribution The numerically derived results indicate no
substantial height effect upon the frequency distribution of peak current

amplitudes.

This is an important'pbservation, since this is contrary to another

school of thought - illustrated by the work of Sargent(l7)

for example =-which
has suggested that the current amplitude distribution should tend toward
higher currents as structure height is increased. The author has examined
‘this concept previouSly, however, in an independent analysis of experimental
field data and, although the latter is meagre, had concluded that there was
no significant evidence for such a height dépendency —once the éffects of

(16)

upward flashes had been taken into account

Having arrived now at a similar conclusion in these analyticai studies,
the authof ié strongly of the opinion that there is 1itt1e justification for
the adoptién of any concept of height dependent peak current amplitude
distributions. This therefore is the basis of proposals made recently by the
author in collaboration with Anderson; namely, that in practical engineering
applications the CIGRE reference distribution should be adopted independently

of structure height(zo).

In summary therefore, considering the implications of this work, the
analytical approach toward striking distance considerations (as evolved
originally in Chapter 4 for the specific example of the research mast, and
extended further in this chapter), has yielded generalised relationé which
accord reasonably well with the early experimental data for the mast studies,

but which also corroborate, and, to a certain extent, provide a better basis

Figure 6.4 . .... /141
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for, existing empirical protective concépts and relations.

However, having examined the assumptions involved in the analytical
approach, the author considers that care should be taken in-interpreting any
duantitative detérminations emerging from the generalised relations, and
feels that the primary value of these analytical concepts lies in their
expressionrof a consistent method of approach, whereby proéective concepts
may be clarified and certain trends delineated, (such as the influence of

structure height).

Although considerably more field data are clearly required in order to
clarify the assumptions involved in the analytical approach, the‘author still
cousiders it possible, in the eventuality of better data becoming available,
that the methodoleogy is éufficiently consistent that the resultant fundamental

trends may thus remain qualitatively unaltered.

Claims of this theasis

In summary of the preceding discussions, the following claims are noted:

(a) A research station has been established - embodying specialised services
and protective arrangements, as well as instrumentation techniques -
which has proved capable of reliable operation during thunderstorms and -
haé yielded meaningfhl measurements of various lightning parameters

duringzdirect flashes to a research mast.

(b) The prelimary data accumulated over a 7 year period of observation have
justified the original design bases in respect of choice of site and
mast height, in that the majority of direct flash events on the.mast
have involved negative downward progressing discharges. This implies

_that the resultant measured data should be representative of what mighf

be experienced in most practical engineering situations.

(c) The preliminary measured data describing the discharge current waveform
characteristics —~ although comprising too small a sample to allow
meaningful .statistical analysis - are géﬁerally similar and ceonsistent
in. trend with the comprehensive data accumulated by Berger in Switzerland.
Since the two measurement locations differ markedly both in terms of
climate and topographic situation, these observations imply that the
characteristics of the downward flash process nay possgible remain

similar over a wide range of structure situations and climatic variations.

(d) Measurement and analytical techniqdes have been evolved which provide a
ready means for characterising regional,iightning and thunderstorm
climatology - principally in terms of electrical parameters. Subject to

the possibility of long term ¢yclic variations, 3uffic1ent1y consistent

data ...../143
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data have been accumulated in the Pretoria region to allow a meaningful
characterisation of storm electrical activity in this area. These data
also imply that regional variations in lightning activity may be account-—

able primarily in terms of variations in storm duration.

(e) A technique involving orthogonal photegraphy of direct flashes to the
mast has been evolved, whereby the three—~dimensional geometry of the
final stages of the discharge path may be determined., Although specific
to the research mast, the measured results have allowed the estimation
of a unique (but tentative) measured relation between striking distances

and peak discharge current amplitudes.

(f) Analytical concepts have beén introduced whereby the final stages of a
flash to a structure may be represented by a two-stage process, in-
volving the initiation of an upward leader, which subsequently intercepts
the downward progressing leader., An analytical approach based upon
these concepts has been devised which ylelds a generalised relation for
striking distance -~ expressed In terms of structure height and prospective

stroke current.

(g) A concept for structure equivalent attractive radius has also been
introduced and a generalised expression derived from the above analytical
approach, which allows estimation of the incidence of direct flashes to

a structure of interest.’

(h) An application of the above generalised expressions in Monte Carlo-
| techniques of nﬁmerical simulaticon has been illustrated, and yields
calculated cumulative distributions of stroke current amplitudes in
structures of varying height, which are apparently inﬂependent of
height. This observation is in support of a postulate to this effect,
previously published by the author, which arose out of an earlier
empirical study of the influence of tall structures upon discharge

characteristics.

(1) Subject to assumptions regérding the leader characteristics in this
analytical approach, the results of the numerical study demonstrate a
consistent agreement in trend with the results of earlier empirical
studles and also corroborate existing empirical lightning protective

concepts.

(3> In view of this agreement, 1t Is considered that the above analytical
approach - although still qualitative in certain respects - does provide
a more meaningful basis for an effective understanding of the ground
flash striking process and of the assoclated influence of structures -

thereby demonstrating an improved methodology whereby protective

principles ...../144
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principles may be optimised on a more rational basis - compared

to earlier more empirical concepts.

Concluding remarks and future work

The principal objective of thils research was to work toward a more comprehen—
sive understanding of the lightning ground flash - both in respect of its
characteristics locally in the South African highveld region, as well as in
terms of the broader electrical engineering implications of this discharge -
and the author considers that the material presented in this thesis may
reasonably be claimed to have demonstrated meaningful progress toward this

end. Two main directions of approach have been followed:

- an experimental research programme, involving the acquisition and

analysis of field data, together with

- an analytical approach, aimed at establishing a better understanding of

the striking process and thus of protective principles.

- Clearly therefore, several possible directions of future research work
may well arise, and, developing out of the discussions of the preceding

chapters, the following avenues for further work arve suggested:

(a) In the direct measurement of lightning discharge characteristics, it is
necessary that the data sample be erpanded considerably te allow meaning-
ful statistical analysis. One possibility would be to continue the
research mast programme for an adequate length of time, but bearing in

‘mind the observed direct strike rate of only 4 flashes per year (as
noted in Chpater 3), this may prove unacceptably long. Alternative
possibilities would be to duplicate similar direct flash studies on
sultable additional structures, (subject to the constraint that these be
not so high as to cause an enhanced incidence of upward flashes), or to
examine the possibility of applying indirect measurement fechniques,
such as those based upon the study of high speed electromagnetic field
change recordings. The latter ap?roach is attractive, in that data may
rapidly be acquired, but interpretation of such recordings (in terms of
the discharge current ﬁaveform) is still a mattér of some controversy.(IOYJ
An interesting possiblity would be to integrate the direct measurements

on the mast with remote electromagnetic field change recordings, as a

calibration procedure for the indirect technique.

(b) The possibility of long term varlations (cyclic, or otherwise) in annual
thunderstorm electrical activity, remains an open question and could
only be clarified by continuing the local measurement of thunderstorm

parameters on a routine basis for an extended period of time. There is

also .....[145
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also a need to examine regional and climatic variations in thunderstorm
climatology more fully and this could be undertaken by extending the
routine registration of thunderstorm parameters into other regions ef

the country, having markedly different keraunic indices to the Transvaal.
An additional aspect of this work could be to study climatic influences
on specific lightning characteristics - such as multiple stroke incidence
for example, since at this stage it is often essumed that the charac-
teristics and incidence of multiple stroke flashes are essentially

similar in different climatic fegions.

(¢) As in the case of the direct stroke studles, there is an evident needrto
extend. and improve‘epon the striking distance measurements. This might
involve setting up similar orthogonal photographic systems near suitable
additional structures, (possibly of different helght), but another
fruitful area of work could be to extend such studies through the use of
high speed photographic techniques - capable of resolving the progression

and velocity of leaders, as in the approach followed by Berger, (22)

(d) As far as the analytiecal cencepts are concerned, apart from the necessity
for additional physical data whereby the assumptions of the model can be
clarified (such as those in relation to leader veloclties, or charge
distributiouns, for example), another potential area of further work lies
in an examination of the application of the generalised analytical
expressions, which are already suitable for appllcation in existing
transmission line lightning performance prediction studies and estimating
methods. At present, such methods normally involve application of
empirical relations for striking distances in electro- -geometric techniques

(1

of analysis ) (which do not take account of structure height and also
do not include a concept of attractive radius). It is necessary therefore,
that the role and implications of both generalised expressions be .
clarified in relation to existing approaches for line design. A further
test of the new expressions would be.a comparison between prediéted end
proven field performance of various systems. This could also lead to

more accurate quantitative expression of these generalised relations,

In summary therefore, it is evident from the above that there is con-

siderable scope for future research in the study of engineériﬁg aspects of

the lightning ground flash.
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As 1s no doubt the case in many other research areas concerned with the
study of natural phenomena, one of the more stimulating features of work in
the lightning field is the enormous complexity and variability of the phenom—

enon.

7 Despife the consliderable advances in knowiedge that have been gained
over many years, the author considers that the lightning ground flash (as
only one ramification of the phenomenon), will continue to exercise a con-
siderable influence on engineering endeavours, and thus will also continue to

present an intriguing and challenging field of study.
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APPENDTX 1(A) PHENOMENOLOGY OF THE GROUND FLASH

The material presented in this appendix is not considered to be either
original, or even contentious. Much of the content of this. thesis is.
concerned with those facets of the lightning process which relate to
practical engineering situations. The engineering characteristics of
the phehomenon are -therefore of primary interest, rather than the
physical attributes or mechanisms of the process. The phenomenology.

is complex however, and, in the interests of clarity, it was considered
. that a brief conceptual outline of the relevant aspects of the process

could be helpful.

In the following sections the author has attempted to present a
consensus view, which has been drawn frowm a study of the literature,

and the interested reader is referred to several comprehensive books
(13)
3

in which the subject is more fully reviewed (notably, Golde

11 2 1
an ( ), Schonland( )), as well as to the work of other

Uman , Malan
(22) (7) (9

researchers (e.g. Berger » Wagner and Anderson

(Note: The terminology used in this thesis is based largely

upon that evolved by E‘n:honland(1 )).

(a) The lightning flash

The term "lightning” usually embodies a temporary and localised
-electrical breakdown of the air over distances of several kilometers,
leading to the transient passage of a high amplitude electric

current. The terms "flash" and "discharge' are commonly used

synonymously and imply the complete lightning event.

Several different lightning £lash types, or forms, have been
classified by Schonland, of which the most important are flashes
between cloud and ground, (ground flashes); discharges between

- clouds, (intercloud flashes); and flashes between charged regions

within the same general cloud volume, (intracloud flashes).

The latter two discharge types (often collectively termed
cloud flashes), although representing the most frequently
. occurring form of lightning, are generally of little consequence

to most practical engineering situations, (with the exception of

alrcraft).



(b)

(c)

The event of direct concern is the ground flash and the
remainder of this appendix relates primarily.to this form of
lightning.

Thundercloud electrification and discharge initiation

Although the mechanisms leading to the generation, separation, and
subsequent localised concentration of electrical charges within a
thundercloud, are not yet fully understood, it is genérally agreed
that these involve a complex interaction of water and ice particles
in the dynaﬁic medium of the cloud, where these particles‘are
subjected to manifold influénces, including complex wind profiles,
temperature gradients and gravitational forces. The end result,

however, is the deﬁelopment of localised charged regions within the

‘cloud, with different charge polarities beiﬁg present in .different

regions. Although this aspect is also not yet fully resolved,
evidence is available which'indicates a tendency toward a dipole
cloud charge structure, with the upper cloud regions being
positively charged in relation to the lower negative part of the
cloud..-Convective thunderclouds in Southern Africa reportedly
have typical heights of the order of 10 - 15 kms, with the cloud
base being about 1 - 2 kms above ground level in the highveld
regions. Typical total thundercloud charges are considered to be

of the order of 50 - 100 coulombs.

In az process which is again not yet adequately ciarified,_the
concentration of charges within certain regions of the cloud can,
on occasion, allow the attainment of sufficiently high electric
field intensities (thoughtrto be of the order of 500 kV/m}, to
cause localised electrical breakdown and the initiation of the
leader process. The initial downward discharge is termed the
downward leader and most commonly involves the lowering of negative

charge from the cloud toward the ground.

Thé stepped leader

This term is used to describe the physical mechanism whereby the
initial breakdown process in the c¢loud proceeds toward the ground.
The physical process is as yet poorly understood but it is generally

agreed that the downward leader displays the following features:



- the electrostatic field change recdrded. at ground level during
the approach of the leader is comparatively smooth - implying
a more or less continuous movement of charge in the leader,

toward the ground;

- this downward movement of the leader is associlated with a
sequence of transitory and weak illuminations of the discharge
path - which give rise photographically to the impression of a
series of steps. This luminous step process usually takes

place within 1 usec;

- the pause times betweeen steps are of the order of 50 psec and
step lengths (i.e. distance of leader advancement between

re-illuminations) are typically about 25 - 50 m;

- the average velocity of progression of the downward leader -
varies between about 1 x 105 and 2.106 m/s with values in the

range of 1 - 2 x 105 m/s being representative;

- the charge lowered along the downward leader is generally
considered to vary between about 1 and 10 coulombs with an

average value of about 5 coulomb;

- the initial cloud breakdown processes are thought to inifiate
at heights above ground level of the order of 3 - 7 kms. At
an average downward velocity of about 1 x 10° m/s, the leader
will therefore require about 30 - 70 ms to traverse this.
distance - implying that the average current in the leader
should be of the order of 100 A, in order to lower charges
of about 5 coulomb. This magnitude of current is generally
supported by indirect field observations, and is thought to
increase momentarily to the order of 1 - 10 ka during the

step illumination process.

There is as .yet no general agreement regarding the distribution
of charge' along the leader, although electrostatic fieid change
recordings at groﬁnd level suggest that the distribution could lie
between uniform and linear forms. Usually, the downward ieaders of
first strokes exhibit substantial branching and the author inclines
to the view that the charge distributions along the individual branches

~could tend more to the linear (or even exponential) form, due to



the enhancement of the electrostatic field as the ground is
approached. 1In practice, the gpatial extent of these 1eader
branches could then give rise to the effect of a more unifqrm
distribution of charge as far as ground based field change

determinations are concerned.

‘Structually, the leader is generally considered to comprise
a central arc-like core filament (of the order of 10 mm diameter
or less) in whichlthe leader current flows, surrounded by an
exteﬁsive corona sheath of the order of 5 ~ 10 m radius - which

provides the main medium for the deposition of the leader charge.

The physical mechanism of the stepping process is still
unresolved and a_variety of theoretical leader models have been
presented. Although by no means exclusive, these often invoke
the characteristics of the glow to arc transition to account for
the transient illuminations. One school of thought also considers
that the visible, and apparently intermittent leader steps, are
precedéd by a continuously advancing (i.e. ionising) tip region -
génerally thought to have the attributes of a coromna or glow

discharge ~ and often termed the "pilot leader".

In a more detailed study of stepped leader characteristics,
Schonland introduced several subdivisions (termed « and B stepped

leaders) dependent upon step length, average velocity and degree

of branching:

_ For the purposes of this thesis however, the stepped leader is
considered to comprise a randomly oriented and branched system of
breakdown channels, propagating downward toward the earth at an
approximately uniform velocity. Each major branch is considered
to be composed of a filamentary core surrounded by a corona sﬁeath,
and the charges deposited along the leader in the course of its
propagation, are thought to be distributed in'sﬁch a manner‘tﬁat
the local charge per unit length increases, as the -ground is |

~approached, (i.e. corresponding to a linear or even exponential

representation).



(d) The "final jump" and the return stroke

In its path between the cloud and ground, the progressiom of the
-Stepped leader is considered to be randomly oriented - being
influenced primarily by the direction of the electric field between
the charged cloud and the induced charges on the ground, as well as
by the presence of localised "pockets" of space charge in the
intervening atmosphere — the latter being the by-product of point

discharge processes from the ground and from surrounding objects.

As the downward leader approaches the ground, thé increasing
proximity of the charges being lowered along the leader causes a
pronounced increase in the electric field between the ground and

- the tip of the descending leader. Eventually, at a stage in this
descent which depends upon the magnitude of these charges and upon
:the degree of field intensificétion_caused by the presence of ény
structures on the ground, electrical breakdown conditions are
attained at the ground — or on objects or structures - leading to
the initiation of an upward progressing discharge - often termed

the upward "streamer”, or "comnecting leader'.

It is normaliy considered that the requisite field conditions
involve the attainment of local field gradients of the order of
1-3x 106 V/m - or, alternatively, as discussed by several
authors, the attainment of an average gradient between the descending

leader tip and the ground (or a structure),.of about 500 kV/m.

Although data are scarce, these upward connecting leaders are
considered to be positively charged, and to have average upward
' 5

velocities in the range 1 x 107 — 1 x 106 m/s.

The final stages of the process, (termed the "final jump" in
the field of laBoratory long-spark research), involve the
interception of the connecting leader and the dowaward stépped
leader and the resultant initiation of the return stroke - whlcﬁ
is observed as a high velocity intensely luminous process -

propagating from the ground back up to the cloud.

The physics of the return stroke process are as yet largely
- unresolved and several conceptual models have been presented in

the literature. One school of thought considers that the stepped

leader .....
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leader 1s at an extremely high potentiallimmediately pridr to the
commencement of the return stroke, (effectively given by the cloud
potential minus the leader potential drop), and that the return
-stroke involves the propagation of ground potential up the leader
channel. Alternatively, Anderson has suggested that the descending
leader cip potential reduces virtually to ground potential as the
earth is approached and that the return stroke comprises a
re-combination process travelling back up the channel. In the
former instance a temporary high potential gradient is comnsidered
to exist at tﬁe leader/return-stroke interface and to travel
upwardé as an ionising potential wave. In the course of this
process, the charges originally deposited along the leader corona
sheath become discharged to_éarth through the return stroke channel
and lead to a rapid rise in the current flowing at the base of the
channel into the ground. (In the event of a normal negatively
charged stepped leader, this current is made up of electron flow
and is therefore negative). Wagner has suggested that the
thermalisation energy required for the increase in channei
conductivity to allow theé tramsition from leader currents of some
hundreds of amperes to the return stroke current (of the order of
kiloamperes), gives rise to retarded wave propagation of the return
stroke front and has determined relations between the résultant

return stroke velocity and the stroke current.

Direct observations (usually based upon high speed phofogréphy)
have shown that return stroke velocities can vary over the range
of about 2 x 107 n/s to 1,5 x 108 m/s, with mean values being
typically about 5 x 107 m/s. Return stroke velocities are also
found to decrease with increasing channel height (especially for
~first return strokes), and to display significant reductions in
velocity at branch junctions. Optical estimations of return stroke

channel diameter have indicated values of the order of 5 — 100 mm.

Theoreticai studies of the arc channel physics have suggested
that the intense thermalisation of the leader core in the transition
to the return stroke arc (involving a core temperatufe increase
from aboutl3 000°K - 30 OOOOK), gives rise to a transient channel

over-pressure, which in turn generates a supersonic and approximately

cylindrical .....
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cylindrical shock-wave. Within a few metres of the channel, the
expanding shock~wave relaxes to a sound wave, which, after
propagation through the surrounding atmosphere, gives rise to the

audible thunder normally recorded at ground level.

The returd étroke current flow - as measured at the ground -
decreases rapidly in a period of the order of 100 ps - but may on
occaslon persist as a low current discharge of a few 100 amperes
for many milliseconds, in a process termed a "continuing current'
discharge. Excluding these comparatively rare instances;_the total
charge transferred by the return stroke is of the order of 2 - 4
coulombs ~ or marginally less than the average charge originally

lowered by the stepped leader.

In about 50% of ground flashes, the extinction of the return
stroke current represents the termination of the flash process -

which is then characterised as a single stroke event.

Sﬁbsequent strokes.

Alternatively, in many instances, following a "recovery" interval
of the order of 30 to 50 ms, a second faintly luminous leader traverses
the original discharge path between cloud and ground and initiates

a subgequent return stroke process. Tn contrast to the stepped

leader, this new leader (usually termed the "dart" leader), does

not normally dlsplay steps, but moves continually downward at a
substantially hlgher velocity (typically 2 x 106 m/s). In
addition, direct measurements have indicated that the resultant
subsequent return strokes display margirally higher velocities
(about 1 x 108 m/s) and steeper rates of rise of current.
Generally, the associated peak current amplitudes are significaﬁtly

less than that of the first return stroke.

This dart leader/subsequent return strokes process may repeat
itself sequentially and multiple stroke flashes exhibiting in excess
of 20 subsequent strokes have occasionally been observed, On

average however, ground flashes do not usually contain more than

2 — 3 subsequent strokes.
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Upward flashes

The preceding sections have discussed the processes involved in the
negatively charged downward progressing ground flash - which is the
discharge of most concern in the majority of practical engineering

situations, due to its frequency of occurrence.

Depending upon the polarity of the originating cloud chatges
and the direction of progression of the flash leader, four main

types of ground flash may be identified:

Downward flashes Upward flashes

positive negative positive negative

Downward positive flashes occur extremely rarely (displaying
an incidénce of less than 10% in comparison to negative downward
flashes), and in practice are thought to occur mainly toward the
end of thunderstorms, when the lower negatively charged regions'

of the. cloud may largely have collapsed, or been discharged.

" Upward flashes are found to occur mainly from mountaintop
installations, or from very tall structures. In such situations,
the upward progressing leader referred to previously (in (d)

above), is in fact initiated very early in the discharge process -

‘eitber following a cloud flash - or, in some instances, when the

_ field gradient developed by the thundercloud charges themselves

becomes sufficiently intensified around such tall structures to

cause the attainment of upward leader inception conditions.

As in the case of the downward flash process, these upward
leaders are initially positively charged, and, if followed by
return strokes, lead to the discharge of negativé currents, which
are generally found to be of comparatively low magnitude.  In
a detailed analysis of upward flash chafacteristics,.Berger(ZB?'
has shown that in many instances such tall structure;initiated
upward leaders are in fact not followed by return strokes and he
has identified such events as a further sub—grouping of the

(22)

above four types of ground flash process

In ,....



In a separate analysis of the characteristics of flashes on
tall structures(16), the author has shown that the incidence of
upward discharges is extremely low on structures having heights
less than 100 m. Since this applies to the majority of practical
engineering structures which may be concerned with lightning
protection considerations (e.g. transmission lines, buildings,

etc.), the discharge process of primary concern to this thesis

is the negative downward flash.

The role of the structure in the discharge process (including
the influence of structure height), is further examined

in Chapters 4 and 6.
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APPENDIX 1(B) PROTECTIVE CONCEPTS AND ELECTRICAL ENGINEERING ASPECTS

(a)

Lightning protection

In its modern conceptualisation, lightning protection embodies two

"econduction". .

interdependent requirements, namely "diversion'" and
The former implies the provision of preferential strike pdints,

which exert a local attractive influence on unearby flashes - in

the sense that upward connecting leaders are imitiated préferentially
from these points - thereby defining the point of stroke termination
and simultaneously shielding adjacent installations from the flash.
The second reduirement involves the provision of adequate means of
safely conducting lightning return- stroke currents from the point

of strike - and thereby away from the installation being protected -

and down to an effective earth electrode.

Clearly therefore, in order to achieve effective lightning
protection, a comprehensive understanding is required of the
striking process and of the influence of structures upon this
process, so that shielding principles may be clarified and optimised.
Theréafter, information is also required régarding the parameters of
the discharge current (for example, peak amplitude and duration),

in order that the protective system may be adequately designed.

For practical protective appiications, a variety of either
empirical or analyticél concepts and relations has been evolved
over the years - as reviewed for example by Golde(12). For a
structure, these are often expressed in terms of a protective ratio
R/HS, where_HS is the height of the structure, and R a radius drawn
around that structure to define the zone within which bbjects are
gffectively shielded. Values proposed for this ratio have varied

beétween about 0,25 and 9, with a ratio R/HS=T being commoniy adopted

_in modern practice. In many lightning protective codes of practice

the area shielded around a structure is often represented by a

"cone of protection”, drawn with the apex of the cone at the tﬁp
of the structure and an apex angle of 45° is normally adopted -
although in critical situations a more conservative angle:of 30°

is often recommended.
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Over the years, such empirical concepts have been found to
yield quite adequate protective experience in the normal range of
.structure heights — such as domestic housing, office blocks, or

explosive magazines (in the case of the 30° protective angle.)

At this stage little information is available regarding the
influence of structure height upon the degree of protection afforded
in terms of these concepts, but several workers have noted that on

"occasion, weakly charged flashes have struck the sides of very tall
structures, or have struck the grouhd within the equivalent radius

of the 45° protective cone(za).

Thus, although emﬁiricél concepts such as the 45° cone of
protection may well have proved adequate in many practical and
domestic situations, it 1s also apparent that the .degree of

effectiveness may possibly reduce as structure height is increased.

(b} Electrical engineering aspects

The manner aﬁd degree to which lightning can effect electricatl
engineering systems vary considerably, but the disruptive
influences of lightning are experienced over the full range of
electrical systems - extending from sophisticated and sensitive
electronic microcircuitry to major extra high voltage (EHV) power
transmission networks. The consequences of 1ightning in such
systems can also vary similarly, ranging from the induction of
spurioué of disTuptive logic pulses in a digital computer system,
to sustained interruption of major power supply systems (such as
the 1978 New York blackout, for example, where the consequential

costs of the disturbance were estimated to be of the‘order of
Us $350 million(ZS).) '

In every instance, effective protective or remedial measures
require an understanding of the lightning phénomenon and of the

range of parameters that may be encountered in practical situations.

Although the problems involved in operating modern electronic
Systems represent a growing area of concern(26) extending‘even to
the aerospace industry - the field of practical engineering

endeavour in which lightning disturbances have the main impact

remains .....



remains the transmission and distribution of electrical power.
(For "example, in the Transvaal region, the average monthly outage
rates of.power lines at the height of the summer lightning season
varies from about 10 outages per 100 km of line per montlr at the
11 kV distribution level, down to about 0,5 outéges per 100 km of
- line per month at the 400 kV transmission level.)

The electrical engineerihg implications of this have been

(27)

reviewed elsewhere by. the author and therefore only the salient

aspects will berrepeated here.

The primary effect Ofllightning discharges, as far as power
lines are concerned, is the impression of transient overvoltages
upon the system. Depending upon the line insulation withstand
characteristics fand thus in turn upon the nominal voltage rating
of the line)}, this may, or may not lead to a breakdown, and

ultimately to an outage of the system.

There are three mechanisms whereby lightning overvoltages
may be impressed upon tbe conductors of a power line, and, as
shown in Figure 1.B-1, these are related to the final paths to
earth that a nearby lightning leader may take —~ as sﬁmmarised

below:

(i) The induced voltage wechanism

This arises when a ground flash does not actually terminate
on the line or on the supporting towers, but strikes the
ground in the immediate vicinity instead. TFor a given line,
it is readily shown, using classical electromagnetic field
theory(zs), that the resultant overvoltage amplitude induced
on the line is directly related to the crest value 6f the

lightning return stroke current.

A study of the prospective overvoltage amplitude
distribution therefore requires knowledge of the distribution

of peak lightning current amplitudes during ground flashes.

VPractical experience has indicated that the induced
voltage mechanism is principally of concern at distribution

levels of system voltage.

(ii) The .....
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are frequently encountered in the literature

{where D = striking distance
S
I = crest return stroke amplitude .
and K and b are empirical concepts).

In consequence therefore, any application, as‘well as
any optimisation of such shielding concepts requires an
understanding of the striking process, together with
kﬁowledge of possible striking distance dependencies, and

of the distribution of peak current amplitudes.

In the event of a shielding failure, the resultant transient

overvoltage upon the pbase conductor has a crest amplitude

U given by;
U o= I.2./2
where = peak amplitude of the stroke current
ZO = conductor surge impedance.

In order to assess the probability of a flashover, the
overvoltage waveshaﬁe U(t) must be related to the voltage-time
withstand éharacteristics of the line insulation system.

This therefore implies the need not only to know the -7
probability distribution of lightning current amplitudes,
but also the time dependent features of the stroke current

waveshape and any likely variations in shape.

Provided a power-line is adequately shielded, the majority
of ground flashes in its immediate vicinity should terminate
upen the shield wires, or upoﬁ the supporting towers. As

the stroke current is discharged to earth via the shield

.wires and tower elements, the possibility then arises that

sufficient voltage may be developed across the series
impedances presented along these discharge paths to cause
a "back flash-over" across the supporting insulator strings

into one or more of the phase conductors.

Analysis of the voltage stresses developed across the
line insulation in this situatien is complex however, and

must take account of several complicating factors, including;

- coupling .....
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= coupling effects amongst the phase conductors and shield

wires, as well as with the upward leader
- pre-discharge corona effects

-  transient impedance characteristics (i.e. as a function
of time, or frequency) of the supporting towers and of
the terminating earth electrode arrangment at the tower

base.

Fundamental to all such analysis however, is again the
need for an adequate representation of the lightning discharge
current waveshape, and in this case, particularly of the
maximum current rate-of-rise characteristics on the impulse

wavefront.

Lightning parameters

In sumﬁary of the preceding sections therefore, implementation of an
effective lightning protective approach (whether this relates to the
protection of a dwelling house, or of a broadcast antemna station,

or of é major power line), requires a comprehensive knowledge of. one,
or more, of the followiﬁg primary aspects of the discharge - and
more particularly, in respect of the negative downward flash,.since

this is most commonly encountered in practical situations:
(1) striking distance characteristics
(ii) probability distribution of stroke peak current amplitudes

(iii) time dependent characteristics of the discharge current

waveform.

In certain protective applications it may also be necessary
to know the incidence of multiple stroke flashes, as well as the
probability distributions of such related parameters as, flash

duration, stroke duration, inter-stroke interval, etc.

A fundamental parameter in virtually all lightning protective
studies is, of course, a measure of the incidence of lightning in
the area of concern. Although historically this is normally |
expressed in terms of annual thunderstorm day occurrence {or

keraunic index), a far more reliable determination is on the basis

ol s
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of a measurement of the local ground flash density. This can be
carried out using calibrated lightning flash counters. Since a
comprehensive long term project involving the development and
appllcatlon of lightning flash counters was already in operation
in the Pretoria area( 9 at the commencement of this thesis
projeét,'the sfudy of gréund flash density has not been included

in the scope of the thesis work.

As far as availlable data on the other lightning parameters
is concerned, probably the most comprehensive source of information
lies in the-results accumulated by Berger(14), in a long term
study of ground flashes at the San Salvatore research station in
Switzerland. These results include considerable data on the
impulse waveshape characteristicé of the discharge current and

(18)

several statistical analyses of these data have been publlshed

Over the years, a variety of studies of the dlstrlbutlon of
‘lightning current amplitudes have alsc been carried out = as
reviewed recently by Golde(BQ), for example. Of the various
distributions that have been prepared for practical applications,
.perhaps the most representative is that compiled by Popolansky(10)

which also includes data from Berger's measurements.

More recently, arising partly out of work carried out in the
course of this thesis project, Popolansky and the author, in
" collaboration, have compiled a modified summarising distfibution(zo),
which is considered to be more representative of practical |

engineering application situations.

The latter summarising distribution, together with Berger's
comprehensive waveform data, will provide the main basis for -
comparison with the locally measured results presented in this

thesis.

As far as striking distance relationships are concerned, the
author is not aware of any meaningful weasured data. Published
expressiops relating striking distance to prospective stroke peak
currents(31) have normally been derived empirically, or calibrated
from field observations of service performance of transmission

lines having various shielding arrangments.

The .....
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The study of striking distance concepts and relationships
therefore represents a major aspect of the work of this thesis,

as discussed further in Chapters 4 and 6.
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APPENDIX 2.(A)  ASPECTS RELATED TO THE

RESEARCH MAST STRUCTURAL DESIGN

"Wind loading and stay tensions

This analysis was carried out in collaboration with the Structural
(38,

Engineering Division of the National Building Research Institute

and only the salient points will be summarised here.

Since the research mast was considered a temporary sﬁructuré,
the analysis was based upon the maximum 3 second wind gustlfor a
10 year return period, which is about 33 m/s at an anemometer
reference.height of 13 m (as predicted frow gust récords from Jdn

Smuts airport).

The drag coefficient of the structure and the variations in
dynamic pressure exerted by the wind on the mast were calculated

by the NBRI from the dimensions of the tower components (taking the

exposed position of the mast also into account). The resultant

dynamic pressure was found to increase from about 130 kPa at the

base, up toc about 165 kPa at the top.

On the assumption that each stayed point on the mast (apart
from that at the top position), has to cater for the wind forces
exerted on the intervening 15 m height of structure, the resultant

approximate horizontal reactions are as shown below:

Top (60 m) - 7,6 kN
Third (45 m) - 13,7 kN
Second (30 m) . -~ 12,8 kN
First {15 m) - 11,4 kN
Base - 5,6 kN

The stay angles are as indicated below (for the three stays
at each position, together with the calculated requisite stay

pretensions that would be necessary in order to sustain the above

loading:
A Stay Angles | Stay Angle .
Position {NW and NE) Tension (3) Tension
Top | 53° 6,1 kN 46° 5,5 kN
Third 35° 7,9 kN | 3° 8,1 kN
Second 42° 8,6 kN 40° 8,2 kN
First 35° 6,5 kN 35° 6,5 kN

The ...,..
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‘The equivalent vertical loading effect on the mast as a

- consequence of the above stay pretensions i1s about 105 kN.
" Taking the mast weight of 10 kN into account, the total vertical

lloading upon the isolated base structure becomes 115 kN, which

is well within the capabilities of the four pedestal insulators
which share this load. (Each unit has a compression loading

capability in excess of 100 kN).

As a check on the original design assumption of the maximum
gust velocity of -about 33 m/s, a recording anemometer was. installed
at a height of about 6 m and approximately 10 m away from the

research mast.-

‘Recordings were maintained through three thunderstorm seasons

~and a total recoiding period of 310 days was obtained. The

maximum gust velocity recorded in this period was 23,7 m/s and the:
peak gust velocities, when analysed, displayed the distribution

shown in Figure 2.A~-1. This suggests a very low probability for

‘gusts in excess of 25 m/s (about 0,8% per year) and would indicate

that the assumption of 33 m/s as'a design parameter (which was

based upon a 10 year return period), provides an acceptable margin-

-of safety.

Anchor block loading and design

A total of 6 stay anchor blocks was provided - each serving for the.

- attachment of 2 stays, as shown earlier in Figure 2.2.

In terms of the above stay angles and pretensions the maximum
vertical reaction on each anchor point would vary between 10 kN
and 12 kXN.

The anchor bleck design adopted is shown in Figure 2.A-2.
Basically, it consists of a concrete section comprising a surface
slab and a buried cylindrical core. Reliance is also placed on
the soil reaction effect which, as a simplification, may be considered
as the contribution of a soil frustrum surrounding the concrete
core(BS). In soil of the rocky nature encountered on this site

a frustrum angle of 8° may be assumed(gs).

The .....



NUMBER OF GUSTS HAVING SPEEDS IN THE RANGES INDICATED

A-21

160
BASED UPON 310 DAYS OVER
3 STORM SEASONS -

140

20

100

80}

60

40

20 ' DESIGN SPEED

o | | | I e — | l |
5 10 I5 20 25 30 35

MAXIMUM GUST SPEED IN m/s

FIGURE 2 A-] '
MEASURED DISTRIBUTION OF WIND GUST VELOCITIES



The load effect of this frustrum is readily determined as;
L =& (1/3 {(® + D tan ©7 (@ + R/can 0) - R*/tan 8} - wRD) ... (2.A-1)

load reaction contributed by the frustrum in kN

where L
S
§

and R, D and O are as shown in Figure 2.A-2.

. 3
density of soil (assumed to be 17,5 kN/m™)

1

In view of the difficult nature of the terrain it was necessary
to optimise the dimensions of the anchor block in order to minimise

the amount of digging required.

Accordingly, the anchor block load was estimated for a variety
of dimensions, as illustrated by the curves in Figure 2.A-3, (which

assume a density for concrete of 23,8 kN/mB).

As a consequeunce, an anchor block having a minimum core radius -

of 450 mm and a depth of burial of 750 mm was adopted, togétﬁer

with a surface slab comprising a minimum concrete volume of O,3m3.

As may be seen in Figure 2.A-3, this design provided a minimum

load of 2t kN which allowed an adequate.margin of safety over the
anticiéated maximum equivalent vertical stay reaction of 12 kN.

In practice, with the anchor block dimensions realised on site during
construction, it is anticipated that the resultant anchor block loads

are in the range of 25 - 30 kN.
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EARTH ELECTRODE CALCULATIONS

(a)

Electrode resistance

The arrangement shown in Figure 2.5 may be considered to consist

of four main elements;

(1
(2)
(3)
(4)

The buried grid beneath the huts.

The elongated grid extending from the huts to the mast.
The loop counterpoise enclosing the site.

The set of 6 x 20 m radial counterpoises extending out

from the site.

The following simplified relations have been adopted - based

upon standard re€erences(3?)(36):
R (grid) o (%b +A%) _; ......................... (2.8.1)
R(ioop) 5= an CBTTE%EETH) ................. e (2.B.2)
Rkéfpoinc star) - ML Qn(%éi%giﬂfa) e (2.8.3)

where in each case, p

[ N

A coomon depth of

soil resistivity in Qm
= effective diameter of the grid in m
= total length of buried conductor in m
= depth of burial in m

= conductor diameter in m

burial h = 0,5 m has been assumed.

Accordingly, substituting the relevant conductor dimensions

in these relationships, the following values for the corresponding

electrode resistances are obtained:

[0

R (two grids combined)

[§

R (loop counterpoise)

- R (6 x radial counterpoise)

Paralleling these resistances

4,35 Q/100 Qm.resistivity
1,91 /100 Om resistivity

= 2,69 Q/100 Om resistivity

and allowing an incremental

factor of 1,5 in order to accommodate mutual coupling effects, the

resultant overall electrode resistance value is:
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R = 1,45 /100 Om $0il TESLSLAVILY +rrnreennerunnes. (2.B.4)

This calculation excludes the contributibn_of the insulated
counterpoise which is connected to the remote electrode, since this
latter electrode resistance only becomes available to the mast
electrode once an earth surge has completed propagation-and reflection

along this 210 w connection.

Transient impedance characteristics

Two main aspects were considered. The first comprises the travelling
wave solution for the indicial input impedance of the distributed
electrode system, which, for the purposes of this analysis, is
considered primarily to consist of six radial counterpoises of

20 m length each. The second aspect is the impulse current response

of the electrode as a consequence of soil ionisation effects.

The basic principles followed, (together with the various

assumptions involved), are summarised briefly below:

Travelling wave solution

The approach adopted is based upon that originally developed by
(37) ' (38)

Sunde and subsequently extended by Devgan and Whitehead

Assuming initially a buried single counterpoise conductor of

length £ and unit length parameters Lo, CO,'G , (R_O =0), then the

_ )
general travelling wave solution for the indicial input impedance

is;

—
2(0,t) = ZO{exp(-a t)Io(a,t) + 2% IO _(a,v/ t_z—(Zn_l)2 n{t=2nl))}
n=1 v .

.................. (2.B.5)
Here Z0 = gurge impedance = (LO/C )i;
)
& = decrement factor = GO/ZC ; and
. . o : T
v = velocity of propagation in the soil
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This equation reduces to;

7(0,0)
Z(0,%)

Z fort =0
o

1/QG0 =R, as t +®

where R_ is the leakage resistance

Devgan and Whitehead in considering the dielectric nature

of the soil, have suggested a simplified four parameter soil model

in order to take account of the frequency dependency of this medium,

and have produced a three component approximation to the solution of

the indicial impedance, using this model;

Namely;
Z(0,t) = ZO {0,74 exp (-t/0,9 T1) + 0,26 exp (~t/14T1)}+ R
(1-exp (-t/Tz) +‘2/C0m% (exp (—t/T3) sith) ....... (2.B.6)
where w = (ﬂvz/RZ —OLZ)’*1

and the three component time constants T,, T

follows:

10 oo T3 are derived as

]

ZCOIGO 280(€r1 + 1)/01

ColG, = g, (e, + /o,

o (8r3 +-1)/OB

‘permittivity of free space

relative permittivity at high frequency
relative permittivity at low fréquency

relative permittivity at intermediate frequency
conductivity at high frequency

conductivity at low frequency

conductivity at intermediate frequency

Devgan .,...
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Devgan and Whitehead have followed an empirical approach

matching theoretical results with the experimental results of Kawai(39)
and have derived estimating curves for the above time constants, as
functions of frequéncy and the reference measured value of the low

ffequency conductivity, (o = 1/p).

The above method has been followed in estimating the indicial
impedance of the mast electrode radial counterpoise system

(comprising 6 counterpoises of 20 m length each). In this geometry,

the leakage resistance R _and surge impedance ZO are given by Sunde(37)
as:
R_ () = p fan 28/a" = 1+ 8 W} ..ol (2.8.7)
nmk ' . .
where n = number of conductors
where a' = pffective radius = (2 ad)£
and a = conductor radius
= depth of burial
o = so0il resistivity
and, 1
N(m) = I 2 (1 + sinmr/n)/(sinmm/n)
' m=1
. .2 .
Z = w2 @m® e (e, + 1} {fn 28/a" = 1 + N (n)}
x o AGm2g/at = 1a N @) b (2.8.8)
h =
where | TR
and R = permeability of free space
n = 1 (assumed for soil)
and, =1
N1_(n) = % {en (1 + siomm/n)/(sinmw/n)} cosmm/n
m=1

The relevant conductor dimensions have been substituted into
the above equations and. two estimations of indicial impedance carried

out, using two different values of reference resistivity p.
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In the first instance, a value p = 5 000 Om was assumed (being
derived from the mast electrode annual average resistance of about
60 ohms), while in the second case p = 1000 {im was assumed, being
considered the lowest possible value of resistivity that might be
achieved on the mast site under excessively wet soil conditions.

In the first instance;

R (1) = 134,6 )
y for p =5 000 Om
Z (1 = 49,2 § )
o
and in the second case;
R, (2) = 26,9 )
) for p =1 000 Gm
z, (2 = 19,19 )

The estimated indicial impedances in each case are illustrated
in Figure 2.B-1, in which it may be seen that the final value of

leakage resistance 1S approached after about 3 us.

In this context, the connection of the remote electrode {which
has an annual average resistance of about 1 Q), via the 210 m of

counterpoise, should also be taken into account.

This counterpoise (in terms of its dimensions) has a surge
impedance of about 88 ohms, and the average surge propagation
time along its length {(for the above range of soil resistivities)

is about 3,6 us.

Therefore, in the event of lightning currents entering the mast
electrode, it may be expected that the contribution of the remote

electrode will start coming into effect after about 7,2 us.

In summary therefore, it is considered that the mast electrode
impedance behaviour may be illustrated by the simplified model in
Figure 2.B~2. Depending upon the prevailing resistivity, Rm could
vary from about 20 to 120 ohm (taking the full electrode into
account; i.e. including the grids and buried loop), while Z, could

Vhave values between 20 and about 50 ohms.

Impulse .....
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Impulse current response

Several authors have examined the effects of soil ilonisation in the

40)

vicinity of a buried conductor , 4s a consequence of high currents
entering the electrode. In view of the comparatively high impedance
of the mast electrode system, it was anticipated that substantial
surge potential could temporarily be developed upon the buried
conductors during the dissipation of lightning currents, and attempts
were therefore made to estimate the corresponding impulse current

reduction factor, as a consequence of s$o1l ienisation and the

assoclated Increase in cenductor effective radius.

. 37 .
For a single conductor of lemgth %, Sunde( ) has derived the
relation;
a = Ip/ZﬂQEo
where a, = conductor effective radius due to soil ionisation (m)
I = current in the conductor (A)
p = soil resistivity (Qm)
E = soil breakdown gradient (v/m) ‘

In the absence of so0il ionisation, the nominal conductor

effective radius is given as;

a' = (Zad)#

conductor radius {(m)

where a

oW
I

depth of burial (m)

The resultant impulse current reduction factor is given by

Sunde;
no= (& (2%/a_") -1)/(fa (28/a") =1) ........... (2.8.8)
where a ' = (2a d)i
) o o

S0il breakdown gradients have been [ound normally to Vnry(AO)
over about 1 - 4 MV/m. Taking this range, and an asswued variatioo
in soil resistivity over the range 1 000 - 5 000 fim, the resultant

variation in reduction factor for the buried counterpoise system is

shown .....
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shown in Figure 2.B-3 as a function of the current I. (In this

case for a single 20 m length).

Although in practice the reduction factors will not be as high
as indicated in this figure, (due to the distribution of current
throughout the electrode system), it is apparent that substantial
‘impedance reduction factors may well ensue in the event of currents

in excess of 50 ka.
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APPENDIX 2(C)  CALIBRATION OF MAGNETIC LINKS

The approach followed is an extension of that originally reviewed by

(41 (42

Candler in 1940 and subsequently applied by Anderson and Jenner

In principle, in the event of the passage of impulse current in
a conductor in the proximity of a magnetic link, the magnetising force H
available to produce a given degree of remanent magnetism in the link

may be calculated from the following relation:

i = L e et aee s (2.c.1)
21d
where I = peak amplitude of the current (A)
and d = distance of the link from the conductor {mn)

In practice, the remanent magnetism is often measured using a
proprietary instrument termed a surge crest ammeter whose scale
has previously been calibrated for the specific links involved to
provide a linear relationship between the remanent magnetism and the
magnetising force, i.e. for a particular distance d, and assuming no

current reversal,

R= f(H) = kI +uicuinncnannn et e ceeeaa. (2.C.2)

]

where k = a constant representing the slope of the linear relationship

and R

Il

reading on the surge crest ammeter.

Since the magnetising force H is inversely proportional to distance
(as shown in equatiom (2.C.1)) équation (2.C.2) may be generalised for a

variety of link distances, as follows:

where D is the new distance to the link (a variable)
R is the corresponding reading on the surge crest ammeter

i K is a comstant for the particular links and surge crest ammeter

The above relation was not known for the set of links and the
particular surge crest ammeter available at the commencement of this

programme, and recalibration was therefore necessary.

A nupber of link brackets was constructed which were suitable for
clip-on attachment to a 25 mm diameter conductor and were each capable

of mounting up to three links at a variety of distances from the
¥

conductor. .....
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conductor. (Distances over the range 20 — 160 mm were possible in this
fashion).

These brackets were mounted upon a suitable conductor in the High
Voltage Laboratory of tﬁe-South African Bureau of Standards and the
associated links were subjected to a calibration procedure, involving
a variefy of impulse current magnitudes derived from a standard impulse
generator. These impulse currents had the approximate monopolar
waveform 3,3/16,5 us and covered peak currents in the range 10 - 42 kA,
(The latter were recorded oscillographically, using an impulse current
shunt). By mounting the links at a variety of distances, a number of
(D x R) products could be determined over the range of applied current

amplitudes.

A corresponding number of estimates for the constant K could be

calculated and a mean value derived.

The resultant calibration equation (over the range of distances and

currents involved) was derived;
L= 4,01 % 1072 (DUR)  vurreeeronmeeeaiineenaannann eeee. (2.C.0)

where T 1s expressed in kA
and D is the relevant link distance in mm

while R is the corresponding reading on the surge crest ammeter.

Subsequently, in the course of the research programme, a number of
additional calibration checks was carried out under lightning current
conditions on the research mast, by relating the observed lightning peak
current amplitudes {as recorded oscillographically), to the corresponding

surge crest ammeter readings obtained for the various links mounted on

the research mast.

: (Normally, each mounting bracket carried three magnetic links at
different distances, and it was usual practice to have at least three
brackets of varying dimensions installed on the research mast. In this
way' it was often possible to obtain several (P x R) link prbducté from
a single lightning event and representative mean values could be

obtained on each occasion).

+

The .....



A-35

The earlier laboratory calibrations were exténded in this fashion
to higher current amplitudes, as shown in Figure 2.C-1, which depicts
the variations in link (D x R) product as a function of the peak curreat
amplitude. Measurements have now been made over the current range
5 - 87 kA and although considerable scatter is evident where individual
links are concerned, the overall trend is consistent, as shown by the
regression line. (The latter was derived using least squares regréssiou

and a correlation coefficient r = 0,94 was obtained).
The final calibration equation takes the form;
I=4,09x10° (DxR) - 1,1 (BA)  vviveiririninnn.. (2.C.5)

In view of the scatter involved, the offset current of 1,1 kA in
this relation may well be the consequence of experimental error, but
may also possibly be attributable to aging of the link magnetisation
characteristic, with corresponding scale errors on the surge crest

ammeters.

Although the above calibration procedure suggests the possibility
of individual link errors in excess of 40% for single link readings,
it is found that the errors are normally below 10% when the mean of

more than four (D x R) products is used for a particular measurement.

The above calibration equation has been used for all magnetic link

measurements of lightning current amplitudes, (with a minimwn of 6 links
. . . : +

being involved in each measurement), and errors of - 10% have therefore

been assumed.
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APPENDIX 3A: ANALYSTS OF INDIVIDUAL FI.ASH RECORDS

Introduction ,

In this section, an attempt 1s made to present the available data which was
obtained on each occasion when a flash occurred on the reseatrch mast, and to
summarise the salient conclusions regarding flash direction, polarity, discharge

current waveform parameters, etec.

Fach flash has been assigned a three-catogory number of the form XXX/YY/Z,
where the XXX denote the event date, the YY comprise an arbitary serial
number, which runs sequentially from the start of the project, and the Z

identify the individual strokes in the case of a multiple stroke flash.

{(For example, event number 740118/12/2 identifies the second stroke of

Flash 12, and records the fact that this flash occurred oa 18 January 1974.)

In each case, the circumstances surrounding the occurrence of each flash
are briefly reviewed, including which equipment was in operation on that

occasion, and what measurements were obtained.

On each occasion also, based upon subjective impressicns of ‘the various
thunderstorms, an attempt is made to categorise the storms loosely into one of

several general types.

When available, the associated flash photographs and current oscillograms
are also presented, together with a summary of the various waveform parameters

which may have been determined from analysis of discharge current oscillograms.

In most instances, these oscillograms were subsequently digitised on a
plotting table and were processed using computerised routines for waveform

(49)

analysis - as originally evolved by Krdninger

Where-ever possible,'the following parameters were evaluated - either

-manually from the oscillogram, or through EOmputerised analysis of the digitised

data:-

~ 1

I . - peak discharge current amplitude. (When this parameter was evalu-
ated from the magnetic link registrations, a mean value was determined,
together with the standard deviation -9)

Q - Impulse charge, (subject to the limited oscllloscope sweep times).

dI .

i Maximum rate of TlSe of current on the wave-front.

) .
f1%dt -  action integral, (again subject to the limited oscilloscope sweep

times).
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Event: 721129

Times of occurrence: 721129/1 -~ 16 h 50
' 721129/2 - 17 h 05

Circumstances: A very severe thunderstorm lasting in excess of 5 hours, and

. -2 % ]
achieving a ground flash density of 0,9 flashes km At this stage, station
recording equipment had not yet been commissioned and only a prototype framing
camera was in operation at Lynnwood Glen. The recording spark-gap and a trial

set of magnetic links had been installed temporarily on the mast base.

Two direct flashes occurred in short succession during approximately the
most intense phase of the storm and both were recorded by the remote framing
camera (Figure 3A-1). The second flash 1s ohserved to have a downward dlrection
of progression and, in view of its close proximity in time to the first flash,

- as well as the general high incidence of ground flashes in the vicinity, the

first flash 1is alsc presumed to have been downward.

The recording spark-gap confirmed the passage of two major discharge
components, while the magnetic links indicated a nett current of negative

polarity.

(Approximately 20 minutes after the second flash, the top half of the
research mast collapsed, due to delamination and failure of one of the top-most

fibre-glass stays, and was extensively damaged).

Results
| Processing of waveform data

Magnetic links
Event Manual Digitised

TaA) |OGa) | T(ka) | I dr 2y (x2

(ka) | I(kA) |Q(C) g (ka/us) JI%dt(A%s)

721129/1 - - - - - - - -
721129/2 -35 - - - - - - —

General remarks

The peak current reading derived from the magnetic link registration has been

assigned to the second flash, since this appeared generally brighter in the
photographs.

*the: On each occasion, the ground flash density was determined from

flash counter registrations in the areal 2%
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Event: 730929

Times of occurrence: 730929/3 - 05 h 30
730929/4 14 h 45
730929/5 - 21 h 00

Circumstances: These three flashes occurred during periods of very light and

isplated electrical activity - associated with the movement of a major frontal
system across the area {the total greound flash density recorded over the relevant

24 hour period was only 0,13 flashes km 2.)

At this stage of the season, lightning had not been anticipated and recommissioning
of the station equipment after the winter overhaul was not yet complete.
Consequently, no recordings or photographs were obtained, but the recording

spark—gap confirmed the passage of three comparatively weak discharges,

In fact, flash 4 was observed by the author, who noted a downward direction
of progression., The nature of the remaining two flashes 1s unknown, however,
although the arc erosion patterns registered on the recording spark—gap faces

are dndicative of negative discharges.

Results: No results were obtained on this occasion.
Event: 731015

Time of occurrence: 731015/6 - 17 h 00

Circumstances: This flash occurred at the height of a very active storm (convective

r

squall-line type). The ground flash density achieved on this occasion was 0,7
flashes km_z. '

Al though the instrumentation was now in.operation, a major power failure
in the area some 15 minutes before the flash prevented any measurements being
obtained. (Following the earlier trials, magnetic links were on order, but
unfortdnately had not yet been installed at the time of this flash.) The
recording Spark-gap indicated the passage of an extremely severe discharge and
suggested also the possible occurrence of a second component, The arc errosion

was consistent with negative polarity. ' ‘

The Lynnwood Glen framing camera had been activated prior to the power
failure and, being operated in the "shutter-open" mode, had recorded the flash,
Special processing was required, however, in order to take account of the
excessive film fogging caused during the long exposure period. The resultant

photograph (Figure 3A-2) confirms a downward direction of progression.

Results: No results were obtained on this occasion.
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Event: 731126

Times oE.occurrence: 731126/7 - 06 h 05

731126/8 - 06 h 15

Circumstances: These two flashes occurred In close succession, during a

perlod of light electrical activity, which was associated with the passage of
a cold front through the area. The ground flash demsity noted during the

relevant 24-hour period was only 0,09 flashes km

Due to the low activity, the framing cameras had not yet been activated
and no photographs were obtained. The station instrumentation wias operational
and triggered on one of the two flashes, but a defectlve camera resulted 1n a

spolilt film.

Magonetic links had recently been installed in the base of the mast and

the resultant registrations confirmed a nett negative discharge.

Both flashes were observed by the author. The first flash appeared to be
very bright and a possible upward direction of branching was tentatively
noted. The second flash was much fainter and the direction of progression was

not discernible.

Results:
Processing of waveform data
Event Magnetic links | Manual Digitised
L(kA) | o(ka) | I(kA) | I(ka) | Q(C) %(-:—g sTéde(a’s)
731126/7 -73 %5 - - - - -
731126/8| - - - - - -

General remarks

In view of the observed different degrees of flash brightness, the current
amplitude derived from the magnetic link regigtrations has been assigned to
the first flash (i.e. No. 7).

Although the observed direction of branching of this flagh was thought to
be upward the high magnitude of current is not consistent with the characteristics
of upward flashes and consequently‘ it is suspected that this event was really

a negatlve downward flash.
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Event: 731216

Time of occurrence: 731216/9 - 23 h 55

Circumstances: Thils flash occurred during a comparatively mild squali-line type

thunderstorm, (The associated ground flash demsity was only 0,02 flashes km_z.)

All station equipment was In operation at this time and although problems
were experienced with the high speed oscilloscope, a slow-speed negative single
stroke osclllogram was recorded. The latter was of poor quality, however, and
only the wavetall was readily discernible. The recording spark-gap confirmed
the passage of a weak single discharge while the magnetic link registrations

indlcated negative polarity.

The Lynnwood Glen framing camera was also in operation and recorded a

downward branched flash (Figure 3A-3).

Resultsg:

Magnetic links Processing of waveform data
Event Manual Digitised

fad | -~ -~ g

I(k8) | o(kA) | T(kA) | I(ka)|QeC) | SE¢Eh ‘ sitae(a’s)
731216/9 | =10 %l >=7 = - >1,6 . _ [ >1,2 x 104
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Event: 740104

Time of occurrence: 740104/10 - 17 h 20

Circumstances: This flash occurred early during a severe counvective squall-

line type storm. (The associated ground flash density on this occasion was

0,22 flashes 2.

"All station equipment was in operation and three negative stroke oscillograms

were obtained. Due to an incorrect choice of oscllloscope settings these
records were again generally of poor quality and the wave peaks were not
discernible in all three records, although the first stroke rate-of-rise of

current could be estimated.

The magnetic link registrations confirmed a negative polarity and allowed

an estimation of the true flash peak current amplitude.

The Murrayfield framing camera had also been commissioned by this time
and photographs were thus obtained from both remote cameras (Figure 3A-4).
No branches are discernible in these photographs, but the flash was also
observed by the author (at a distance of only 100 m on this occasion), and a

downward directicon of progression was noted.

Results:
[ T
Processing of waveform data
Event Magnetic links
Manual : Digitised
Lka) | otm) | Ik 1A (o) | SECR) | rlara’s)

740104/10/1 =41 . *2 >17 - >2 >2 >3x104
740104/10/2 - - >12 - - - -
740104/10/3 - - > 4 - - - -

i

General remarks: The two flash photographs depicted a comparatively well

defined interaction between the downward and upward connecting leaders and
thus allowed an estimation of the associlated striking distaunce - as discussed

in Chapter 4,

+
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Event: 740118

Times of eccurrence: 740118/11 = 15 h 15
740118/12 - 15 h 50

Circumstances: These two flashes occurred during a short but active squall-~

line type storm — for which the associated ground flash demnsity was 0,25

flashes km—z.

Alllstation instrumentation was Iin operation and negative polarity current
oscillograms were recorded for each flash (Figure 3A-5). (Flash 11 comprised
a single stroke, while Flash 12 involved three strokes). These oscillograms
were penerally of good quality, although minor problems were experienced with
the trigger amplifiers and these may have caused distortion during the initial
wavefronts. Magnetic links were also present Iin the tower hase and their

registrations confirmed the peak current magnitude and polarity.

On thils occaslon, it was not possible to activate the remote framing

cameras before these flashes occurred and no photographs were obtalned therefore.

Consequently, the direction of progression of these flashes is unknown.

Results:
Event Magnetic 1inks Processing of waveform data
Manual Digitised

L) | o ka) | 1) | IO | Qo) | EED | rfaca’s)
i 5
740118/11 - - -50 - =0,5 ®i1,0 =3,2x10 '
740118/12/1 -58 *10 -58 | - =124 24,0 z?,2x105
r40118/12/2 | - | - s | - [ =104 55,0 | =5,7x10°
740118/12/3 - - =22 —- =5,8 7,0 :l,3x105

General remarks: The value of peak current derived from the magnetic link

registrations has been assigned to the first stroke of Flash 12 - since the

associated oscillogyrams indicated that this stroke had attained the highest
amplitude.

The ospillograms recorded on this occasion are not consistent with what
may normally be expected - especially as far as the subseqﬁent stroke wavefronts
are concerned and it is considered that these records have been distorted by
the defectlve trigger amplifiers. The resultant waveform parameters shown

above (i.e. Q, dI/dt, etc) should be regarded as order-of-magnitude estimations
only.

In view of the recorded current anplitudes, it is thought that these

L S * havra haan Aawvnawuard 4n charactor
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livent: 741129

Times of occurrence: 741129/13 - 02 b 47

741129/14 - 03 h 02
741129715 =~ 03 n 10

Circumstances: These three flashes occurred in close succession during an

unusual early morhing frontal-type storm. This storn was very mild in character,
displaying only minimal electrical activity in the form of isolated cloud flashes.
In fact, the only ground flashes observed by the author in the area on this
occasion, were the three flashes to the mast. (The associated ground flash

: -2
density in this 24 hour period was only 0,05 flashes km ~.)

Although all iomstrumentation was 1n operation, an open clreuit In the
measuring cable from the current transformer unfortunately prevented -any signals
being recorded. The recording spark~gap confirmed the. passage of three discrete

discharges however, and displayed an unusually intense degree of arc erosion.

The Lyanwood Glen camera had been activated prior to the flashes and photographs
of all three discharges were obtained. (Figure 3A-6). No branching is evident

on the first two flashes, but Flash 15 is clearly upward in character.

The magnetic link registrations Indicated only a marginal degree of remanent
magnetisation but this was consistent with a positive polarity of current [low,

and was equivalent to a nett current amplitude of about 3 kA.

General remarks: During this particular storm, electrostatic field mills were
in operation at the tower site and at a location about 1 km away. The resultaﬁt
recordings are shown in Figure 3A-7 and are subject to timebase errors of *2
minutes. At the approximate times of the above three flashes however, sighificant
field changes are readily identifiable, Having the following polarities -
741129/13 - positive change (i.e. consistent with negative ground
flash)

741129/14 - négative change (1.e. consistent with positive ground
flash)

i 741129/15 - negative change (i.e. consistent with positive ground
' flash)
In addition, the fileld mill recording from the mast site (although unreliable as
a measure of the absolute field in the vicinity, being subject to the effects of
point-discharge space charge above the mast), suggests a marginal negative field

level durihg the first flash (Flash 15), which changes to a generaliy positive

field condition during the subsequent two flashes.

Although cloud flashes could have also caused the polarities of the above
observed field changes, it 1is considered that the evidence is generally consistent

with the premise that at least one, and perhaps two of the these three flashes

involved positive discharges (namely, Flashes 14 and 15),



Flash No. 7£1123/13 Flash No. 741129/14 Flash No. 741129/15

FIGURE 34-6 FLASEES TO THE MAST ON THE 29TH NCVEMBER 1974
{LYNNWOOD GLEX CAMERA)
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In view of the unusually mild nature of the storm {as far as ground [lash
activity "is concerned), as well as the fact that Flash 15 was confirmed as being
in the upward direction, it 1is thought possible that the earlier two flashes may

also have been upward. -

Event: 741224

Times ofroccurrence: 741224/16 - 20 h 25
741225717 ~ unknown

Circumstances: The first of these flashes (Flash 16} occurred during a severe

thunderstorm - which was associated with a local ground flash density of 0,5

flashes km 2.

All instrumentation was in cperation on this occasion and a negative single-
stroke current oscillogram was recorded. The Murrayfield framing camera had
also been activated prior to the flash and a photograph of a downward branched
discharge was obtalned (Figure 3A-8). An incorrect setting of the trigger
threshhold level resulted in loss of the initial slow part of the wavefront, but

apart from this, the oscillogram was of good quality.

The second flash occurred during an afterncon storm on the following day
(25/12/1974). However, being a public holiday, and because the station instrumentatie
(including the magnetic links), had been cleared of the previous flash data
earlier in the day, the station was temporarily out of commlssion and no results
were obtained. Confirmation of this event is provided by the recording spark-
gap (which had been replaced after Flash 16}, and which indicated the passage of

two discharges (i.e. either a two-stroke flash, or two discrete flashes),

Results:
) _ Magnetic links Processing of waveform data
Event' Manual Digitised
' A I - -
I(kA) | o(kA) | I(kA) | I(ka) ‘Q(C) j—ﬁ(p—k‘;‘) | T a’s)
761224/16 -53 +2 48 46 | 1,5 8 3, 7x10"

Event ...
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Event: 750227

Time of occurrence: 750227/19 - 18 h 55

Circumstances: This flash occurred during a severe convectlve squall-line type

storm, which was assoclated with a local ground flash density of 0,50 flashes
-2
km

All station instrumentation was in operation, but a widespread power
supply failure between 18 h 70 and 19 h 05 prevented the recording of any
current oscillograms. The magnetic link registrations confirmed the passage of
a current of negative polarity, while the recording spark-gap indicated a

complex dlscharge, probably of multiple stroke character.

Both remote framing cameras were in operation at the time of the Flash and
bi-directional photographs were therefore obtalned. (Figure 3A-9.) These

confirm a downward direction of progression.

Results:

Magnetic links Processing of waveform data
Event Manual | Digitised

R | o) | TN | Tm | oo | SR | rfaeals)
750227/19 -26 - %] - - - - -

General remarks:

Since bi-directional photographs were obtained, this flash was another candidate -

for computerised analysis of flash geometry and striking distance estimation -

as discussed further in Chapter 4.

Event ....,




Lynnwood Glen camers

FIGURE Z4-9

Murrayfisld camera
Flash No. 750227/19

FLASH TO THE MAST ON THE 27TH FEBRUARY 1375
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Event: 751102

Time of occurrence: 751102/21 - 18 h 55

Circumstances: Thls flash occurred during a short storm of the convective type.

The storm was generally mild, but the flash occurred during a short-lived period
of localised intense ground flash activity. (The regional ground flash density
over this 24 hour period was 0,46 flashes km_z‘)

All statlon 1nstrumencation was operational and a good quality osclllogram

of a single-stroke negative discharge was recorded.

The Lynnwood Glen framing camera was also in operation on this occasion and
a photograph of a downward branched discharge was obtained. This photograph
(Figure 3A-10) 1is comparatively unique in that 1t comprises a graphic example of

‘the phenomenon of "root-branching".

Results
Magnetic links Processing of waveform data
Event Manual Digitised
- . . L k4, 2, 2
I(kA) o(kA) | L(ks) 1(kA) | Q(C) dt us JLde(A°S)
751102/21 26 +5 =20 19| 0,8 24 8,4x10°

General remarks: This flash s of particulav interest in view of the Yoo t—
(50)

branched nature, and has been reported upon separately by the author

The role of leader branching effects in the striking process 1s discussed

further in Chapter 4.
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~ Event: 751114

Time of occurrence: 751114/22 - 16 h 40

Circumstances: This flash occurred at the end of a rapidly moving and active

squall-line type storm and, in fact, took place when all ground flash activity
in the area had already ceased. (The regional ground flash density recorded on

this occasion was 0,69 flashes kmdz.)

All station instrumentation was id operation and a negative three-stroke
set of current oscillograms was recorded. An excessively high trigger threshhold

resulted in loss of part of the initial wavefront.

Both remote framing cameras were also in operatlion and bi-directienal
photographs were Eherefore obtained. (Figure 3A~1lla.) These indicate an upward
direction of branching. This 1s confirmed by the recordings obtalned from the
CCTV video system, which was also in operation at this time, and which clearly
shows the development of the initial upward progressing leader. The full video
sequence is given diagrammatically in Figure 3A-11(b) and depicts some 8 channel
re-illuminations over a total flash duration of 900 ms. The recording oscilloscape
camera had an exposure period of only 400 ms on this occasien and thus current

oscillograms were only obtained for the first three strokes.

Results
‘ Magnetic links | Processing of waveform data

Event | Manual Digitised

- | ~ . dI kA, 2, 3

1(kA) o (kA) | T(ka) I(kA), Q(C) dt us SI7de(A™S)
751114/22/1 - - -8 -10 0,9 3,i 7,3x10°
751114/22/2 ~22 +3 -17 -16 0,9 22 9,0x103
751114/22/3 - - ~16 15| 0,8 29 7,0%10°

Event .....
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100 120 140 i60 ISO 200 ms
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| ] / / / / | /l / L | J
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FIGURE 3A—1I1 (b)
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Event: 760207

Time of occurrence: 760207/23 — 05 h 00

Circumstances: This flash occurred during a major early morning frontal storm

system. The associated ground flash density in the area over the period of

concern was 0,34 flashes km_z.

All station equipment was in operation and a current oscillogram was obtained.
This is of complex character (Figure 3A-12), but indicates a discharge of negative
polarity and suggests an off-scale magnitude. This 1s horne out by the magnetic

links, which were found to have been driven into saturation.

A power failure covering the sites of the two remote framing cameras, prevented
any photography of the flash and the CCTV video recording system {which was still
1n operation), was found to have been obscured by driving rain and the flash

geometry and direction of progression could not be discerned.

A possible interpretation of the current oscillogram 1s also shown in
Figure 3A-12 and is consistent with an extremely severe discharge - including a

possible upward leader step pulse-current of about 7 kA,

Results
Magnetic links Processing of waveform data
Event Manual Digitised
- o) . by | a2
I (ka) g{kA) | I{kA) I(ka) | Q(C) dtus JI dt(A"S)
760207/23 N . >100 ’ >9 >12 >9x10°

! I
T

General remarks

The above analysis of waveform parameters is based upon the interpretation of
the oscillogram shown in Figure 34-12 (excluding the "leader" component). This
interpretation must remain speculative, however, and therefore the above derived

parameters should be regarded wlth caution,

| KR .
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Event: 760928

Time of occurrence: 760928/24 — 05 h 24

Circumstances: This flash occurred toward the end of a weak frontal-type early

morning storm - during which ground flash activity was minimal, (The associated

-2
ground flash density was only 0,05 flashes km ".)

All station instrumentation was 1n operation on thils occasion, as well as
the Lynnwood Glen camera. However, no station trigger was registered, and the
magnetic links remained unmagnetised, although the recording spark-gap confirmed
the passage of a weak discharge. (The magnetic-link system equivalent sensitivity
is about 2 kA.)

The remote framing camera photograph (Figure 3A-13) deplcts a weakly 11luminated
discharge, together with a cloud flash in the background - which must have

occurred within the same exposure period (60 seconds).
Results: No results were obtained on this occasion.

General remarks: In view of the low amplitude of current (which must be presumed

to have been less than 2 kA), this flash is thought to have been a weak upward

discharge - probably triggered by the electrostatic field changes associated
with the nearby cloud flash.
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Flash No. 760928/24
FIGURE 3A~13 FLASH TO THE MAST ON THE 28TH SEPTEMBER

1976 (LYNNWOOD GLEN CAMERA)
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Event: 770222

Time of occurrence: 770222/25 - 17 h 153

Circumstances: Thils flash occurred early during a short-lived, but active

convective squall-line type storm. (The assoclated ground flash density was

0,06 flashes km_z.)

All station equipment was in operation and a good quality set of current

oscillegrams was obtained depicting a three-stroke negative discharge.

The Lynnwood Glen framing camera had also been activated and photographed
the flash successfully (Figure 3A-14), but, being partly obscured by rain, no

branching 1s discernible and the direction of progression is unknown.

On this occasion a slow sweep oscillogram was also obtailned and analysis of
the inter-stroke intervals resulted in values of 32 ms and 21 ms for the second

and third strokes respectively.

Results

Magnetic links _ Processing of waveform daté-'
Event Manual | Digitised
| - - - dL kATl
| T(kA) o(kA) | I(ka) T(ka) | Q(C) |- dt ys JITdt(A"S)
770222/25/1  -88 +14 | -87 83 | 3 20 >2x10°
770222/25/2 | - - | -s0 | 82 | 52 170 >1x10°
770222/25/3 - - ~14 -13 >0,3 27 >2x10"

General remarks

A faster sweep speed had been used on the high speed oscilloscope on this occasion
and as a consequence, although the wavefronts were well resolved, the wave
durations were not fully depicted and the resultant estimations of charge (Q)

: . 2
and Actlon integral (JI"dt) given above, represent minimum values only.

In view of the high current magnitudes obtained, this flash is presumed to
have been downward in character.
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Event: 770507

Time of occurrence: 770507/26 — unknown

Circumstances: This flash occurred during an unusual autumn storm of the

frontal type. This storm was short-lived and mild in character, being associated

with a ground flash density of only 0,02 flashes k2

The recording statlon had already been shut down for the winter recess, but
the magnetic links were still present on the mast. These remalned uomagnetised
however, indicating a current amplitude below 2 kA. The occurrence of a discharge
was confirmed by the recording spark-gaps, whose arc erosion was consistent with

a low intensity event.
The remote framing cameras were not in operation on this occasion.
Results: No results were obtained.

General remarks

Tn view of the nature of the storm and the presumed low current magnitude of the

discharge, this flash is thought to have been a weak upward discharge, or perhaps

an incomplete upward leader.

Event .,...
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Event: 771009

Time of 'occurreunce: 771009/27 - 03 h 20

Clrcumstances: This flash occurred during a short-lived, but wvery active early

morning storm. (The assoclated ground flash density was 0,32 flashes km_z.)

All station Instrumentatlon was 1n operation and a good quality single-

stroke negative current oscillogram was obtained.

Both remote framing cameras had previously been activated and bi-directional
photographs of the flash were successfully recorded. (Figure 3A-15(a).) These

depict a downward progressing discharge with unusually extensive branching.

The CCTV video system was also in operatlion on this occasion and 1ndlcates
clearly the probable interception of the downward and upward interconnecting
leaders (Figure 3A-15(b)).

Results:
‘ Magnetic links | Processing of waveform data
Event Manual Digitised
. . . 91 kA 2.2
1(ka) o(kA) | I(kA) I(kAa) Q(C) dt "us JI dt(A7S)
771009/27 83 | 14 | -87 87 | 15 12 6,8x10°
-

General remarks

As in the previous instances when bi-directional photographs were obtained,

these records were again subjected to computerised analysis of flash geometry -
as discussed in Chapter 4.



Murrayfield camera

Lynnwood Glen camera _
Flash No. 77100%/27

FIGURE Z4-15{a) FLASH T0O THE XAST OK THE GTH OCTOBER 1977
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Event: 780128

Times of occurrence: .780128/28 - 00 b 23
780128729 - 00 h 30

Circumstances: These two flashes occurred during a major and extenslve storm

which persisted for over 1l hours and was associated with a local ground flash

-2
density of 0,62 flashes km ,

All station instrumentation was in operation throughout the storm, with
only one trigger being noted, co-incident with Flash No. 29. (An enhanced
trigger sensitivity of 100 A was in use at this time.) The resultant oscillogram
is devold of any signal except a small positive pulse of current of about 500

A - which 1s barely discernible at the deflection sensitivity adopted.

‘Both remote framing cameras were also in operation on this occasion, but at
the times of the above two events the resultant bi-directional photographs
showed flashes to ground about 615 m and 950 m away from the mast, respectively.
In each case, however, weakly 1lluminated branches were apparent In the sky

immedlately above the mast.

These are seen in greater detail in the CCIV video tape recordings obtained
at the same times, as shown in Figure 3A-16. In the first instance, (Flash 28)
the approach of the downward branched leader element has apparently initiated an
upward leader from the mast, but the two leaders have falled to dntercept each
other. In the second instance, the interception of the downward branched element
has apparentlyrbeen completed but has not resulted in the passage of any substantilal

return stroke current — as evidenced by the weakly illuminated channel.

The passage of a small discharge current through the mast is confirmed by
the arc erosion caused on the recording spark-gaps and by a low degree of magnetisati

of the magnetic links - which indicate a nett negative peak current of about 3
kA.

Results: No further data were obtained on this occasion.

General remarks

It is presumed in the second instance (Flash 29) that passage of substantial
return-stroke current may have been inhibited by the approximately simultanecus
discharge of the main channel to ground some 950 m away. It is suspected however,-
that the recording oscilloscope may have triggered too early on this occasion

(due to thé sensitive setting), and thereby have missed the main pulée of current.
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Event: 781018

Time of occurrence: 781018/30 - 03 h 20

Clrcumstances:; This flash occurred toward the end of a major storm, during

which the assoclated ground flash density was 0,57 flashes km_z.

All equipment was In operation on this occasion, including the two remote
framing cameras, but although a trigger was recorded (at 100 A sensitivity), no
deflection was apparent on the resultant current oscillogram — which had a
vertical resolution of 1 500 A/mm. The magnetic links were alsoc not magnetised
above their threshhold sensitivity of 2 kA, but the recording spark-gap confirmed

the passage of a weak discharge.

The bi-directional photographs obtained from the two remote cameras (Flgure
34-17) depict a weakly illuminated upward branching flash, and a nearby bright
ground flash {s also evident in one photograph - implying 1ts occurrence within

the same exposure period (60 seconds).

Results: No results were obtained on this occasion.

General remarks: It is suspected that this upward flash, or incomplete upward
leader, may have been initiated by the electrostatic field changes asscclated

with the nearby ground flash,



Lynnwood Glen camera

FIGURE 34-17

Murrayfield camera

"lezh llo. 781018/30

FLASE TO THE MAST ON THE 18TH OCTOBER 1978

L~V



A-74

APPENDIX 4A: AN ANALYTICAL  APPROACH TO STRIKING DISTANCE RELATILONSHIPS

INTRODUCTION

(9)

This approach is based directly upon work originally initiated by Anderson
and subsequently extended by the author in collaboration with Anderson ~ as

3N (57
outlined elsewhere(5 ) ).

(9)

In 1971 , Anderson devised an analytical model of the negative downward
progressing leader - based upon fundamental electrostatic principles - and applied
this to a determination of the electrostatic field intensities at ground level
during the approach of such a leader, as well as to the influence of a protvuding
conductor in estimation of lightning striking distances. These were defined as
the distances between the corona sheath of the descending leader tips and earth
(or the structure), at the moment when an upward leader was initiated from the
earth (or structure). He also showed that these striking distances depended upon
the charge on the leader, its distribution, and upon the relative ilonisation in-
ception potential gradients in the intervening air gap. A fundamental aspect of
these analytical studies was the concept of a vertical ¢ylindrical leader model,

comprising a single charged line element - i.e. unbranched.

(69)

In a related analysis , Anderson has also shown that the electrostatic
field strength E‘.t at the top of a structure of length L and radius R, when placed
in a uniform field Eo’ may be calculated from a field intensification factor Ki’

which is given by the ratio of these two fields, viz:

Ki = Et/EO

K. Is in turn a function of the structure dimentional ratio , I/R, (for simple
cylindrical structures) - as shown in Figure 4A-1, where L and R are the structure

length and effective radius respectively.

Consider now the geometry shown in Figure 4A-2, which depicts the approach
of a model leader toward a plane earth (assumed conducting), and assume the
location of a cylindrical mast of height L and radius R at the point A. In terms

. L. . 53
of this geometry, it is readily shown( ) that the potential gradient in the
vicivity of the ground way be taken as uniform over the equivalent distance 7,
above the éarth (in the absence of the structure), provided thalg

Z>>1, and L=d

i

In this eventuality, assuming a linear distribution of the leader charge q, the

field strength E_ at the point A (in the absence of the structure) may be calculated
from (9){57),
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(h/d-z/d)

} h inh ™' (2/d)-sinh ' (h/d)) ... (4A-1)
a med? (h/d-z/d)? (1+(z/d)2)£ + sinh = (z/d)-sin

On the above basis therefore, the field strength E  at the tip of the mast

may be determined from

Et = Ki Ea

where K. is the relevant structure intensification factor.
i .

At the same time, (again assuming a linearly charged leader model), the field

strength E_ at the point B on the earth immediately below the descending leader
9)(57
may be expressed by( ) ):
Bom L (T2 0 n(2/I)) (4A-2)

b me(h-z)?

Defining E_ as the requisite leader ionisation inception gradient necessary for

: m
initiation of an upward leader from either the earth, or the structure tip (i.e.
assumed equal in both instances), it 1s evident that a stage in leader progression

could be attained when either the [ield Ea, or By condd execed Boand an apward

by
leader could develop from one, or the other locvations, Uhercby delermining Lhe

point of strike.

Define .also, z_, to be the value z when Eb = Em. In this case, however,
(9)

Anderson has shown that z is in fact equal to the corena radius arcound the
leader. Thus, in terms of the geometry given in Figure 4A—2,‘the criterion for
the flash to terminate c¢n the structure is that the upward leader from the mast
should traverse the distance (s—zm) to intercept the leader, before the leader

has advanced the distance (z—zm) toward the earth.

Defining upward and downward leader velocities as v, and Vo respectively,

this critericn reduces to:
(s—z v - D, et s e -
¢ Y € (z=z vy e (44-3)

On this basis therefore, for a particular leader channel height h and a specific
structure, the equation (4A-1) may be solved to define that volume of space in the
vicinity of the structure within which the above criterion is met; {as well as

the requisite leader charges q), i.e. the breakdown potential gradient is achieved.
at the structure tip before the leader corona radius meets the ground.

(53)(57)

In subsequent work » the author and his colleagues have applied these

concepts in several analyses of specific numerical examples.

The approach is illustrated now by application to the research mast situation.

WQTTMATTNN fa_37
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ESTIMATION OF STRIKING DISTANCES TO THE 60 m RESEARCH MAST

{a)

(b)

Field intensification factor Ki

The mast height is known; 1.e. L = 60 m.

(53)

The mast is of triangular section, and, in an earlier analysis , O

cylindrical equivalent radius req was calculated as req = 0,29 m.

Golde has subsequently pointed out(58)

however, that allowance should be
made for the development of a corona sheath arcund the mast tip. Accordingly
therefore, as is comonly the case in long spark work, the "ecritical corona

(70)

radius' concept may be introduced, whereby leader inception on electrodes
having dimensions smaller than a particular "critical radius”, may be
expressed in terms of corona inception on an electrode having the critical
radius. The latter is dependent upon the electrode geometry, but in large

gaps and for spherical electrodes an empirical expression has been determined
(70)
as

RC = 0,38 (1-exp(-D/5)) e h e e s en e e (4A-4)
where D is the gap length in m,

In very long gaps therefore, this reduces to RC = 0,38 m and this value
is assumed as the relevant effective radius of the research mast at the tip.

This yields an equivalent structure dimensional ratio L/f = 60/0 38 = 158.
Al A

Applying this value in Figure 4A-1, gives a field intemsification factor

for the mast,

K, = Et/Ea = 44,

Determination of corona-inception gradients and corona radius

Considerable data are available regarding corona inception gradients and
ithese are shown to vary depending upon the nature of the gap, electrode
geometry, and in some instances, on the rate of rise of voltage.

However, in a review on long gaps under switching impulse conditions,

(71)

Jones and Waters present surface gradients ranging between about 2,8 and

3,3 MV/m for an electrode equivalent radius of 0,38 m, with a mean value of
iabout 3,1 MV/m.

Introducing ..... /A-78
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-Introducing an air-density correction factor of 0,84 to allow for a
1 400 m altitude at bhe research mast site and an ambient temperature of 25°C,

‘'yields a corona inception gradient £ at the critical radius of 2,6 MV/m.

For ease of calculation, this is assumed to be the field strength
necessary for ionisation inception both at the mast tip and at the earth
below the leader. 1In the latter instance, the corona radius z around the

leader tip is derived from equation (LA-2), for the field E below the

leader, viz.:

E =E =2,6 MV/m = 9 —2 ¢ nlz, )} e, (4A-5)
b m 2 m/
Ne(h-z ) z h
m

As discussed in Appendix 1-A, downward leader breakdown processes are
known to initijate at altitudes over the range of 3 to about 9 kms, with
average channel lengths being about 5-6 kms, while the charge deposited on
the downward leader is found to vary between about 2 and 20 coulombs, with

an average value of 5 coulombs.

The above values therefore, define the relevant ranges of parameters
applicable to solution of equation (4A-3) and the resultant variations in
corona radius z oare shown graphically in Figure 4A-3. 'In his earlier

(9)

analysis of the leader model Anderson pointed out that the corona radius 2.

could also be approximated by the expression

) -1 |
z = q.(ﬂeEmh) ............ S (4A-6)

This expression has been evaluated for the above range of values of q
and h and the results are also plotted in Figure 4A-3 —.showing generally

good agreement with the values derived from solution of equation (4A-5).

(c) Determination of striking distances in the vicinity of the research mast

As noted earlier, equation (4A-1) defined the fiel& intensity Ea’ at a point
A on the ground, for a given position of the descending leader tip and
assuming a particular magnitude of charge q distributed linearly along a
line element model of the leader. In turn, assuming a uniform potential
gradient close to the ground, it was shown that the field intenstity Et at

the top of the mast could be expressed in terms of the field E , viz:
. a

where Ki 1s the field intemsification factor and, for the research mast ,

K. = 44,
1

fa ¥ al
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' Thus, defining the corona inception gradient Em = 2,6 MV/m, this
approach indicates rthat upward leader inception at the mast tip (i.e. over
the corona critical radius Rc)’ would occur when the descending leader has
approached sufficiently close to cause an equivalent field at the mast position;

E 2591 kV/m, 1.e. in the presence of the mast, Et = EaKi = 2,6 MV/m = Em

On the above basis therefore, adopting the parameters d and q in
equation (4A-1) as the dependent variables, this equation may be solved
iteratively, to yield the relevant heights z, of the leader tip when the

gradient Ea » 59,1 kV/m is attained at the mast equivalent position.

This process has been carried out over a range of values of q and d,
(assuming an average channel length h = 5 000 m)}, and the results are shown
in Figure 4.5 - where the dotted curves denote the loci of the relevant

positions of the charged leader tip.

The criterion for a flash to be intercepted by the mast was defined

by equation (4A-3), viz:
(S—Zm)/yu < (z—zm)vg

“where v, and v, are the velocities of the upward and downward leaders

respectively and s is the resultant striking distance.

On the trial assumption that Vo T Voo this criterion reduces to;

5 4

<
~and, from Figure 4A-2, s may be expressed as

s = {d2+(z-L)2}%

the above equality may be restated as

2L
For the research mast height L = 60 m, the points (z,d) solving this
equation trace out a parabolic "volume" above the research mast; which
defines the limits of compliance with the above criteria, i.e. the volume
within which the descending leader would be intercepted by the upward leader,
and the flash would terminate on the structure. This "volume" is also shown
in Figure 4.5, and the interceptions of the curve s = z with the various loci

of the requisite charges q, define the relationship between striking distance
s and charge q.
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The resultant values of striking distance, together with the
associdated values of corona radius z o are summarised in Table 4A-1

(for an average channel length h = 5 000 m).

TABLE 4A-1: ANALYTICALLY DERIVED VALUES OF STRIKING DISTANCE FOR THE
RESEARCH MAST

(For a leader channel length of 5 km)

Charge Corona | -Striking distance s (m)
q (c) radius
z (m) \
for K, = 1,0 | K, =1,2
1 2,8 a2 75
2 5,5 172 168
-3 8,3 262 260
4 1,1 355 353
5 13,8 441 , 441
6 16,6 555 555
7 19,4 612 612
8 22,2 694 694
9 © 24,9 775 775
10 27,7 854 854

These results indicate that for the case of the research mast (with its high
field intensification factor K, = 44), the corona radius zm.does not cxceed
47 of the striking distance s, and thus may be neglected in the criterion

expressed in equation (4A-4), which thus reduces to;

S/vu £ z/vg

Data on thé comparative magnitudes of downward and upward leader
velocities are comparatively scarce. Of particular relevance here are the
velocities of downward negatively charged leaders, together.wi;h those of
Tthe upward pbsitively charged leaders, and especially any possible relation
between these two parameters. In recent review studies, Allibone aund
:Dring(68)(72)~found values for the former varying between O,leO5 - 13x105

m/s, while positive upward leaders from masts were marginally slower, covering

the range 1,3x10° -~ 9,7x10° m/s.

This would imply that the earlier trial assumption of equality between

v, and vy is not grossly in error. However, in terms of this model approach,

the effect of any variations in the ratio VQ/VU can be quite significant.



(d)

A-82

In more general terms, definimng

KV‘= Vi/vu
the limiting criterion expressed in equations (4A-3) and (4A-7) may be

res;ated as;
2
d = {221 - 1.2 - 2%2(1 - '/KV )

For example, considering s vgl/vu = 1,2, (i.e. an upward leader velocity
some 20% slower than that of the downward leader), leads to a substantial
reduction in effective "collection volume" - assuming that all downward
leaders are effectively vertically oriented - as shown schematically in
Figure 4.5. The effect of the changed velocity ratio on striking distance

is comparatively small however, as shown by the results given in Table 4A-1.

Estimation of equivalent attractive range

The preceding analyses have demonstrated (for the assumption of a linearly
charged leader model), that with the approach of a given charged leader to
within a distance s of the mast-top, the field strength in the vicinity of
the mast equivalent corona sheath is sufficiently intensified to attain

the field intensity requisite for upward leader initiation.

Thereafter, the possibility of the flash being deflected to the mast
depends upon the interception of the downward continuing leader by the
upward progressing leader and thus, in turn, is dependent upon the respective
leader velocities - as shown by the two prospective "collection volumes"

given in Figure 4.5 for two values of the ratio K, = vﬁ/vu

In terms of this concept, vertically descending leaders traversing
paths outside these collection volumes will reach the ground before being
jintercepted by the upward leader developing frem the mast. Thus, for a
given charge magnitude q and velocity ratio K,» the cross—section through
this collection volume (when defined in plan-view), is equivalent to an
attractive area A, over which flashes bearing Lhat chafgc ¢ will "be

diverted to the mast; A may be stated as;

where ,..,, /A-83
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whefe Ra is an equivalent attractive radius for the charge q and velocity
ratio L Dependent upon the velocity ratio, this attractive radius may
be relatively insensitive to leader charge magnitude, as shown for example
in Figure 4.5, in which it is evident that the attractive radius is.

essentialy independent of charge values in excess of 2 coulombs,

The resultant values of attractive radius for the two ranges of
velocity ratio considered in the preceding analyses are summarised in

Table 4A-2, as functions of the associated charge magnitudes.

TABLE 4A-2: VARIATIONS 1IN EQUIVALENT ATTRACTIVE RADLIUS

Charge Attractive radius in m

K =1,0 K. o =1,2

v v
1 79 68
2 130 88
3 168 89
4 198 89
5 223 89
6 246 . 89

-7 265 89
8 283 89
9 300 89
10 316 89

Relationship with equivalent peak current amplitude

As previously noted, most practical applications of striking distance

relationships require expressicns of the form;
D, = K(I)b

b ; :
while the preceding analyses have related all derived parameters to the
leader charge q. For convenience therefore, a relation betwecen charge g

'and the associated peak current amplitude I would be preferred.

The earlier analyses of Berger's discharge current waveform data(]B)
as discussed in Chapter 3, have established that a significant correlation
is present between peak current and impulse charge for negative discharges,

and the relevant regression relation for negative first strokes is given
P (14)
as 3
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Accordingly, this relation may be used to relate the analytically derived
striking and interception distances (assumed to be half the striking
distance for Vp =V ) to peak current amplitude. The resultant curves
are shown in Figure 4 4 as (D )} and (D ) — (labelled 'Berger correlatlon ).

(58)

However, Golde has peinted out that the relevant charges are

those in the lower portion of the leader channel.

In fact, considering that return stroke velocities normally lie in the
range of 20 - 100 m/ps and that first stroke current waveforms have median
times to crest (as opposed to wavefront risetimes(18)) of about 10 - 20 s,
{as noted in Appendix 1A) leads to the conclusion that the charges in the
lower 200 — 2 000 m of the channel are principally involved in determining the
peak currents. For examplé, for an average linearly charged leader length
of 5 km, it is readily shown that about 36Z of the total leader charge would
be present in the lowest ! 000 m. The latter estimate accords well with

, (58)
Golde's proposal

that a peak current of about 25 kA should be associated
with a charge of only 1C - which implies a shift in the relation expressed

in equation {(4A~8), by a factor of about 3.

Accordingly, the mean measured values of striking and intcrception
distances are again depicted in Figure 4.6, together with modificd relations
between these distances and peak current whicli have been derived [rom Che
preceding analyses, but modified in terms of Golde's correlation between
charge and current — and a better measure of agreement is evident than was

present in Figure 4.4.

The modified relation between charge and current takes the form;
I = 29,4 QO’7

Applying this relation and fitting a power-curve expressioun through the
%esultant analytically derived values of striking distance as functions of

peak current, yields the striking distance relation;
i

D =06 1%
S

Similarly, assuming a velocity ration K, = 1,2, a relation for the
interception distance dI may be derived; wviz.
i

_ 1,46
DI = 0,27 1°



A-85

These then are the tweo relationms pletted through the measured data in

Figure 4.6.

In geﬁeral, although both curves appear to follow the trend of the
measured points, both curves also tend to lie below the measured data -
as shown by the power curve fit through the striking distance data -
which takes the form;

0,57

SM = 16,5 I

where SM are the measured values of striking distances.
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' APPENDIX 6 A A GENERALISED APPLICATION OF THE STRIKING DISTANCE MODEL

Fundamental relations

In Chapter 4 (together with its related Appendix 4A) a simplified analytical
model was presented whereby striking distances to the research mast could be
estimated, as well as their functional dependency upon prospective peak stroke
currents. A comparison of the predicted distances with the experimentally
determined estimates (for various values of peak current amplitude), suggested a

reasonable degree of agreement - to within about 207 - as depicted in Figure 4.6,

In this section therefore, an attempt is made to demonstrate a more general
application of this analytical model to an estimation of striking distances and

attractive radii over the range of practical engineering structure heights.
The following steps are embodied in the conceptualisation of the model:

(a) It is assumed that the structures concerned may be regarded as free-standing
and capable of approximate representation by cylindrical geometry; e.g.
broadcast antennae, lightning protective masts, tall chimney stacks, and
transmission line towers. (In the latter instance, the assumption is
considered valid in at least the two dimensions transverse to the line

itself.)

(b) Following on the examination of the effects of leader branching in 4.6, the
downward leader is represented by a vertically descending linearly charged
element 3 000 m in length. (Although channel lengths up to 7 000 m were in
fact studied, the above length was adopted, since it was consideréd that the

attaioment of prospective strike points upon the ground is principally

determined by the approach of one or more major leader branches - as. illustrated

earlier in Figure 4.10, for example.)

{c) In a manner similar to that followed in 4.5, the prospective stroke peak
current is considered on average to be related to the leader charge by
assuming Berger's experimentally determined correlation between peak current
cand impulse charge, but modified to take account of return stroke parameters.

' For simplicity, Golde's relation was taken as a guide, leading to the

following result,(SS)
I =25 QO’7

where I = prospective peak stroke current in kA
Q = leader charge in coulomb.
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In‘principle; as discussed in Chapter 4, the field enhancement at the

structure top is determined by the structure dimensional ratio (for cylindrical
typé geometries). In this instance, however, bearing in mind the practical
struétures envisaged in this study (such as transmission line towers, for
example), it is felt that allowance should also be made for the micro-

geometry at the structure extremities. This could prove excessively complex
and a useful engineering approximation is again available in the form of the
critical corona radius concept - as applied previously in Appendix 4A. In

this study therefore, it is assumed that the varying degrees of field

enhancement assoclated with varying structures and heights H may be

represented by considering equivalent structures, having theisume helghts “i
but having effective radii given by the critical corona radius Rc - as
expressed earlier in Appendix 4A. Although this assumption 1s critical to
this study (since the resultant striking distances and attractive radili are
directly proportional to these field enhancement factors), the impact is
reduced, since Figure 4A-1 shows that field enhancement factors are com—
paratively insensitive to moderate variations in structure dimensional ratio
(due to the ldgarithmic dependencies), and quite large errors in the assigned
values of effective radius can thus be tolerated. On this basis therefore,

field enhancement factors have been determined over the range of structure

heights of practical interest, as shown by the summarising curve in Figure
6A-1. '

Standard atmospheric conditions have again been assumed, and the criterion
for the initiation of an upward leader from a particular structure has
therefore been defined as the attainment of a critical field intensity of 3

6
x 107 V/m at the structure extremity (i.e. over the critlcal corona radius).

The above factors outline the basis of this model study. Thereafter, the

approach followed is identical to that presented in Appendix 4A - i.e. embodying

the estimation of the electrostatic field.intensities developed below the descending

charged leader and defining the termination of the stroke in terms of the initiation.

andisubsequent interception of an upward leader from a structure, with the

dowﬁward leader.

; Lterative routines were developed for carrying out these calculatlons over a

comparatively wide range of the various parameters involved and the resultant

programs were executed upon a Hewlett Packard 9825S desk computer system.
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The following parameters were examined:

(1) Leader channel lengths of 3 000 m, 5 000 m, and 7 000 m were studied,

although, as previously noted, the final solutions were based upon a 3 000

m leader "branch".

(i1) Structure heights over the range 10m, 30m 50m, 70 m, 90 m, 150 m, and
200 m.

(iii) Leader charges over the range s T e L 10 coulombs (i.e. equivalent‘

to currents up to about 125 kA).

(iv) Three values of the relative upward/downward leader approach velocity ratio

were considered, namely - 0,9, 1,0 and 1,1.

Typical examples of the results are shown diagrammatically in Figure 6A-2
(in this case illustrating a comparison between structure heights of 10 and 50
m) .

As in the previous analyses, striking distances to a structure (for a given
leader charge), were defined in terms of the distance of approach of the leader
at the point when the critical field of 3 x 106 V/m was attained at the structure
tip. It is readily seen from the examples in Figure 6A-2 that these distances

are essentially independent of the value of the velocity ratlo.

This is in contrast to the estimates of attractive radius - which were
again defined by the radius of the cross-sectional plan view of the collection

volume (for various values of leader charge).

In this manner, and applying the expression relating average leader charge
. o, '
and prospective peak current (I = 25Q 7), it was possible to generate curves
depicting the variations in striking distances and attractive radii, with-respect

to peak current and structure height - as given in Figures-6.1 and 6.2,

As already mentioned, the striking distance estimates were independent of
the choice of the velocity ratio paramete%. However, din considering the attractive
radius results, a velocity ratio of 1,0 was adopted, since then the resultant
tre&d of attractive radius with structure height showed best agreement with an
empirical relation derived earlier from a study of the average incidence of

flashes to tall structures(Zl). This relation (Ra = 16,31-10'61

) 1s also depicted
in Figure 6,2 and shows good agreement with the analytically derived trend of
attractlve radlus corresponding to an average current of about 45 kA. (Although
the median of the reference peak current amplitude distribution 1s about 34 ka,

being of log-normal form the average value is higher and is given by about 45
kA.)

Having ..... /A—-090
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Having arrived at these results, numerical least-squares techulques of
curve fitting were used to arrive at generallsed "best-fLt" expresslons relating
both striking distance and attractive radius, to peak curreant amplitude and

structure height. The resultant expressions are given below:
-3
: -2 1,41 = H x 10 7)
D = (0,4 + 2,10 x 10 7) I( ’

° 10'4
I0,64 H(0,66 + 21 x )

where DS = striking distance in m
R = attractive radius in m
a
and H = particular structure height in m

I relevant peak current amplitude of interest - in kA.

It should perhaps be re—emphasised that the above dependencies of both DS
and R upon peak current I, are in turn derived from Berger s experimentally
observed correlation between I and impulse charge Q( 4 (modified to take account
of the return stroke characteristics). Berger's data show counsiderable scatter
‘however, and the above relationships should therefore be considered as being

indicative of average trends only.

This point is examined further in the following sections.

The protective effects of tall structures

The above generalised expressions for striking distance DS and attractive radius
R , provide a ready means for examining the influence of structure height upon
the incidence of flashes to structures, and thus the degree to which tall structures

may protect the surrounding terrain.

For a given structure, the stochastic nature of lightning may be simulated
over periods equivalent to many years of thunderstorm activity,‘using Monte
Carlo techniques of numerical analysis(108). Figure 6A-3 shows an organisational
diagram of a program prepared by the authof, which was run upon an HP 9825S
system and which employs Monte Carlo techniques of numerical simulation, together
with the above relations for attractive radius, to study flash incidence in

structures of varying height.

2
An area of 6,25 km" was examined, with the structure of interest being
located at the central origin. For convenience, an annual ground flash density

-2 -1
of 10 km “yr = was adopted. Flash locations within this area were randomised

and their associated stroke parameters (i.e. peak current amplitude), were

randomly sampled from the CIGRE reference current amplitude diqtribution< 0)

For each flash, the possibility of a strike to the structure was evaluated from

a coqparison between the applicable attractive radius R, (as determined from the

abové relations), and the distance D to the randomised prospective stroke termination

point. 1In the event that Ra> D, the flash was considered to have struck the structur
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Alternatively, in the event_of a miss, the pbssibility that the stroke may have

struck the ground within the 45° cone of protection, was also examined, by determining
whether D <H. (The curves in Figure 6.2 clearly indicate that low current

discharges could be associated with attractive radii less than the related

structure heights.) Discharges meeting this criteria were termed "shielding

fallures" and their crest amplitudes and distances from the structure were also

noted.

In this way, by examining a sufficiently 1arge number of randomly selected
flashes, a large number of strikes to a structure could be simulated - as well as
a reasonable number of shielding failures. The reference criterion for the
termination of a simulation run on a particular structure, was defined by the
attainment of more than 200 strikes to that structure, although, in fact, runs
involving up to 500 strikes to a particular structure were included in the study.
Dependent upon the structure height (for the assumed ground ﬁlash density), this
necessitated simulation runs extending up to equivalent periods of analyses
between about 50 and 1 300 yeérs (for structure heights decreasing from 500 to 20

m respectively).

The results for a typical analysis are shown in Figure 6A-4 - in this case,
for a 200 m structure, (Although a rectangular co-ordinate system was used for
convenience in graphical representation, the resultant strike incidence to the
structure was per-—unitised in terms of the ground flash incidence over an equivaleht

circular area.having a radius of 1 250 m.)

The protective effect of the structure is clearly evident in this Figure, as
seen by the reduced incidence of flashes to the ground in the structure vicinity.
However, penetration of the 45° cone of protection by several flashes is also

evident - as shown by the location of their termination points within the dotted

locus given by r = H,

A summary of the results of this numerical study 1s given in Table 6A-1 for

the range of structure heights examined.

i

i

FIGURE 6A-4 ..... /A-93
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FIGURE 6A-4

SAMPLE PLOT FROM MONTE-CARLO SIMULATION STUDY
(2000 FLASHES)
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TABLE 6A—1: RESULTS OF MONTE CARLO STUDIES OF FLASHES TO TALL STRUCTURES

| SHIELDING FAILURES

‘ Tower

No. of flashes | No. of strikes
height studind H2 BEGHCRLE. gy (per | Maxlmum Critical
(m) 110 000 penetration | shielding
flashes) T (ka) angle (°)
. _ |
20 82 118 213 - - L -
50 20 422 211 - - | -
100 11 520 311 1 7 135
| 200 5 498 382 20 15 31
] 300 2 394 301 | 29 16 30
. |
400 3 0l4 501 .96 21 27
500 2 112 501 | 180 22 21
| i ; 3

(Note: The number of shielding failures have been normalised on the basis of
10 000 flashes within the area of interest. For an annual ground flash density
of 1 km_zyr-l, the resultant base rate is equivalent to about one shielding

failure per 2 000 years.)

In the cases of those structures that included shieldiﬁg failures, the
maximum currents IM that penetrated the 45° cone of protection have been noted.
In these instances also, the criticnl shielding anples ()c have been determlned
from relating the closest distance of approach of these flashes to the tower dc.

to the corresponding tower height H (i.e. OC = tan"l dc/H).

The resultant variations in maximum penetration current IM and critical
shielding angle Oc are shown graphically in Figure 6.3, tepether with a curve
depicting a dramatic increase in the incidence of shielding failures as

structure height increases.

‘ In terms of the assumed ground flash density, the relative incidence
of étrikes to structures and the related dependency upon structure helght -
(as given in Table 6A-1) - leads to an estimation of the equivalent average
attractive radlus, presented by: the structure - in a manner similar to that
applied elsewhere by the aathor in exqamining empirical data relatlng average
flash incidence to structure height(1h). The resultant comparison between
the empifically and numerically derived trends is given in Figure 6A-5, and a

reasonable degree of agreement is apparent.

i
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The effect of structure height upon the distribution of peak current
amplitudes

in the first section of this Appendix, attention was drawn to the considerable
scatter evident in Berger's experimentally observed correlation between

peak current amplitude I and impulse charge Q. Thus, although Berger's
analysis indicates that this correlation may be expressed by the general
relation;

I = kQO,?

where K has a mean value of about 10,6, the scatter in the data suggests

(14)

that values for the factor K could lie in the range between about 1 and 20

As a consequence, in examining the statistics of large samples (such
as those of the Monte Carlo studies), while it is considered sufficiently
accurate then to use the average correlation given by Berger's analysis,
when studying individual flash by flash behaviour (such as the characteristics
of individual strikes to structures) the author considers 1t necessary to take

account of the wide scatter in this correlation.

Accordingly, in the course of the Monte Carle simulations, a randomising
routine was incorporated into that section of the program which analysed
those flashes which were considered to strike the structure Being studied.
This routine randomly assigned values to the factor K in the correlation between
charge and peak current. The source distribution from which these values were
sampled was adjusted to cover the range of scatter present Iin Berger's

data(14)

and to yield average values of X in the range l0-11l. This then
provided the basis for the determination of the resultant peak currents discharged

into a particular structure, on the occasion of each strike to that structure.

As previously moted, sufficient flashes were studied in the course of
each simulation run to yield a meaningful sample of strikes to each structure -
thereby allowing the evaluation of the associated cumulative frequency
distributions of peak current amplitude, Having carriéd out these studies
over a wide range of structure heights, it was thus possible to examine the
effects of varying structure heights upon the resultant peak current

amplitude distributions,

Examples of these distributions for three different structure helghts are
shown in Figure 6.4 - together with the CIGRE reference distribution. Approximating
these numerically derived distributions by the log~normal form also allows an '

estimation of the relevant parameters of the distribution - as summarised
in the table below:

TABLE 6A-~2 ..... /A-0Q7
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TABLE 6A-2: EFFECTS OF STRUCTURE HEIGHT UPON THE DISTRIBUTION OF PEAK
CURRENT AMPLITUDE

Log—normal approximation
Structure No. of flashes
height (m) in sample Median Standard
(ka) deviation oglogl
20 213 30 0,83
50 211 34 0,62
100 311 33 0,68
200 382 33 Q, 64
300 301 i3 ¢,73
400 | 501 | 34 0,69
500 501 34 0,68

For the sample sizes studied, the variations in these parameters are
not statistically significant and these numerical analyses suggest therefore
that structure height has no substantial effect upon the distribution of

peak current amplitudes - subject to the assumptlons of the orlglnal model.
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APPENDIX 8A: LIGHTNING AND TALL STRUCTURES

As noted in the introductory review to this thesis (Chapter 1), the first
results emerging from this research project were presented in a paper which
was published by the author in June 1978. This paper also contained a
general review of the incidence and characteristics of flashes to tall
structures, and led to the expression of tentative conclusions regarding the
influenée of structure height upon the discharge process and upon certain

flash parameters.

Much of the material contained in this paper is of direct relevance to
the discussions of this thesis and in particular to the aspects examined in
- Chapters 4 and 6. This paper, and a further discussion thereof, were
itemised as references (16) and (21) of the Bibliography. In view of their
importance to the material of this thesis however, it was considered convenient

to include these two references in this appendix ~ as set out below:

(a) "Lightning and tall structures"

Trans. SAIEE, Vol. 69, pp 238-252, 1978.

(b) Reply to discussion on "Lightning and tall structures'

Trans. SAIEE, Vol. 70, pp 121-125, 1979.
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Lightning and tall structures’

A J Eriksson* Pr Eng, MSc (Eng) (Notal), MSAIEE

SYNOPSIS

This paper reports upon a programma for the measurement of lightning currents and striking distances on a 60 m research mast. The programme has been in progress in
South Africa for the past five years and the mast is sicuated in hilly terrain az an altitude of about | 400 m, ; A : g

Preliminary resules suggest a4 median currenc amplitude of 41 kA for the first negative downward strokes. lMcasurcd striking distances have ranged from 0-250 m, )

A review is made of data available from other Tegions of the world and it is concluded that she inceeasing incidence of upward flashes on tall structures with increasing
structire heighe is largely responsible for the increased annual incidence of flashes to tall structures \fxllh increasing height. ko is also cencluded _that. lh_c rcsul{ant current
amplitude distributions for all flashes measured in tali structures should show a downward trend with increased structure height, due to the increasing contribution of

rd flashes which statistically carry less current than downward flashes, ) L) ; [ ) i

ln’z‘:":nrxrz;r:,' to present theories involving the use of electrogeometric modeliing techniques, it is concluded thac a tentative median value for the peak current amplitude
of negative downward flashes to flat country is in the range of 40-50 kA and cthat this value shows little dependency with increasing structure height in the event of down-
ward strikes 1o structures, . L . . .

It s further suggested that present empirical relations between peak current amplitudes and striking distances may be erreneous and a new hypothesis iavolving a
spatially diffuse leader in the striking mechanism is introduced.

SINOPSIS

Die refcraac doen verslag oor 'n program vir die meet van woerligstrome en _trefafstande op 'n 60 rn-n:l\vnrsingsmas. wat reeds die afgekope_vy[jaar in Suid'-A_irik:\

plaasvind. Die mas is op 'n heuweleyke plek by | 400 m bo seevlak opgerig. Voorlopige resulzate dui op 'n gemiddelde siroomamplitude van 41 KA vir die eersie negatiewe
" alslae. Trefafstande het gewissel van 50 toc 250 m. . . 8 . ] . B

'n Oorsig word gegee oor gegewens wat uit ander wilreldstreke beskikbaar is en dzaruit word afgelei dat die toenemende voorkoms van opwaartse blitse op hog
strukture met 'n toenemende strukturele hoegre grotendeels veroorsaak dag die vo_orkoms van bIlrs_e na strukeure mec 'n to_engmende heogte, jaarliks toengem. D!g
gevoligtrekking word ook gemazk dat die gevoiglike stroomamplitude verspreidings vir alle blitse wat in ho strukture gemeet is, 'n afname behoort te toon namate die
hoogte toeneem weens die toenemende aantal opwaartse blirse wat statisties minder stroom dra as af('waarrse blitse, . ) . .

In teenseelling met bescaande teorieé wat elekirogeometriesemodel-tegnieke benut, word daar tot die gevolgirekking geraak dat ‘n tentatie've gemiddelde waarde vir
die spitsstroomarnplitude van negatiewe afblitse na plat plekke in die omgewing van 40-50 kA 18 en dat dié waarde min beinvleed word deur toenemende struktuurhoogte
in die geval van afblizse na die strukture. 1 » ! i L ; ;

Daar word verder voorgestel dat bestaande empiriese verhoudings tussen spitsstroomamplitudes en trefafscande {outiel mag wees en "n hipotese wat 'n verspreide leler
In die blitsmeganisme behels, word ingebring.

CONTENTS | Introduction

In many situations the raost important question facing
an electrical engineer concerned with lightning protection
problems, whether these relate to power transmission and
distribution systems, telecommunication installations or
to buildings and structures, is an adequate knowledge of
the engineering parameters of the lightning sround flash.
The most important of these parameters (apart from the
incidence of ground flashes in the area of concern), are
the peak ‘current amplitude (including its probability
4 Examination of data from other regions of the distribution) and the characteristics of the current wave-
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flashes _
4.4 Comparison with South African data

Over the past 80 years numerous workers have carried
out measurements of lightning currents using a varicty
of techniques, some simple and others more sophisti-

5 Discussion . v . cated, and involving measurements on a variety of

5.1 Regional variations in lightning

5.2 The distribution of peak current amplitudes during
flashes to the ground

5.3 Implications in relation to electrogeometrical
models and to striking distance considerations
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structures. Today, a considerable body of data has been
accumulated, much of which has been obtained from
magnetic links mounted on power transmission line
towers or tall chimneys, and several cumulative frequency
distributions of peak current amplitudes have been
published (e.g., Lewis and Foust®™, Anderson and
Jenner @),

The most comprehensive study of the current wave-
form characteristics of the lightning discharge is that
carried out by Berger in Switzerland®. Over a 2§-year
period of measurement, he accumulated oscillographic
recordings of current waveshapes during flashes to two
towers (one 70 m and the other 80 m high), on top of
Mount San Salvatore and situated some 650 m above
Lake Lugano. The study embraced records of over 1 600
flashes, of which about 84 per cent were upward in
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character, i.e., involved an upward leader breakdown
process (hat progressed uninterruptedly from tower top
towards the cloud.

In most electrical engineering situations, however, the
ground flash of most practical concern is that involving
a downward leader progression, as this type is most
commotly encountered in comparatively flat terrain, or
upon structures of modcrate height, say Jess than 100 m.
Berger's data have recently been subjected to detailed
analysis® and the resultant cumulative frequency
distribution curves for negative downward first and
subsequent stroke peak current amplitudes are shown
in Fig 1. The two distributions have wmedian current
amplitudes of 30 kA and 12 kA respectively.

Popolansky®) has included 186 first stroke records (of
both polarities) from Berger’s data for downward first
strokes, in a critical review of data available from
measurements in some eight countries, (comprising a
total of 618 current measurements), and has derived a
resultant ‘global’ cumulative frequency distribution of
current amplitudes. This distribution has a median
amplitude of 28 kA, as shown in Fig 2, and is currently
the most representative available for electrical engineer-
ing application.

In recent years several workers, including Ciano and
Pierce®, and Anderson(, have indicated the possi-
bility of regional variations in lightning parameters on a
global scale, (apart from variations merely in lightning
incidence), and attention has been drawn to differences
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between certain lighuidng parameters that have been
measured in various parts of the world.

At present, those aspects of South African electrical
engineering practice which relate to lightning are based
largely upon a knowledge of lightning parameters which
has been accumulated from measurements in the more
temperate northern regions of the world. In addition, the
more densely industrialised and developed areas of Soutly
Africa tend to coincide with regions experiencing a high
annual incidence of lightning.

Accordingly, in an attempt to characterise lightning
parameters in these areas more rigorously, and also to
determine to what extent lightning parameters locally
differ from conditiops measured elsewhere, the CSIR
initiated a research programme in 1972 which is con-
cerned primarily with the direct measurement of those
parameters of the lightning discharge that are of prime
importance to electrical engincers.

The purpose of this paper is to present the preliminary
results emerging from this rescarch programme and to
examine. these in relation to lightning observations in
several other regions of the world,

2 The measurement of lightning parameters

At present the South African programme includes the
following aspects:
(@) Direct measurement of the current waveform
characteristics of strokes during flashes to structures
— including current amplitudes, maximum rates of
rise, polarity, charge transfer, etc.
This phase of the programme is also concerned with
the development of indirect -techniques for such
measurements and includes a study of the features



of the high-speed electric field changes associated
with ground flashes. .

(b) A study of the striking process during discharges to
structures and the influence of structures upon this
process. An essential feature of this aspect is the
study and measurcment of lightning striking dis-
tances to structures and the relationship between
striking distance and Jightning peak cureent ampli-
tude.

(¢) A study of the incidence and characteristics of
multiple-stroke ground f{lashes.

(d) A study of regional variations in thunderstorm
electrical characteristics in various parts of South
Africa.

The latter two sections of the programme are less
directly related to lightning effects on tall structures, and
as such will not be discussed further in this paper but
have been reported on previously #).

2.1 The research station

A central- feature of the programme for recording
lightning current waveforms is an automated station
which, for logistic reasons, is situated on the CSIR
campus, some 10km cast of Pretoria. This station
comprises a 60 m tall mast and two adjacent huts that
house the associated automatic power supply and in-
strumentation systems. The station is located upon a

. rjdge about 80 m higher than the surrounding terrain,
which js undulating in character and situated at an
attitude of about 1 400 m above sea level.

The mast is built from triangular aluminium lattice
section (having a side of 450 mm) and is comparatively
unique in relation to lightning current measuring stations
elsewhere in the world, in that the mast is raised upon
insulators at the base and is supported by fully insulating
stays (Fig 3). In the event of a lightning flash, this
design has the double advantage that it confines the
lightning current to the body of the mast itsel( and allows
the current to be measured conveniently at the base of
the mast during its passage across the insulated base
section into the earth.

The situation of the mast and its height were chosen in
an attempt to exert 2 moderate attractive influence upon
nearby downward discharges, but it was hoped that this
bias would not be so extreme that a high incidence of
upward discharges would prevail — as has been the
experience at similar stations such as those on Mount
San Salvatore® or upon the Empire State Building®),
for example. The primary objective of the South African
programme was that the data should be representative
of, or applicable to practical electrical engineering
situations — i.e. those involving the more common
downward discharge, rather than the upward flash, the
latter being a relatively ‘unnatural’ phenomenon princi-
pally encountered with very high structures such as
television masts, or with structures situated upon
mountain tops.

The Pretoria area expcriences 2 mean annual Keraunic
level of about 70 thunderstorm days, and the average
recorded annual ground flash density in this region is
seven flashes per square kilometre. (The latter parameter
has been determined over a nine-year period in the course
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Fig 3 60 m research mast and instrumentation arrangements on the
insulated base.
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Fig 4 Instrumentation arrangements for the measurement of lightning
currcnts,

of an associated CSIR project!®) which involves the de-
velopment and use of lightning flash counters and light-
ning direction-finding techniques).

2.2 The measurement of lightning currents

All the instrumentation for this purpose is housed in
one of the two huts at the automated station, and is
interconnected in the manner shown schematically in
Fig 4. The instrumentation hut is built as a fully insulated
Faraday cage having only one conneclion to the site
earth electrode via a low-impedance insulated copper
strip.

The lightning currents entering the earth at the base of
the mast are measured using a gapped core pulse trans-
former. This unit has a wide signal-frequency bandwidtly
extending from 1 Hz to 10 MHz (3 db points), and a
sensitivity, when correctly terminated, of 1,25 V/kA. The
output signals from this pulse transformer arc routed
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through electrostatically and magnetically shielded cables
to the recording instrumentation in the adjacent hut,

This instrumentation, which operates automatically,
basically comprises a pair of high-speed oscilloscope and
-re(}oz*ding camera combinations, together with a con-
trolling clectronic trigger system. Magnetic links are
mounted on the mast itsell as a back-up measurement in
the event of 2 complete instrumentation failure. In order
to avoid power supply overvoltage surges, (which could
arise due to transient differential potentials in the earth
during the passage of lightning currents), the site power
is supplied via an insulated motor-alternator set. In
addition, the system includes a diesel generator set for
standby power supply during outages. The station, with
its associated instrumentation, is maintained in con-
tinuous automatic operation throughout the normal
Transvaal summer thunderstorm season, which usually
extends from September to April.

2.3 The measurement of lightning striking distances

This measurement is achieved photographically using
two automatic framing cameras that are deployed
approximately two and threec kilometres respectively
from the mast, and which view the mast from directions
approximately at right angles to each other. These
cameras, which ‘incorporate graticules, or reference
frames, in their fields of view, are run automatically
ducing thunderstorms and record short-duration time
exposures (typically of 15-60 s duration), of the terrain
and general expanse of sky in the vicinity of the mast.

In the event of a flash to or from the mast, two-
dimensional photographs. of the discharge path are
obtained simultaneously from the two cameras. These
photographs are subsequently digitised and processed,
using co-ordinate geometry and a specially developed
computer program, to yield a set of threc-dimensional
co-ordinates defining the shape of the channel during the
final stages of its progression in the vicinity of the mast.
In the case of the more common downward flash, a study
of this shape makes it possible to tentatively determine
the striking distance. This has been defined(V as (hat

distance from the mast tip which has been reached by
the downward progressing leader, at the instant when an
upwartd interconnecting leader is initiated from the mast.
It is assumed that at that instant the point ol strike
termination is determined. Implicit in this approach is
the concept of an intcrconnection, or interception point
between the upward and downward leaders, at a position
yemote from the mast tip. In analysing the geomctrics of
those flashes photographed striking the mast, (although
temporal resolution is absent), attempts are made (o
identily both the striking distance and this interconnee-
tion point from a study of the onentation of the dis-
charge path. : i

An additional photographic system, which is also
used for studying the striking process during flashes in
the vicinity of the mast, employs a television camera,
together with an automatic videco tape recorder. The
particular camera used incorporates a silicon-diode
vidicon, which has the advantage that it is victually burn-
proof and allows an enhanced sensitivity. The video
tape recorder may be played back frame by frame, which
makes it possible to study in detail, for example, the
temporal development of a multiple-stroke flash, subject
to a frame resolution of 20 ms.

Both the framing cameras, as well as the closed-
circuit television system, are controlled separately by an
automatic radio switching unit, and are operated
routinely during all thunderstorms in the vicinity of the
mast.

3 Preliminary results

This research programme was initiated in 1972, the
erection of the mast and research station being com-
pleted in September of that year. In November the top
balf of the mast collapsed during a severe storm owing
to delamination of several of the original insulating
supporting stays which were composed of an epoxy-
bonded fibre-glass rod material. All stays were sub-
sequently replaced by a nylon-based terylene fibre rope
material (having an alkathene sheath for ultra-violet
resistance), and the mast was recommissioned in May
1973. The recording station has been in continuous
operation since that time, but owing (o various opera-
tional problems, especially during the early development
phase of the intrumentation techniques, several flashes
have occurred during which no measurements were
recorded.

A list of all the observed flashes js given in Table 1,
while the salient features of these fiashes are summarised
in Table 2. A total of 25 flashes have occurred in the

*intervening five lightning seasons, giving a mean annual

incidence of five flashes per year; (5,5 flashes per year, if
expressed on a mast-month availability basis, to allow
for the period of mast mechanical repair during the
1972/73 season). '

Of these 25 flashes, 36 per cent occurred in the month
of November, the monthly flash incidence for the re-
maining seven months of the season being about 9 per

-cent. Over the period of observation, station and

instrumentation reliability has improved to the extent
that the annual success rate in terms of measured flashes
has increased from about 30 per cent in 1972/73 Lo over



Tabte |
Summary of lightning flashes to the research mast
Flash direction Peak Mcasurement
Date e | Polarity | No.of |Curreat|(otciltographic andf
\ \! v AM strokes | kA | or magaetic tink)
1972-14-29 | % - ! 30 Mag
¥972-11-29 | x - ! ! -
1973-9-29 X ? ! ? _
1973-3-29 ® ! ! ? -
1973-9-29 % ! 1 ! —_
1973-10-18 | x ¥ ! ! _
1973-(1-26 e - 4 53 Mag
1973-14.26 x - ? 2 -
(9731216 | % - | 10 Mag + Os¢
1974-1.4 N 3 36 Mag 4 Ose
1574-1-19 . i 50 Ose
1974-1-)18 «© - k] 8 Mag + Osc
(974-11-29 x ! ? 1 -~
1974-11-29 X H ! 14 —
1974-12-24 | % - 1 48 Mag + Osc
1974-12-25 X 4 14 ! —
1975-2-27 b - 2 24 Mag
1975112 x - | 20 Mag + Osc
1975-1(-14 7 - 3 16 Mag + O«
1976-2-7 x| - t >100 Mag = Osc
1976-9-28 X 4 - <2 Mag
1977222 % - k] 87 Mag + Osc
1977.5-7 X ? 1 <l Mag
1927-10-19 | x - | 87 Mag -} Osc
25 flashes 1n{217)3|)2 ]
Key )
X' — Downward-progressing leader
¥? — Suspected downward-progressing leader
2 — Unknown direction of progression
X — Upward-progressing leader
N9 — Suspected upward-progressing leader
. Table 2
Summarized features of the Bashes recorded on the research
mast
|
Totzl number ol flashes recorded (1972-1977) 25
Mean number of f\ashes per year 5
Number of Nashes on which current measurements were obtrined I5
Total number of strokes recorded doring the measared Nashes 22
Incidence of observed downward Qathes $1%,
incidence ol observed upward flazhes 20%,
Obterved ratio of downward/upward fNasthes 2.6:1
Observed incidence of negative flashes 0%,
Observed incidence of positive flashet 0
Median curreot {or fiest negative downward stroker 4) KA
Median corrent for all negative fashes 25 kA

95 per cent at the present.

From the available data, as indicated in Table 2, it
would appear that the majority of flashes to the research
mast have been of negative polarity and have pro-
gressed in the downward direction. This cbservation- is
encouraging since it suggests that one of the original
objectives of the programme is being met — viz, that the
influence of the mast as ar as distortion, or intensification
of the electrostatic field is concerned, is not so exireme
as (o result in a high incidence of the ‘unnatural’ upward
flashes (as discussed in 2.1). The above results are, for

example, in contrast to tbose obtained on Mount San
Salvatore® where the incidence of upward flashes was
about 84 per cent.

Figs 5(a) and (b) show examples of both downward
and upward progressing Nashes to the rescarch mast,
which were photographed with the framing camera
system described in 2.3,

3.1 Results of lightning current measurements

As shown in Tabies 1 and 2, cuyrenl measurements to
date have been made on a total of 15 flashes. An example
of the resultant oscillograms is given in Fig 6 — in this
case for a multiple-stroke flash. _ .

Of the 15 measured flashes, 11 correspond to a down-
ward direction of progression and the consequent
cumulative frequency distribution of peak curcent ampli-
tudes for negative first strokes is shown in Fig 7.
Historically it has become common praclicet” to
approximalte such current amplitude distributions by the
log-normal distribution. Cousequently Fig 7 shows a
regression line through the available data, the curve
being based upon a log-normal fit (ogether with 95 per
cent confidence intervals. This distribution displays a
median amplitude of 41 kA and a standard deviation
o(tn )= 0,71 (where I = peak current amplitude).
(For the available sample, the corcclation coeflicient for
this regression is given by r = 0,96, which has significance
at thie S per cent level). These resulls suggest a 10 per cent
probability ol obtaising currents in excess of 123 kA.

By way of contrast refecrence may again be made to
Figs I and 2 which show the cumulative distributions
produced by Berger®) for negative downward flashes,
together with that obtained for all flashes by
Popolansky®). These data ingdicate median and 10 per
cent levets of incidence of 30 kA and 64 kA respectively
in the case of Berger, and 28 kA and 82 kA respectively
for Popolansky.

As illustrated by the confidence limits in Fig 7, how-
ever, the South African data at present compnise a smail

sample and thus may be considered as jndicative of .

certain trends only.
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For completeness it should also be noted that the
median peak current amplitude for all negative flashes
to the research mast (ic., including both upward and
downward flashes) is 25 kA, (in contrast to the value of
41 kA obtained for downward flashes). At this stage it is
considered that the samples of subsequent stroke and
upward flash records are too small to permit separate
analyses. Similar comments apply, at present, (0 the
analysis of the waveform characteristics of the available
records, i.e, in respect of such parameters as front dura-
tion, rate of rise, stroke charge, stroke duration, ectc,
although all such parameters are being determined from
the data. It is interesting to note, however, that the
oscillogram given in Fig 6 displays a maximum rate of
rise of current on the wavefront of the second stroke, of
about 1,8 X 10" A/s. As far as the writer is aware, this
represents one of the severest records ever obtained.
Berger's data®, if extrapolated, suggests a probability
of occurrence of about | per cent for such a rate of rise.

3.2 Results of measurements of striking distance

The duval camera system described in 2.3 was
commissioned in October 1973 and operational problems
were again experienced, especially in the carly stages. Of
the 20 flashes that have occurred since October 1973
13 have been successfully photographed from at least one

direction, and four were photographed from both.

directions. Of the latter, three flashes were downward in
character and were thus candidates for geometrical
analysis of striking distance. (It may perhaps be noted
that the main operational problems involve the loss of
220 V supply at one or the other, or occasionally both,
of the two remote cameras during thunderstorms).

Figs 8(a) and (b) showan example of a recent flash
which was photographed from both directions, together
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with the resultant estimate of the striking distance as
derived from the_computerised analysis of flash geometry,
while Fig 9 shows the relationship between the three
available measurements of striking distance and the
peak currents associated with the flashes involved.
Following the experience gained in the three-dimensional
studies, it was also possible to identify tentative intercep-
tion points between the upward and downward leaders
fairly readily, even in most of the two-dimensional
photographs —in a manner similar to that adopted by
Golde (), The resultant striking distance estimates must
remain speculative, but are considered to be canservative.
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Fig 9 therefore also includes five estimates which have
been derived from geometrical study of unidirectional
photographs.

4 Examination of data from other regions of the
world

4.1 Introduction

In this section of the paper an attempt will be made
to view the above preliminary South African data against
a perspective of data available from various studies that
have been carried out in other regions of the world., A
further objective will be to consider general questions
relating to lightning and tall structures — with particular

- regard to the possible influence of tall structures upon
the amplitude distributions of lightning currents that may
be observed in such structures.

As a general comment it may be noted in much of the
discussion that follows that structure height has been
adopted as a variable parameter for analysis. In fact the
author considers this a gross (although largely unavoid-
able) simplification, since, as has been pointed out
clsewhere{!®, it is really the shape of the structure, or a
dimensional relationship such as its ‘slenderness ratio’,
that is the important consideration. In reality,. the

“influence of a structure upon the: lightning striking
mechanism is determined by the degree to which the
electrostatic field in the vicinity of a charged leader (or
in exlreme cases, the thundercloud field), is intensified
by the presence of tlie structure. This in turn is a function
of the shape of the structure rather than its height alone
and, as has been shown in the case of tall masts or
chimneys, the shape may be expressed in terms of the
ratio between the height of the structure and its equivalent
radius, H/RUY,

Previous measurement exercises elsewhere in the world
have not taken the latier considerations into account and
the writer has thus been forced to adopt height alone as
a base parameter for comparative analysis. There may
be some justification for this, since it is possible that most
practical structures may have slenderness ratios (i.e.,
values for H/R), of somewhat similar orders of magni-
tude, simply for structural reasons.

In certain instances, however, such as structures
situated on prominent mountains, the writer has found

it necessary to introduce the concept of ‘effective’ height.
For example, in the case of Berger’s masts (70-80 m
high) the resultant data in respect of flash incidence is
totally inconsistent with that of structures of similar
height. Clearly this is the consequence of the enhanced
field intensification at the mast’s top duc Lo the shape and
height of Mount San Salvatore. The latter, however,
although 650 m above Lake Lugano, is electrically not
equivalent to a tall ‘thin’ structure of similar height, and
instead the adoption of an intermediate ‘effective’ height
is considered reasonable, The data from this station
suggest a height of about 300-400 m and accordingly, a
value of 350 m has been assigned to this station. (A
similar concept and magnitude has been used .by
Pierce('*})

An additional problem encountered in attempting 1o
draw comparisons amongst measurements made in
various regions of the world lies in the fact that thunder-
storm parameters and lightning incidence vary consider-
ably throughout these regions. Accordingly, it is neces-
sary 1o seck a common basis for comparison. Regional
annual ground flash density would be the best parameter,
but since this has not yet been accucately determined in
many regions, a compromise is again inevitable. Not only
because most of the available data are from the more
temperate regions, but also in order to remain consistent
with certain other studies®), the writer has adopted a
keraunic level of 30 thunderstorm days as the basis for
lincar normalisation of the relevant data. '

It is recognised that the assumption of linearity
between ground flash density and the annual keraunic
level (although comparatively widely adopted (%)), may
be erroneous.

In a preliminary survey of the resulis reported from
54 recording stations within the South African national
lightning flash counter programme('®, the writer has
obtained the tentative result:

N, = 0,15(T5)*% km~2 yr-! (1

where ¥, = annuval ground flash density,
and Tp = annual number of thunderstorm days.

In the absence of further data therefore, the adoption
of a linear basis for normalisation was considered a
reasonable compromise.

4.2 The annual incidence of flashes to tall structures

The available data and source material are summarised
in Table 3. These data correspond to a total of over
3 000 flashes in a sample of some 10 000 structure-years

~and include structures ranging in height from 22 m to

over 340 m. The keraunic levels covered in the study
range from 10 to almost 60 thunderstorm days.

In anaiysing these data structure heights have been
grouped into intervals of I0m increments and the
mean flash incidence has been determined in each interval.
The results are shown in Fig 10, together with a least-
squares regression line which has been fitted to the data
for structures more than 60 m tall. {The correlation
coefficient for this regression, which is based upon 16
dala pairs, is given as r = 0,91).



The equation of this fine 1akes the form:

Np = 1,48 X 106 (H)28 )]
where N = annual number of flashes to a structure
H, = height of structure in m.

4.3 The relative incidence of upward and downward

flashes
The significance of the preceding observations becomes

"apparent when the relalive incidence of upward flashes
from tall structures is examined. In this regard, there are
considerably less data published than those used in the
analysis of flash incidence, but the available measured
results are summarised in Table 4.

These data have been plotted in Fig {1, together with
a least-squares regression line which takes the form:

P, = 68,2 tn (H,) — 315,5 (3)
Table 3
Incidence of ftashes to tall struccures
Regional Annual frequency ol
Structure keraunic recorded Hashes,
Source height in m level normalisedoa 7
TD {Note I) base of 30
Popohasky (') 25 25 0,10
35 - 0.08
45 " 0,10
55 “ 0.92
&5 i 0.5
75 . & 0.8
a5 " 022
95 " 0,20
1£S " 033
540 “ 44,00
#Moller Hillebrand('®) 28 10 0.16
s0 “ 0.8
65 - 0,35
107 - 0,38
107 " 2,24
170 - 224
370 " 256
Szpor et al(>?} 24 21 0.02
7 . 0.04
53 . 0,03
80 " 0.18
130 . 0.40
225 . 2,13
Beck — a3 summarised 24 k73 0,18
In Clano and Picrce (*) 31 0.0
31 " 0,26
60 “ 0.20
60 " 0.4¢
70 " 0,52
90 » 0.85
105 “ . 036
1o " 1,70
170 - 2.t0
340 » 35,00
McCann(¥9) 100 3. 23.00
Anderson and Jenaer(?) 20 54 003
Berger(®) {negative 350 56 31,00
Nashes only) {Note 2)

Note 1 Tn maay instances, the values quoled for .regional T are averages (or
mauny different structures distributed over one geographically similar area,

Note 2 A strucwre ‘effective’ height of 350 m has been assigned o lhis
mount(ain-lop station, as explained ia 4.1,

where P, is the relative percentage of vpward flashes.

These data, and the associated analysis, suggest hal
structures having heights below 100 m will not normulty
experience upward flashes, while structures having
heights greater than 450 m will virtually always display
upward flashes. By way of comparison, a (heoreticat
analysis by Horvath{'®) is also included in Fig I1.

As noted earlier in 4.1 it is not strictly correct o
generalise these observalions in terms of structure height
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flashes.
Table 4
The relative incidence of upwatrd flashes from tall steuctures
Reladve frequency of
Source Struceure heighe in m eccoreonce of vpward (lazhas
Pierce('9) 150 23,
200 50%
300 80%
400 914
McCann(’¢) 1o 8%
180 24%,
400 96%,
Berger(?) 350 m* 849/,
Gorin{2t ) S0 m 9290
Garbagnati(®) 300 m 98%,

Notes "An eflective height of 350m has again been assigned (0 Berge'’s
stalistics, (Scc 4.1).
*¢30 per cent of the flashes recorded in this siudy wece classified as ‘un-
ideniified’, The rclative incidence of upward flashes is bascd upon
analysis of only the identified datu,
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Fig 11
alone, since it is the shape of the structure and the
associated field intensification factor, which determine
the relative probability that upward flashes will be
initiated. This observation is borne out by the results
from Berger’s San Salvatore station, (84 per cent upward)
which physically is situated some 650 m above the
surrounding terrain (Lake Lugano). The data indicate,
however, that electrically this mountain-top situation is
equivalent to a tall ‘thin’ structure (such as those from
which the remaining data are derived), having an
effective height of about 350 ;n — thereby supporting the
earlier adoption of this value.

The results presented in 4.2 may be used, together with
the above analysis of the frequency of upward flashes, to
estimate the relative contribution of downward flashes
to the total annual incidence of flashes recorded in tal
structures.

From equations (2) and (3), one may derive the expres-
ston:

. a + b tn H,
Np = aH| [ — 100

where N = annual incidence of downward flashes to a
tall structure in an area experiencing a keraunic level of
30 thunderstorm days, and a, b, a*, b, are the correspond-
ing constants from equations (2) and (3) respectively.
Substituting for structure heights in the range 50 to
400 m in equation (4), the resultant calculated curve
relating strocture height to the annual incidence of down-

@

ward flashes is shown in Fig 12. This figure also includes

the curve of equation (2), which shows the total incidence

of all flashes to structures, as previously presented in 4.2.
Several points may be noted from the results of this

analysis. )

(a) The available data suggest that below about 50 m
the annual flash incidence is comparatively insensi-
tive to structure height, In general therefore, this
would jmply that the average attractive ranges of
such structures do not vary significantly with
structure heights below 50 m, but remain relatively
constant.

The writer considers it probable, however, that
this observation is merely an artefact of the data. The
final stages of the discharge process in the vicinity of
‘small’” structures and the influecnce of the structures
on the process, (i.e., the efficacy of shielding tech-
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niques), are complex, still requiring much clarifica-

tion and additional data.

In the range of structure heights between 50 m and

about 300 m, the predicted annual incidence of

downward flashes appears to be a linear function of

structure height. In fact this function takes the form:
Np = 1,42 x 102 (H,) — 0,68

)
over the range of heights concerned.
This analysis also suggests that if the hcight of a
structure is greater than about 350 m the number of
downward flashes tends to decrease. Although this
may be purely a fortuitous observation, reflecting
the inadequacy of the data from which equations (2)
and (3) were derived (as well as the use of height
alone as a parameter), this could also imply that in
such very tall structures the striking process is
becoming modified (possibly as a consequence of
space charge inhibition, for example), and the pro-
pensity of the structure towards intercepting down-
ward leaders is subsequently reduced. One observa-
tion which may be in support of this hypothesis is
the occasional termination of downward Jeaders on
the flanks of very tall thin structures (such as the
Ostankino®" mast for example), which suggests
some inhibitory mechanism at the tops of these
structures.

Another factor, which may also contribute to the
apparent decrease in downward flash incidence on
very tall structures, is the possible depletion of
charged areas of the cloud during upward flashes
from these structures, thereby inhibiting the initia-
tion of downward leaders. Even on those occasions
when downward leaders have commenced within
the cloud, it is possible that the additional field
enhancement at a structure top may lead to the
initiation of an vpward leader from the structure,
which in turn may subsequently intercept the down-
ward leader, still within the cloud.

There are insufficient data available to allow com-
parisonofthepredicted incidence of downward flashes
with ficld data. As an example, however, equation
(5) predicts an annual incidence of about 4,3 down-
ward flashes on a 350 m tall structure. Over an



eighteen-ycar period of observation, the mean in-
cidence of negative downward flashes observed by
Berger (when normalised to a keraunic level of 30)
is about 5,5 — which shows reasonable agreement.

4.4 Comparison with South African data

On the assumption that the majority of the unidentified
flashes recorded at the South African lightning station
were of the downward type, the data in Tables | and 2
indicate that the observed normalised annual flash
incidence on the research mast is about 2,1 (normalised
to a keraunic level of 30), and that the relative incidence
of upward flashes is 20 per cent.

Substituting these values into the relations expressed -

by equations (2) and (3), leads to corresponding
structure effective heights of 158 m and 138 m respec-
tively, t.e., a mean height of 148 m.

It is considered not uareasonable to apply the concept
of ‘effective’ height also in the case of the South African
research mast, even though in this case this suggests a
value in excess of the true siructure height. This mast is
unusually slender in relation to the majority of tail
structures from which the available data are derived. The
latler mostly involve tall chimneys or telecommunication
masts, and for practical reasons their slenderness ratios
(H/R) do not usually exceed 100, while the research mast
lias a slenderness ratio of 210. The work of Anderson
et al{ indicales that in a given uniform electrostatic
field the intensification at a structure top will be en-
hanced by a factor 1,6, for an increase in slenderncss
ratio over the range 100 to 210. In addition, the research
mast is situated upon a small hifl some 80 m above the
surrounding terrain, which would further enhance the
ficld intensification at the structure top.

Accordingly, in the analysis below, a structure effective
height of 148 m will be assiguned to the South Alrican
research mast.

4.5 The effect of structure height upon current ampli-
tude distributions

As in the preceding analysis, there appear to be scanty
published data available relating the results of feld
measurements of lightning current peak amplitudes to
structure height. In fact, many authors report current
measurements in structures having a variety of heights,
but combine these results in one general cumulative
distribution (for'example, (19). :

Popolansky®¥, however, in an analysis of 209 current
measurements in fall chimneys having various heights,
has presented preliminary data, and his results, together
with data from three other field measurement pro-
gramunes,aresummarisedinTable 5. (Thesedatainclude 14
measurements that have been recorded with magnetic
links on 120 m tall radio masts in South Africa and which
have been separately reporied on by the author®).

These results, together wilh a least-squares regression
line, are plotied on Fig 13 and suggest a decreasing trend
with increasing height. For comparison, the South
African research mast median of 25 kA for all negative
flashes is also plotted — assuming an efiective height of
148 m.

In the preceding sections, the relative incidence of
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Fig 13 Relationships between median currents for all flashes, together with
downward flashes only, as a function of structure height.

upward and downward flashes on tall structures has becn
discussed. It has been shown that the annual incidence ol
all flashes increases with increasing structure height and
that this increase is largely the result of the increasing
propensity toward upward flashes. Accordingly, in a set
of current amplitude data, such as those presented in
Table 5, which do not distinguish between upward and
downward events, it would seem reasonable to assume
that the resultant measured current amplitude distri-
butions would include the contributions of both upward
and downward flashes. On the basis of the previous
analysis, it Is suggested further that the relative
‘mixing ratios’ of downward and upward current ampli-
tude distributions in turn would vary with increasing
structure height, in accordance with the increasing
incidence of upward flashes.

The theoretical curve shown in Fig 13 (which is in-
cluded only as an example), illustrates this effect, being
based upon the mixture of an upward flash distribution
having an arbitrarily assigned median current of 5 kA,
with a downward distribution having a median of 35 kA
— the mixing ralio being delermined by the data relating
the incidence of upward flashes with increasing height —
as previously presented in Fig 11 and equation (3). As
might be expected from the respective median current
amplitudes, this mixture leads to a downward trend in
the resultant combined median current amplitude, with
increasing structure height.

Unfortunately, published data regarding the peak
current amplitude distributions of downward and upward
flashes separately are very sparse, since the majority of
field measurements have involved the use of magnetic
links. The available data for downward negative flashes,
which comprise only Berger’s measurements and the pre-
liminary results from the South African research mast,are
also plotted in Fig 13, together with a line indicating a
suggested trend. (The latter is, of course, onlyspeculative.)

The only comprehensive analysis of the parameters of
upward flashes is that recently prepared by Berger®9,
In the case of first upward strokes for negative flashes, he
obtained a median current of only 250 A. Of prime
importance here, however, is the threshold level of
measurement, which in Berger’s field stations was less
than 40 A. Golde 8 has pointed out-that over 50 per cent
of negative flashes initiated by upward leaders involve
only continuous-current discharges, which are not
jollowed by high-current impulses, and the peak current
amplitudes of which do not usually excecd several
hundred amperes. (By way of contrast, Garbagnati’s




Table 5
Current amplitude distribution as a function of structure
height
Mediin curreat amplitude
Source Structura h2ight inm in kA, lor all ncgative {lashes

Popolansky(**) 22-55 346

55-65 297

65-25 229

85-140 163

Anderson{’) 20 49,0

Haganguth et al{") 409 10.0

Eriksson(®) 120 243

data® from mountain-top measurements in Ttaly indi-
cate that for first strokes of negative upward flashes
the median current amplitude is 25 kA. However, the
threshold level for measurement was 3 kA and Berger’s
data suggest that 96 per cent of all upward flashes would
in fact be excluded from the Italian sample.)

In similar vein, the majority of magnetic link field

measurements of lightning current amplitudes involve-

threshold levels in the range of 1 to 2kA and as a
consequence, the resultant combined distributions of
upward and downward flashes would include drastically
truncaied distributions as far as the upward current
contributions are concerned. It is expected, bowever, that
owing to the increasing contribution of upward flashes
in the total sample, the resultant trend woujd remain the
same: i.e., a decrease in median current (for all flashes)
with increasing structure height.

Several concluding points arising out of the preceding

analysis may be noted, (which will be further discussed in
section 5):
(a) The data sample presented in Table 5 is small and,
as Golde has pointed out®®, may not be considered
adequate. However, the resultant trend toward a
decrease in median current for all flashes with in-
creasing height, (as shown in Fig 13), is at Jeast
consistent with the concept of a mixture of down-
ward and upward flashes having individually high
and low median-current amplitudes respectively, and
involving a mixing ratio which is determined by the
relative incidence of upward flashes.

(The previous remarks notwithstanding, it is
recognised that the trend in Popolansky’s data in
particular @ (as presented in Table 5), is not fully
consistent with the observation expressed 1n
Section 4.3, that structures having heights below
about 100 m will not normally experience upward
flashes. This conclusion may be a reflection upon
the data, but could equally reflect the inadequacy of
adopting structure height alone as a parameter for
comparative analysis.)

The available data with regard to downward
negative flashes alone, indicate median-current
amplitudes of the order of 30 to 40 kA for structure
heights in the range 150 to 350 m. This result may be
compared with a median value of 40 kA for all
flashes measured in a structure height of 20 m{ (for

(®

which it may be assumed that the contribution of
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upward flashes was negligible). This suggests little
height dependency as far as negative downward
flashes are concerned. (It should perhaps again be
‘emphasised that the preceding analyses of Sections
4.2 and 4.3 preclude the assignment of a structure
height of only 70 m to Berger’s San Salvatore field
station).

The data and the trends depicted are wholly in-
consistent with predictions of current amplitude
distributions based upon the application of clectro-
geometric modelling techmiques of analysis — such
as those of Sargent®?, which suggest an increase n
median-current amplitudes with increasing structure
height and a median-current amplitude to flat ground
of about 15 kA.

©

5 Discussion

5.1 Regional variations in lightning parameters

As mentioned in the Introduction, one of the principal
objectives of the South African research programue is to
determine to what extent the engineering parameters of
the lightning discharge, as measured locally, differ from
those measured i the more temperate regions of the
world, the most important parameter for consideration
being that of current amplitude. Bowever, as the pre-
ceding analysis in Section 4 has shown, the incidence and
character of lightning flashes is inflnenced to a con-
siderable degree by the dimensions of the structure upon
which lightping measurements are recorded. Therefore
these influences must be clarified and fully accounted for
before any regional comparisons may be attempted;
alternatively, the results of measurements from structures
displaying comparable geometries only, may be com-
pared.

At this stage, on the above basis, it is considered that
there are insufficient adequately resolved data available
from other regions of the world to permit eftective
regional comparisons with the South African measure-
ments. For example, the fact that the local median
current of 41 kA for first negative downward strokes is
higher than Popolansky’s global median of 28 kA, may
be interpreted as a tendency toward more intense dis-
charges locally. This conclusion is considered unjustified,
however, since Popolansky’s data, being based upon a
large variety of structures displaying a wide range of
heights (and gathered using several different measure-
ment techniques and various threshold levels) will
inevitably include both upward and downward flashes,
(as well as measured currents of both polarities), and

-their relative coniribution to these data is unknown.

Somewhat mere significance may possibly be ascribed
to the observed differences between the South African
and Swiss field stations in respect of median currents for
first negative downward strokes (41 kA and 30 kA
respectively). Again, however, duc 1o the differences in
the elfective beights of the structures and in the absence
of any further understanding of the influence of structure
height (or preferably dimensions) upon these current
distributions, it is felt that no significant interpretations
may be attributed to these differences. In addition,
although the South African preliminary median of 41 kA
for first negative downward strokes shows good agree-



ment with the Rhodesian median of 40 kA (all flash
data, of which 94 per cent were ncgative), the South
African sample of data is still too small, as evidenced by
the 95 per cent confidence limits shown in Fig 7, to atlow
meaningful comparisons to be made.

It must be concluded therefore that considerably more
data of an adequately resolved character must be
obtained, both Jocally and in other regions of the world,
before any significant conclusions may be drawn as to
regional variations in lightning peak current amplitudes.

5.2 The distribution of peak current amplitudes during

strokes to the ground

Several authors have derived predicted reference peak -
current amplitude distributions of lightning strokes to
flat ground from an analysis of measured distributions
in structures of specific height. These reference distribu-
tions then form the basis for design and performance
studies (usually involving Monte Carlo  techniques of
analysis) upon various transmission line geometries.
Contemporary values for the median amplitudes of these
reference current distributions lie in the range 13 to 18
kA GD, (38). (29)

However, as already noted in 4.5, the available data
in respect of measured peak current amplitude distribu-
tions totally contradict these predictions, and if extra-
pelated from structures having heights of only 20 m to
level ground, suggest a median value in the range 40 to
45 kA for first downward strokes.

The only data available regarding values of lightning
current during strikes to flat country are those presented
by Uman®®, which are derived from measurements of
electric field waveforms and the subsequent interpretation
of these in terms of a transmission line return stroke
model. Two sets of data are reported: the first set is
based upon an analysis of 98 strokes in 21 flashes within
a distance of 10 km, and a median current of 37 kA is
obtained. (The reported limits to this value, in terms of
the ranges of rcturn stroke velocities, are 30 to 50 kA).
The second set of data is derived from an analysis of 63
strokes in 18 more distant flashes, and a median current
of 12 kA is obtained. (The latter determination involves
an assumed value of return stroke velocity which, as
Uiman points out, could be subject to considerable error).

" It should be noted also that this analysis covers all

strokes within a flash and consequently it may be
expected that the resultant distributions will display
lower currents than would be obtained if first strokes
only were considered.

Accordingly, it would appear that these data are also
not in support of a low median current for strikes to flat
country and it must be concluded therefore, in the
absence of further data, that there is little justification
for the use of reference current amplitude distributions
having median values as low as those currently being
adopted. In lact, a value of the order of 40 kA [or first
downward strokes would appear to be indicated. '

5.3 Implications in relation to electrogeometric models
and to striking distance considerations

Geometrical studies of the problems of lightning pro-
tection have dated from Franklin’s original work — as
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reviewed recently by Golde®Y. The electrogecometric
technique of analysis®? has developed into a powerful
medium for theoretical study of the performance of
transmission line designs, and is now widely adopted.

As pointed out in 4.5, however, predictions of current
amplitudc distributions based upon the application of
electrogeometrical modelling techniques arc: not sup-
ported by the available data relating structure height and
peak current amplitudes.

An assumption which is fundamental to the clectro-
geometric technique of analysis is that of a functional
relationship between the prospective stroke peak current
amplitude and the associated striking distance, during a
flash to a particular structure. Such relationships normally
take the form®Gh:

R, = k(I)® (6)

where R, = striking distance
I = peak current amplitude
k, b are empirical constants, usually derived from
a study of the performance of existing transmis-
sion line designs.

A basic weakness in the application of this form of
relationship in many engineering studies is the absence
of any allowance for the influence of the structure itself
upon the striking process and upon the consequent
striking distauces. Anderson et al{'®) have pointed out
that the striking process is dependent upon the structure-
dimensional relationships.

More recently, Whitehead ®® has recognised this and
has introduced a modified form of functional relation-
ship:

R* = R, {1 + E; I exp (—R/H)} 0

where R;* = muodified striking distance to a structure of
height H;
E; = field intensification factor which takes into
account the structure slenderness ratio;
Ir = factor which relates the prospective stroke
current to the median of a reference current
amplitude distribution.

R, in this case 1s a reference striking distance to the
ground and is given by R, = 10.1065 ®)

It is considered that the above expression is a con-
siderable improvement upon equation (6). Flowever, in
confradiction of the data in 4.5, an inescapable conse-
quence of the application of this concept in an electro-
geometrical modelling approach is that there still should
be a tendency toward recording higher peak current
amplitudes in structures of increasing height.

In physical terms, a relationship between striking
distance and leader charge would be preferred, since, as
has been shown elsewhere (), it is the magnitude of the
charge on the leader (and the distribution of this charge),
together with the field intensification in the vicinity of a
structure, which determines the distance over which the
final stages of the lightning breakdown process take place.
The adoption of a relation between striking distance and



peak current is more convenient for engineering purposes
and rclies upon the observation from Berger’s datat®
that there is a good correlation between peak current
and impulse charge.

At this stage, reference should again be made to the
tentative resulis of the measurement of striking distance
to the research mast — as presented in Section 3.2 and
Fig 9. If all the data points are considered, a trend of
increasing striking distance with increasing current Is
" suggested. However, if only-those three points which
were obtained from full three-dimensional analyses are
examined, considerable scatter is evident.

By way of comparison, the curve for Whitchead’s
reference striking distance to ground®? is also included
in Fig 9 (equation (8)) and, if the data measured on the
rescarch mast may be considered to be meaningful, this
comparison would suggest that the influence of the mast
upon the striking distance is less pronounced than
consideration of the mast clectrostatic field intensifica-
tion factor would have indicated.

It is recognised that the mcasurement technique
adopted for the photographic estimation of striking
distances is subject to several possible major errors. For
example, as Golde has recently pointed out@h, the
influcnce of downwind plumes of space charge (not in
the sense of downward leader diversion, but purely as a
fortuitons interceptor providing a high conductivity
veturn path to the mast) is impossible to take into
account. In most instances, however, when examining
the geometry of flashes to the mast it has been possible
to distinguisk the path of the upward leader (usually
vertically oriented initially), an interconnecting element,
and a point of leader interception, or persistent pro-
gression toward an interception point. (It is considered
that the geometry displayed in Figs 8(a) and (b) is a good
example of this process).

In considering these tentative results, as well as the
previous data relating structure height and the median
values of the peak current amplitude distributions, the
postulate may be introduced that the assumption of a
strong functional relationship between striking distance
and peak current (or more accurately, impulse charge),
may in fact be erroneous. (Such a conclusion would be
necessary to account for the absence of a trend toward
increasing current amplitudes in structures of increasing
height).

In fact, the writer considers it possible that the present
common practice of simulating the leader as a single
geometrical element bearing all the prospective impulse
charge (distributed according to some functional re-
lationship with leader length), may be an over-
simplification of the physical situation. (Such a represen-
tation will always lead logically to a functional relation-
ship between striking distance and peak current).

In practice, as shown in time-resolved photography
and as frequently observed in the writer’s video record-
ings, the downward leader comprises both a macro- and
micro-structure of fine branches — usually all of com-
paratively similar luminosity. On the macro-scale, these
are distributed spatially over quite large volumes of the
space between cloud and ground (dimensions being in
the range 100 m to 5 km). A similar spatial distribution
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Fig 14 Example of a flash to the research mast which exhibits ‘reot-
branching'.

has been reported by Proctor from VHF spherics re-
cordingsG# . It is considered possible therefore that the
total leader charge is spatially distributed in a rather
diffuse fashion and that the final point of strike termi-
nation is more dependent upon the approach of one
leader branch (or group of branches) to a structure. It
is therefore suggested that on the micro-scale, in the
vicinity of a structure, the striking process still involves
the interception of downward and upward leaders, but
that the local electrostatic fields in the immediate vicinity
are dominated by. the magnitude and distribution of
charges in these nearby elements of the leader, rather than
by the total charges being lowered. The hypothesis of
such a mechanism 1s supported by the occurrence of
simultaneous root-branched flashes, which have been
.observed by several authors, and an example of which
is shown in Fig 1465

On the above basis therefore, it is suggested that there
may well still be a functional relationship between
striking distance and the integral eflect of thosc elements
of leader charge which enter the immediate proximity
of a structure. There should thus also be an influence of
the structure upon this striking process, owing to the
enhancement of the local ficld caused by the structure.
However, it may well be incorrect to assume a similar
functional relationship in terms of the peak current,
since this is more dependent upon the total macro-charge
lowered by the complete leader structure, than upon
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those micro-charges whose local spatial distribution
determines the point of strike.

In consequence therefore, such a hypothesis [JI'SC]iIdC\
‘the assumption of a functional relationship between
striking distance and prospective peak current. In furn,
application of the concept in an electrogcometric
modeiling approach would lead to a lack of dependency
of -any predicted current amplitude distributions upon
stiucture height. This tentative conclusion is thus in
support ol the observations expressed in 4.5.

5.4 Aspects related to lightning protection
Tn Scction 4.3, an expression was derived which

related the anticipated annual incidence of downward

strikes to the height of the structure concerned (over a
height range 50 to 300 m), viz: (equation (5));

Np = 1,42 x 102 (H,) — 0,68.

In many engincering applications and lightning-
protective installations it is common practice fo assume
a mean annual equivalent ‘collection area’ A, for the
structure involved. This implies that the annual inci-
dence of downward flashes iniercepted by the struciure
may be given by:

)

= annual ground flash density in the region

Np = AN,

where N,
ofmtelcst.

The daia presented in 4.3 were based upon a mean
annual keraunic level of 30 thunderstorm days and it is
necessary therefore to relate this level to an equivalent
ground flash density.

This question was previously examined in 4.1, where a
linear relationship was assumed and the writer reported
a tentative result for South African data; (Equation (1)).

I == 0,15 (Tp)"88km—2 yr-1

where 7, = annual number of thunderstorm days.

This indicates a value for N, = 3,0 km=2yr~! for a
keraunic level of 30.

Applying this value to equations (5) and (9), the
structure equivalent collective area -A may be expressed
as:

A =473 % 1073 (H;) — 2,3 X 10-% m? (10)

In this regard, the concept of an equivalent mean
protective radius R may also be introduced, ie.

A =ITR? (11

after substitution into equation (10); R may be expressed
as:

R =39 (H, — 48)} (12)
(for 50 < H, < 300)

For 20 << H, <2 50, it was found in 4.3 that the annual
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incidence of downward flashes was virtually independent
of structure height and was approximately 0,1 Nashes per
year. Thus, from equation (11), for an annual groung
flash density of 3,0 km=2 yr-!, this implies a minimuwm
equivalent protective radius for structures having heiglis
in this range:
Ry =103 m (13)

Expressions (12) and (13) for mean protective radius
may be combined and the results are shown in Fig 15 as
a function of structure height.

For comparison, this figure also shows the equivalent
protection afforded by the commonly adopted concept
of a 457 cone of shielding, as well as Golde’s proposal
that R ~ 2H®®_ The latter in particular shows reason-
able agreement with the empmcal results up to structure
heights of about 300 m.

It shouid be emphasised that the above empirical
approach is based upon data describing the mean
annual incidence of flashes to tall structures. As such,
any dependency of striking distance vwpon leader charge
variations is not taken into account. As an example,
Fig 15 also depicts the range of striking distances
estimated from the research mast records, for a
structure effective height of 148 m.

It should also be noted that the data in Fig 12 {upon
which this analysis is based) indicate a decreasing trend
in flash incidence above structure heights of about 300 m,
This would imply a similar decrease in protective radius,
as has been depicted in Fig 15,

As a general comment, although the adoption of height
as a parameter for analysis is considered inadequate,
the above discussion and empirical resuits do supgest
that the concept of a 45° cone of protection is acceptable
as far as the shielding afforded by isclated tall structures
is concerned — subject only to the possible short range
effects of weakly charged leaders.
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Fig |5 Relationship between protective radius and structure height,

6 Summarising remarks and conclusion

This paper has reported briefly upon the central
features ol a South African lightning parameter rescarch
programme and, following five years of obscrvation,
preliminary data have been presented in respect of peak



current amplitudes and striking distances. (Figs 7 and 9
respectively).

The South African data have been examined in relation
to results available from similar measurement pro-
grammes elsewhere in the world and several important
observations may be noted.

In particular, attention has been drawn to the influence
of structure dimensions upon the striking process and the
conscquent relationship between the incidence of light-
ning flashes and height of structure. The importance of
upward-progressing fashes has also been emphasised and
it is noted that these contribute largely to the increasing
incidence of flashes as structure height is increased (Fig
12).

Zklthough data are very sparse, it would appear that
the distribution of the current amplitudes of the first
strokes of negative downward-progressing flashes is
largely independent of the height of the structure, and,
contrary to present theoretical approaches, that the
adoption of a median value of the order of 40 to 45 kA
for flashes to flat country is indicated.

It 1s pointed out that the increasing contribution of
upward flashes to the total incidence of flashes in tall
structures should lead to a decrease in measured current
amplitudes (for ail fashes), with increasing structure
heiglit, and it is observed that preliminary data are in
support of this trend (Fig 13).

It is also suggested that the available data, although
very limited, are not at all in support of several funda-
mental aspects of the electrogeometric concept, including
in particular, the common assumption i a relationship
between striking distance and prospective peak current,
and a tentative physical mechanism involving a spatially
diffuse leader is postulated in explanation of this observa-
tion.

Clearly, however, it is recognised that much of the
preceding discussion is based upon an inadequate sample
of data and that in terms of the observed trends, the
resultant conclusions must needs be only speculative.

It is apparent that there is an unfortunate dearth of
adequately resolved lightning current data, both in
respect of flash direction and polarity, as well as in terms
of structure dimensions, and in view of the important
questions that have been raised in this preliminary
analysis it is essential that further data should be gathered
both locally and globally.
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Author's Replies

It is indeed gratifying Lo reccive, as well as a challenging
task to respond to, the thoughtful and comprehensive
comments that have been presented by the contributors

“to the discussion on this paper, and I am bighly

appreciative of their kind remarks and the extent and
scope of their contributions.

The first contribution, presented by Dr C F Boyce, is
indeed most welcome, since he has re-emphasised the
very real engineering motivations for active lightning
research in South Africa and has highlighted the unique
‘victim laboratory” nature of the Witwatersrand industrial
complex. Subject to the availability of resources, I
heartily endorse his comments on the possibility of ex-
tending the research work of this paper to additional
structures. The role of corona discharge and the influence
of local space charge (as discussed by Malan® and sub-
sequently examined by Golde ®) is certainly an important
and relatively unexplored area of research as far as tall
structures are concerned, and the prospects of studying
the behaviour of one or two local structures are currently
being investigated.

Severzl common areas of discussion present themselves
in the contributions prepared by Dr Anderson and Dr
Stringfellow and I propose therefore to respond to the
relevant aspects of both of these two discussions in Lhe
following section.

First, both Dr Anderson and Dr Stiingfellow have
rightly criticised my initial procedure of normalising the
global data on the assumption of a linear relationship
between ground flash density (V) and regional keraunic
level {T'p).

In the examination of this data, I recognised that this
assumptlion was a poor compromise, but considered it
unavoidable in the absence of reliable global data on
either regional ground flash densities or the dependency
of ground flash density upon keraunic level. The adoption
of linear normalisation was based upon well-established
precedents in many regions of the world, as shown in
Prentice’s analysis of the problem®; it is still, in fact,
employed in modern engincering practice by
Darvenizat®), amongst others. However, I concur com-
pletely with both Dr Anderson and Dr Stringfellow that
the correct basis of normalisation should be in terms of
ground flash density, and Dr Stringfellow is to be com-
mended for his elegant derivation of equivalent ground
flash densities and subsequent normalisation of my
global data,

In this context, subsequent to the preparation of the
original paper, an analysis has been carried out of the
first three years of data available from the national
survey of ground flash density®. This programme in-
volves the deployment of some 300 RSA 10 ground flash
counters around the country. In examining the data, it
was possible to correlate the local keraunic levels as
recorded by the various counter observers, with the
corresponding ground flash densities determined from
the counters’ registrations, over a three-year period of
analysis. The results are shown in Fig 1, together with a
power-curve fit through the data. A total of 120 observa-
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tions was available and the sample ranged from keraunic
levels of 3 to 110 thunderstorm days. The power curve
fit takes the form (correlation coefficient » = 0,82):

N, = 0,0237p%.3 (1)

and it is interesting to observe that the cxponent is less
than the value of 1,67 obtained by Popolansky — as
anticipated by Dr Anderson in his comments on
Popolansky’s analysis of the relationship between
CIGRE counter registrations and keraunic level, Thus,
although the continued usage of keraunic levels in
engineering studies 1s generally to be discouraged in
favour of the direct measurement of ground flash density,
it is suggested that the above relationship (being derived
from direct measurement) may offer a more realistic
basis for normalisation — in contrast to the many
empirical assumptions currently adopted. It is possible
that the range in storm incidence and intensity en-
countered across South Africa may not correspond to
that observed elsewhere in the world, but it is encouraging
to note that the power curve in equation (1) corresponds
well also with the trend indicated by the available global
data —as shown in Fig 2, which dcpicts the data
collated by Prentice® from many regions of the world.

For the sake of comparison, Fig 2 also shows the
commonly assumed linear relationship:

Ng == O,I TD

which was the basis for normalisation of the data in the
paper; it is clear, when compared with the new relation-
ship as expressed in equation (1), that crrors of the order
of 50 per cent may well be possible at the Jower end of the
scale.

Accordingly, in response to Dr Anderson and Dr
Stringfellow’s comments, 1 have reprocessed the global
data in Table 3 of the paper using the new relationship:
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N, = 0,023 T,"*

The resultant normalised data, showing annual flash
incidence as a function of structure height, is shown in
Fig 3, together with an exponential curve fitted through
the data using a least squares technique. This relationship
takes the form (for Ny == 1 km~2yr—1):

Ny = 0,041 exp (0,015 H)) ')

It may be noted that this reprocessing has removed
the discontinuity cvident in the original Fig 10 of the
paper — as remarked upon by Dr Stringtellow. For
further comparison, the polynomial relationship derived
by Dr Stringfeliow has also been drawn through the
reprocessed data shown in Fig 3 of this discussion, and
there is a general similarity betwcen the trend of the
exponential relationship in equation (2) and that of this
polynomial.

Having arrived at this modified relationship, I have
repeated the approach originally adepted in the paper and
followed by Dr Stringfellow in his discussion, and have
re-derived relationships for the incidence of downward
flashes as a function of structure height and for the
resuliani equivalenl attractive radius, namely:

Np = 8,33 x 107t H12 (for N, = 1 km~%r") 3)
and thus, |
R =106,3 H%® @

The resnltant modified dependency of attractive radius
on increasing structure height is shown in Fig 4, together
with the curve estimated by Dr Stringfellow.

It is interesting to observe that the modified curves
both still approach the general trend of the R =2H
relationship as noted in the paper, being therefore in
general agreement with the points made by Dr Anderson
in his discussion of this aspect.

1 agree with Dr Anderson that the apparent downturn
in the incidence of downward flashes, and thus in
attractive radius as structure height is increased, may be
an artefact of the data (or of some of the relationships
fitted to the data) and it is clear that more accurate data
will be required before this aspect can be clarified.

As a general comment on the above remarks, it should
however be noted that, although the relationships ex-
pressed in equations (1) to (4) are considered to be more
meaningful, being based upon an analysis of ground flash
density rather than the compromise approach originally
adopted in the paper, no attempts have been made to
determine the best-fit functions through the modified
data, since I still consider that the quality of the original
- data does not justify this level of treatment.

Dr Anderson also emphasised the probablistic nature
of flash incidence and, in response to his examples, [ have
applied the Poisson equation o an estimation of the
incidence of downward flashes to the research mast over
a S-year period of analysis, assuming a regional ground
flash density of 7kin~2yr=%. The resulting predicted
mcidence s shown in Fig 5 as a function of structure

MEW SA FiT

20|

08
0,6

ANNUAL GROUND FLASK DENSITY (km~™2)
N~

041
o (FRCHK PRLNTICE)

0.2k /

Eule g
&0 80 100 200

= 1
& 10 20 40
THUNDERSTCORM CAYS (Tg)

Fig 2 Relationship between keraunic level and' ground flash density —
global data.

attractive radius. It is seen that the observed S-year
incidence of downward flashes to the research mast is
best accounted for by a structure with an attractive
radius of about 320 m. Assuming that R & 2H, as
indicated by the results shown in Fig 4, the above
observation accords reasonably well with: the estimate of
an effective height of 148 m which was assigned to the

rescarch mast in section 4.4 of the paper. (In fact, by a

bappy coincidence, applying the modified relationships

of this discussion, the mean effective height of the

research mast increases to about 160 m.)

Two important points may therefore be noted:

(1) There is an overall consistency amongst these
observations, whatever approach is adopted, and
the general qualitative trends of the paper remain
unaitered. These indicate essentially that tall
isolated structures appear to display approximate
average attractive radii, R = 2K, as far as down-
ward flashes are concerned.

(2) The above remarks have no influence on the tentative
conclusions in the paper concerning the de-
pendencies of median current amplitudes upon
structure height or upon the proposed adoption of a
median amplitude of about 40 kA for negalive
downward flashes to flat country. {It should also be
noted that the research mast current amplitude data,
although consistent with the latter observations,
comprise too small a sample to be statistically
significant and are not essential for the substantia-
tion of these observations, which arise consistently
out of the limited data available from structures
elsewhere in the world.)
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In the remainder of his discussion Dr Anderson has
drawn attention to the lack of understanding of the final
stages of a flash to a structure and has itemised several
of the important factors which have to be taken into
account — with particular emphasis on the role of the
relative velocities of the downward and upward con-
necting leaders. 1 agree completely with his remarks in
this regard and believe that this is an important aspect
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of the problem — as emphasised recently also in the
work of Allibone and Dring(®).

While it is generally agreed that the final stages of a
downward fiash involve the interception of the downward
feader by a short upward rising connecting leader — in
the event of flashes both to the ground and to tall
structures (and involving upward leader lengths varying
over a range of 5-300 m) a comprehensive understanding
of this process must be capable of accounting for several
relatively paradoxical observations:

(a) On the one hand, the clectrogeometric concept
(which essentially relates the downward leader
striking distance to the leader charge) is apparently
successful in predicting shielding failures, or pene-
trations, within transmission line geometries with
dimensicns 1n the range of about 5-20 m;

On the other hand, evidence is available of the
initiation of upward leaders from structures, during
the approach of downward leaders, but which fail
to intercept these leaders, the ground flash u'timately
terminating elsewhere. An example recently re-
corded on the research mast, using the CCTV
system, is shown in Fig 6. Although of poor quality
due to the limited line resolution, this depicts the
approach of a downward leader to within about
300 m of the mast, together with the initiation of an
upward leader at least 60 m in extent, but the
associated still photographs from the remote cameras
indicate the final termination of this ground flash

(b)



at a point some 3 km away from the mast.

Apart from the influence of relative leader velocities, 1
therefore consider that the branched naturé of the
downward leader is an important feature of the process.
Attention should also be drawn to Proctor’s work®
which suggests that the downward leaders that emerge
from the clouds and ultimately lead to ground flashes
may merely be branches of an extensive and complex
process of inter-cloud breakdown. .

As far as the engipeering probleins of lightning
protection are concerned, 1 suspect that it may well
become necessary to represent the complexity of the final
stages of the process with a two-clement concept of
‘striking distance’. The first would relate to the macro-
scale or ‘blundcring’ approach of the branched down-
ward Jeader and to the general intensification of the
clectrostatic fields jn the vicinity of structures while the
second would involve the probability of approach and
the relative velocity of a branched element which may or
may not penetrate a particular shielding geometry.

For the interim, and in response to Mr Rapley’s
questions, in the absence of a better understanding of the
process, I suggest that there are several important
aspects which are not necessarily fully taken into account
in conventional protection practices.

(1) The role of the upward connecting leader should not
be neglected, and I consider that advantage can
accrue from the provision of preferentia! points of
Jeader initiation on prolection schemes in the form
of short vertical finials at strategic positions on the
air terminal system.

In complex geometries, such as those discussed by
Mr Rapley, the probabilistic nature of the process
should also be taken iuto account. An enginecring
approach which has been found useful employs the
Poisson equation; together with a striking distance
relationship such as that expressed by equation (8)
of the paper, and a known distribution of peak
current amplitudes to arrive at an estimate of the
probability of failure of a particular protection
arrangement. The final decision on that arrange-
ment should be based npon astudyoftherisk of failure
and the consequences of the penetration of a given
magnitude of current, and should also take cog-
nisance of the economies of the situation.

I hope that in this discussion I have taken note of most
of the points raised by the contributors and I should like
once more to express my appreciation of their very
pertinent and constructive contributions.

I record also my gratitude to the Council for
Scientific and Industrial Research, and to the Director
of the National Electrical Engineering Research Institute
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in particular, for the opportunity and permission to
publish these remarks.
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