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ABSTRACT

The -objectives of the report are firstly to survey and to colligate
information on the physical characteristics of lightning, and secondly
to show how this information can be used by an engineer concerned with

estimating the lightning sensitivity of equipment,

Data on lightning incidence are first examined. Expressions are
derived relating lightning incidence to the widely available monthly
thunderstorm-day statistic, to the diurnal variation of activity, and to
structure height, By using these expressions the number of lightning
strikes to be expected over any period of time can be estimated, on a
climatological basis, for a structure of known height lotated anywhere

in the world,

The physical parameters of lightning are then discussed; the pa-
rameters considered include--but are not limited to--peak current, time
to peak current, rate of current rise, magnitude and duration of con-
tinuing currents, total charge transfer, number of strokes, and time be-
tween strokes, Median values and statistical distributions for the
parameters are deduced; the statistics can usually be conveniently ex-

pressed in terms of a log-normal law.

Several models for lightning are derived and expressed in convenient
analytical forms, It is emphasized that caution in the derivation pro-
cess is necessary so as to obtain models that are both physically plausible
and internally self-consistent. Two types of models are identified--
basic models developed solely from the physical properties of lightning,
and applied models modified appropriately for use with equipment, the

lightning sensitivity of which is partially defined, Basic models are

iii




presented for typical and severe flashes; in the latter case the criterion
of the severity for a lightning parameter is taken as approximately the
two-percent point on the statistical distribution, An example of an

applied model is also given,

The main emphasis of the report is on the direct effects of flashes
to ground, However, discussions are also given of the physical charac-
teristics of intracloud discharges, and of the static and electromagnetic

fields generated by lightning,
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. I INTRODUCTION

Designers and users of engineering systems are often faced with
problems due to lightning. The objective of this report is to supply a
comprechensive survey of the puysical characteristics of lightning, and
to indicate to the cngineer--aware of the special sensitivities of his
particular system--how this information can be applied in minimizing
lightning hazards, The major emphasis of the report is on effects pro-~
duced in installations directly struck by discharges to ground. However,
some consideration is given to flashes that do not reach the earth (mainly
intracloud discharges). Also, estimates are provided of the fields--

electric and magnetic--radiated by close lightning.

The body of the report consists of three main sections, Firstly
(Section 11), an analysis is presented whereby lightning incidence at
any time of day and any month of the year can be assessed at any location
for which thunderstorm-day climatological data are available, Also, the
degree to which lightning incidence is modified by the presence of tall
structures is indicated, Lightning occurrence is a vital factor in de-
termining the economics of avoiding lightning hazards, Elaborate pro-
tective measures are obviously far more justifiable for high-lightning-
exposure areas such as Florida, than they are for flat deserts where
thunderstorms rarely occur., Even in low-exposure regions, however,
especially sensitive sites such as explosives factories and missile in-

stallations may require particular consideration,

A substantial part of the report (Section II1I) deals with the charac-
teristics of lightning flashes to ground, Statistical distributicns are
given for many of the parameters likely to create problems for the engi-

neer; median and extreme values are specified. The information presented
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is based on a critical survey of data available in the literature, and
in some instances this critical process has led to a partial rejection
of some previously accepted values, The degree of interconnection of
the parameters is discussed; this can be a very important point in the
assessment of lightning hazards, 1f, for example, the range of current
variation is narrowly limited, then there is a close connection between
the total charge passing and the time occupied by the discharge, 1If, on
the other hand, large current surges can occur that are of very short
duration compared with that of the flash, the interrelationship between

peak current and charge passing is very slight,

The remaining major section of the report (Section IV) demonstrates
how the data given can be applied to developing modcls representative of
average and severe lightning flashes, It is also shown how the lightning
sensitivity can be assessed for a specific engineering system installed
at a particular geographical location, The lightning incidence--with
appropriate modifications for structural considerations--is determined
for the particular location over the periods during which the system is
exposed; one aspect of the hazard is thus defined. The engineer must
himself determine to which lightning parameters his system is sensitive
and the relative degree of sensitivity to each parameter; this assessment
is often difficult, After the significant parameters have been identi-
fied, the statistical data on the lightning characteristics can be used
to determine the frequency of occurrence of values of the parameters to
which the equipment is sensitive, These values must be set by the engi-
neer familiar with the design of his equipment., The chances of the
selected values being achieved, combined with the information on lightning
incidence, make it possible to estimate the lightning sensitivity of the
installed system, If the system is influenced by only one parameter--
for example, the peak current--the estimate can be quite precise. IIf,

however, several parameters are involved, with differing associations

2




of system sensitivity and differing interconnections in the lightning
phenomenology, the estimate can be quite uncertain, It is almost self-
evident that the greater the number of parameters involved, the less the

precision of the estimate,




II THE CLIMATOLOGY OF LIGHTNING INCIDENCE

A, Flash Incidence

1, The Thunderstorm-Day Statistic and Its Meaning

The thunderstorm day is the¢ only parameter related to lightning
incidence for which worldwide data extending over many years are avail-
able. It is thus by far the best source of information on monthly,
seasonal, and annual variations of global thunderstorm and lightning
activity., Thunderstorm-day data have been tabulated by the World Meteoro-

*
logical Association®»® and also presented cartographically,.®~*

The thunderstorm-day parameter is normally defined as a local
calendar day on which thunder is heard, The parameter has the notable
deficiency that it does not contain any information on the intensity or
duration of the storm;" a calendar day is recorded as a thunderstorm day
irrespective of whether the number of close lightning flashes is one or

many,

Thunder is very rarely heard at distances exceeding 20 to 25 km
from the lightning channel,? s°=7 and because of various reasons, the
average practical limit of audibility seems to be about 15 km, One of
these reasons is acoustic refraction; Fleagle® has estimated that ac-
cording to the variovus atmospheric refractive circumstances normally en-

countered, the range of audibility of thunder lies between 5 and 25 Kkm,

* References are listed at the end of the report.




An audible range of 15 km implies that a thunderstorm day in-
volves the occurrence of at least one discharge within an area of about
700 kmz (n x 152) surrounding the observing station. This, however, is
not necessarily the area corresponding to the thunderstorm-day statistic,
since it is easily shown from simple analysis that, assuming uniform
lightning incidence and an audible range of 15 km, the average distance
of an audible flash from the observing station is only 10 km, Crichlow
et al.® consider that the area corresponding to a thunderstorm day is
1260 kmz; this figure seems likely to be an overestimate since it was
obtained by the two dubious assumptions of an audible range as high as

20 km, and the occurrence of discharges on every thunderstorm day at the

limit (20 km) of this range,

The mean area of a well-developed thunderstorm has been vari-
ously estimated® »*° as 300 km2 to 500 km2; this area, again, is not
nHecessarily the same as that involved in the thunderstorm-day statistic,
Brooks*! in an early treatment has estimated that the observation of a
thunderstorm day corresponds to a thundery area of 500 km2 in the vicinity
of the observing station; no information that has emerged subsequently

justifies any substantial modification of this number,

2. Rough Estimates of Flash Incidence per Thunderstorm Day

Crude assessments of the flash incidence on a thunderstorm day
are quite easily made., If A is the thundery area, D the storm duration,
and ¥ the average flashing rate, then the flash density per unit area in
the day is DF/A,

ye suggest that the average

Most observations of thunderstorms
rate of flashing in a thunderstorm cell is about three per minute (one
every 20 seconds) irrespective of locality, The lifetime of a single

cell is somewhat less than an hour, and during this time the flashing
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rate varies from less than one per minute to a maximum approaching ten
per minute, this maximum being attained fairly early in the lifetime of
the cell, Temperate thunderstorms usually include only one active cell,
but in tropical storms several cells are normally involved; they often
bccome active consecutively, Thus the average flashing rate may not be
grossly changed but the duration of the storm is more extended, Typi-
cally, single-cell storms last for about an hour,2 but the average dura-
tion of a tropical thunderstorm is some three hours,*? 1If we take A as

500 km , F as one every twenty seconds, and D as ranging from one to

' -4 -2 -1
three hours, the corresponding flash incidence is 10 km s , and the
flash densities assuming one storm per thunderstorm day are approximately

between 0,4 and 1,0 per square kilometer,

Various other estimates exist or may be derived for flash incidence

and flash densities, Golde*3 gives a global average of 0,16 flashes to
2

earth per km per thunderstorm day; since perhaps 20 percent of all dis-

charges go to ground the corresponding figure for all flashes is 0,8 per

2
km~, Both estimates*’ and measurements**® suggest that about 100 lightning

flashes occur each second over the whole world; with an average flashing

rate of three per minute this corresponds to 2000 active thunderstorms;

2 -4 -2 -1
it each storm has an area of 500 km the flash incidence is 10 km s

Aiya12 finds that Indian storms produce one discharge per km over a

duration of three hours; the corresponding flash incidence is approxi-

-2 -1 1B

-5
mately 9 X 10 km s , However, Horner, using various methods,

estimates that in tropical thundery areas the flash incidence is only

-5 -2 -1
10 km s

3. Relationships Between Flash Incidence and Thunderstorm-Day
Statistics

The increasing use of lightning-flash counters is enabling thé

connection between flash density and the thunderstorm-day parameter to

7




be much more precisely identified than has hitherto been possible,*®
Counters respond to a preset threshold value of lightning signal; this
value corresponds to an 'effective range' of the counter that can be de-
termined., Strong flashes originating beyond the effective range are
counted but are compensated for by the nonregistering of weak discharges
occurring within the effective range, Two designs of counters have been
extensively employed--the CCIR model, and the Pierce-Golde-ERA-CIGRE*

instrument.

It has often been assumed without any justification that flash
density per month or per annum is directly proportional to the number of
monthly, Tm’ or yearly, T , thunderstorm days. However, almost all

y

thorough studies of the available data indicate that in most circum-

stances, empirical relationships between flash density, ﬁm and :y,
2 2

approach a proportionality with Tm and T rather than with Tm and T .,

Vi y
IFor example, the flash density has been variously given in investip tions
1.74 1.5 1.v9 ¢t
T T .

17-1% as proportional to T » tn Y and
y

based on counter data

Two especially thorough analyses of lightning-flash-counter

18

data have been made. Pierce*®:2° from his analysis has developed the

empirical relationship

2 2 4
o0 =aT 4+ a T (1)
m m m

* These names are those--in chronological order--of the individuals and
organizations that have made major contributions to the design of this
counter, Descriptions of the counter are to be found in the litera-
ture under various combinations of these names,

s

The inclusion of more than two significant figures in the exponent is
certainly not justified, given the uncertainties of the basic data,
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where o is the monthly flash density (flashes km ), and the constant a
m
-2
has the value 3 X 10 , This relationship is plotted in Figure 1. Note

that for months of fairly high activity (Tm > 5) Om is approximately

100
I I I

-
[=]

THUNDERSTORM DAYS PER MONTH

i | | | |
1072 107! 1 10 102 103

FLASHES PER km2 PER MONTH LA-1834-1

FIGURE 1 RELATIONSHIP BETWEEN THUNDERSTORM DAYS PER MONTH
AND MONTHLY FLASH DENSITY

proportional to len. It also follows from Eq, (1), for most locations of
substantial activity, that Oy approaches a proportionality with an ex-
ponent of Ty that is not much less than 2, This is because at most
places thunderstorm activity tends to be concentrated in a few months of

the year. Also plotted on Figure 1 is the relationship

1
o =0,06T 8 (2)
m m
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This is based on an extensivr analysis by workers at Westinghouse.1
Over the practically important range of 2 < Tm < 10 there is not much

difference between Eqs, (1) and (2).

Equations (1) and (2) are quite consistent with most of the
approximate information of Section 1I-A-2, For example, if, following
Aiya,lp wve assume that a day of thundery activity in India produces one
discharge per kmz, it follows that during the months of the main thunder-
storm season-—Tm ~: 20--Aiya's results would indicate Gm¢% 20, Substi-
tuting Tm = 20 in Eq. (1) gives cm ~z 12 in reasonable agreement with Aiya,

However, ° = 12 agrees even better with the deduction of Horner®® that
m

at Singapore °© = 14 when T = 20,
m m

In the Appendix, Tm data are listed for eight selected U.S,.
stations, Values of ﬁm are calculated from Egs., (1) and (2), The cal-
culations are extended in the Appendix to annual values (Ty and :y) and
a comparison is made with Japanese and European data, All the results
are in fair agreement, but the Westinghouse work [Eq. (2)] yields lower
values of flash densities than do the other analyses, As a general guide,
Table 1 indicates the approximate correspondence between thunderstorm

days and flash densities.

B, The Duration of Thunderstorms

In some countries--notably those in Eastern Europe-~thundery ac-
tivity is reported in terms of the duration of thunderstorms, and the

thunderstorm-day parameter is not used, Popolansky and Laitinen'® h

ave
investigated the interconnections between storm durations and thunder-
storm days. From a further development and manipulation of their analysis

the approximate relationships

D =0.9T (3)
m
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Table 1

RELATIONSHIP BETWEEN THUNDERSTORM DAYS AND FLASH DENSITIES

Number of Flash Density Number of Flash Density
Thunderstorm per km2 Thundersiorm per km2
Days per Month per Month Days per Annum per Annum

| 2 0.2 10 1
| 5 1 25 4
10 3 50 10
15 6 80 30
20 10 100 50
and
- 0.3
D =0.9T (4)
y y

can he deduced, where D and D are the average duration (hours) of
m y
thundery activity in a thunderstorm day on monthly and annual bases,

respectively,

Table 2 lists some calculations from Eqs, (3) and (4). We note
that the results in Table 2 are in quite reasonable agreement with the
general conclusion that a thunderstorm day normally involves only one
active storm. However, in temperate regions of slight thundery activity
the duration of the storm is only about an hour,2 while in tropical re-

gions the duration approaches three hours,?

The results of Section 1I1I-A-3 show that flash incidence depends on
a power of the thunderstorm-day parameter that is almost always greater

than unity and usually approaches two. Comparison of Tables 1 and 2

11
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Table 2

RELATIONSHIP BETWEEN THUNDERSTORM DAYS AND DAILY DURATION OF
STORM ACTIVITY

Number of Average Duration per Number of Average Duration per
Thunderstorm | Thunderstorm Day of || Thunderstorm | Thunderstorm Day of
Days per Thundery Activity* Days per- Thundery Activity+
Month (hours) Year (hours)
2 1.2 10 1.8
5 1.7 25 2.4
10 2.3 50 2.9
15 2.7 80 3.3
20 3.0 100 3.6

* Monthly basis.

*  Ycarly basis.

suggests that this behavior is almost equally due to increased storm

duration and increased storm intensity in the more thundery regions.

C. Propori:on of Flashes Going to Ground

It is well known that the fraction of discharges in a thunderstorm
that reach the ground is extremely variable. There are changes even
within the course of a single storm, with a tendency for the central
mature phase of the storm to produce the greatest proportion of flashes
to ground. There are great differences between individual storms, and
the type of storm--whether frontal or air-mass (heat)--appears to have
some influence although the experimental evidence is conflicting.22°23

Also, the nature of the local topography is important; flashes to ground

are more common in mountainous regions than over flat land,® Finally,
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it scems well established that--on a cliratological basis--the proportion

of discharges to earth increases with increasing geographical latitude.®

It is plausible that the relative likelihoods of intracloud dis-
charges and flashes to earth are primarily controlled by the separation
of the charge centers in the thundercloud and by their altitudes relative
to ground. We may anticipate that the greater the height of the lower
(negative) main charge center, the less the proportion of discharges to
carth. The diff{erences between phases of a single thunderstorm and be-
tween individual storms are probably all partially attributable to the
charge-center distributions, and this in turn is influenced by the local

topography and by the la*itude.

Piercc® has represented the latitudinal variation by
2
p = 0.1]1 + (A/30) (5)

where p is the proportion of discharges that go to ground and )\ is the
geographical latitude in degrees, A more complicated relationship,

in A + 0.05
p= 005 e | ST D0 (6)

(Tm 4 3)1/2

is

has been given by the Westinghouse workers. Comparisons between Egs,

(5) and (6) are plotted in Figure 2,

D. Diurnal Variations

It is well established that for land stations the peak of thundery
activity usually occurs in the late afternoon and evening hours, while
the minimum is at about 0800 Local Mean Time (LMT). The diurnal cycle,

however, even at a specific locality, shows monthly and svasonal changes,
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There are also wide local variations, even within quite limited geo-
graphical areas, associated with differences in the influences generating
the storms; these influences include the relative importance of frontal
or air-mass (heat) effects, and the significance of local topography.

When heat and orographic effects are dominant the diurnal variation has

14



a marked peak in the local afternoon;>®:2® however, when frontal storms
are important the peak is much less pronounced and its time of occurrence

tends to be rather later.2®,2®

The differences in the character of storms produce some rather
gieneral systematic variations in the diurnal cycle. In temperate lati-
tudes there is substantial evidence that the amplitude of the cycle tends
to diminish, and the time of the maximum to become later, with a move
25 27

from continental interiors toward coastal fringes. The same trends

in amplitude and time-of-peak activity occur with decreasing geographic

latitude as the equator 1is approached,zE.ze

An especially thorough study of the diurnal variation has been made
by the Westinghouse group.18 Two curves derived from their data, for the
United States in July, are given in Figure 3(a). The composite curve for
the mountain states (Arizona, New Mexico, Colorado, Utah, Nevada, Utah,
Wyoming, and Montana) and the prairie states (Texas, Oklahoma, Kansas,
Nebraska, and the Dakotas) may be compared with that for the other parts
of the continental United States, The curve for the mountain and prairie
states is of larger amplitude and has an earlier maximum than the other
graph; this 1s consistent with the greater predominance of heat and oro-
graphic storms for the mountain and prairie region than for the rest of
the United States. Separation of the mountain and prairie sets of data
produces an even more extreme variation for the former area. The two
curves are for July; this is the time of year for the entire continental
United States at which the afternoon maximum is highest and occurs at
the earliest time. At other seasons the curves are flatter and the
maximum is displaced toward later times,

Also shown in Figure 3(a) is a curve due to Maxwell and Stone,?Z°

This is an average representation for several global land areas and has

been reproduced in other reports.2",3°
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Our knowledge of the diurnal variation over the oceans is somewhat
uncertain. The orientation of the present report is toward sensitivity
to lipghtning strikes, and for this purpose information on oceanic storms
is not normally of much practical significance. However, estimates of
oceanic storm activity are often of importance--for example, in the pre-
diction of atmospheric noise levels.*® Most previous researches®® ,2%,31,32
have considered that the diurnal change in thunderstorm activity over the
oceans is so slight that the variation can be ignored. Some data®® de-
rived by Solov'jev from sferics measurements over the North Atlantic, and
represented in Figure 3(b), support this viewpoint, However, the

2% now consider*® that

Westinghouse group, reversing their former opinion,
the diurnal variation over the oceans is very pronounced and approximately
in anti-phase to that over land [see Figure 3(b)]. They base their
opinion on a combination of theoretical meteorclogical arguments and six-
hour data obtained from the National Weather Records Center. The oceanic

. curve of Figure 3(b) is quite extreme; its amplitude is almecst identical

with that of the curve for the mountain and prairie states in Figure 3(a).

E. Influence of Structure Height

Flashes to ground are normally initiated by a leader streamer in the
thundercloud, The leader travels downward, distributing charge along its
channel in the process, the charge--usually negative--being drawn from
the cloud. As the charged leader approaches the ground, the field
strengths adjacent to the earth's surface increase and the field mor-
phology changes, under the influence of the charge on the downward-moving
leader. Ultimately the field distribution near ground level 1s suffi-
ciently severe for an upward-moving leader to be induced. It unites with

; . the original downward leader, and the instant of union represents;the

true commencement of the high-current lightning return-stroke,

17
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The length of the upward leader does not exceed a few meters for a

83  However, structures or other pro-

discharge to flat, open terrain,
tuberances from the earth's surface cause a field concentration at their
tips. Consequently, upward leaders are induced while the downward leader
is still some distance from the tip of the structure, and the length of
the upward leader can be as much as a few hundred meters before the two
leaders unite,®® It is interesting to note that as the height of the
structure increases, since the ultimate breakdown is primarily controlled
by the local field configuration between the tip of the structure and the
downward leader, the aptual altitude of the structure &xbove the ground
plane should become of iess significance, Statistical data exist to
support this conclusion.®* For very tall buildings, upward leaders are
sometimes initiated even before the charges in the thundercloud have
developed sufficiently for leader breakdown to take place within the
cloud; such incidents are usually described as triggered lightning. A
recent review by Pierce®® concludes that instances of triggered lightning g
are not common for structures of less than 150 m in height, but that as

the height increases above this threshold the proportion of the lightning

strikes that are triggered also increases and very rapidly.

For structures less than 100 m in height, and which do not there-
fore trigger lightning, the experimental evidence®® indicates that the
number of lightning strikes increases according to a power of h, the
structure height, that lies between one and two. This result is some-
what in conflict with the well-known concept of the ''cone of protection’
provided by a lightning conductor; this concept would suggest a strike
dependence on h2. The apparent discrepancy is mainly because the cone-
of-protection concept does not recognize the existence of upward leaders.
Also, even if upward leaders did not occur, the "attractive distance” of )
an elevated conductor is not necessarily identical with its protective

range, 38 i 7

18



¢

s

Several models of the charge distribution along a leader channel
exist, and by using these models various calculations related to the de-
velopment of upward leaders {rom the ground can be made .2’ For example,
given the height and general configuration of a building, its attractive
range can be deduced,3® However, great reliance should not be placed in
such calculations, The development of upward leaders is most critically
controlled by the charge distribution on the portion of the downcoming
leader channel that approaches closest to the ground. Because of effects
due to space charge, irregularities in leader velocity, and so on, the
charge distribution on this final part of the leader channel is not well
known, and is indeed probably very variable, Thus the models are most

deficient at their most crucial stage.

It is appropriate to point out that it is widely asserted that up-
ward leaders develop more easily if the succeeding stroke is to be of
high current, 1In other words the attractive range--and consequently
protective influence--of a lightning conductor increases with increasing

return-stroke current magnitudes, We do not believe this assertion is

proven., It is based on two assumptions, These, as given by Golde,““ are:

(1) "The electric gradient under a leader channel is a func-
tion of the charge on the leader channel,"

(2) "This [the charge on the leader channel] is proportional
to the amplitude of the current in the return stroke to

which it gives rise,'

Assumption (1) is unexceptionable, but we know of no evidence confirming
the proportionality suggested in Assumption (2), Indeed, there are
strong physical arguments against such a simple relationship, It is be-
lieved that the leader channel consists of a conducting arc core a few
centimeters in diameter surrounded by a sheath, several meters in extent,

8

of space charge generated by corona, Most of the leader charge resides

in this sheath., The return stroke follows the core in its rapid ascent,

19
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presumably immediately neutralizing only the charge on the core, and
carrying a current related primarily to this core charge. The total
charge (core ard sheath) deposited along ihe leader and responsible for
the induction of upward leaders is several coulombs, However, the churge
represented by the current-time product for the first few microseconds

of the return stroke (corresponding to an ascent of about a kilometer)

is only on the order of one-tenth of a coulomb, Thus any simple relation-
ship between total charge on the leader channel and return-stroke current

seems unlikely.

Pierce, from a combination of theory and empiricism, has deduced
expressions for the attractive area, Aa’ corresponding to a structure of
height h, The results of this work have only been briefly reported;~®
much of this research, which has been conducted under Contract NOOO1l4-
71-C-0106 for the Office of Naval Research, remains unpublished. The -

attractive range (radius), r , is given approximately in meters by
a
i} e 2\
r = 80/h {exp(-Ah) - exp(-Bh)} 4 400)1 - expfCh | (7a)

where h is also in meters., In Eq. (7a) the constants A, B, and C have
-2 -2 -4
the values, respectively, of 2 X 10 , 5§ X 10 , and 10 . The attrac-

tive area A of the structure is of course given by
a

2
A =r1r 0 (7b)
a

In the same analysis Pierce®

8 has considered the contribution to
the lightning hazard, for high structures, produced by triggered lightning,
This contribution can be included by multiplying Aa by the factor FT where
9 - 1500/h
" 2( /h)|

_
FT— ll { (8)
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The second term in the large brace represents the influence of triggered
lightning, It is negligible for h < 100 m, begins to become of some
significance at h o~ 150 m, and thereafter increases rapidly with in-
creasing h to attain a limiting value of about 500. Equation (8) has
both some theoretical and empirical justification, However, the available
data are limited to structures with h less than 400 m; accordingly, Eq.

(8) should be applied with some caution in the case of taller structures

and configurations,

Finally, it is informative to consider to what extent Egqs. (7) and
(8) agree with actual data, These data points (shown in Figure 4) were

derived from early results listed by Beck®® and some more recent supple~

mentary references,® The data are almost entirely for northern temperate
1
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latitudes. The points have been adjusted for the "effective' structure
height,* to a geographic latitude, A, of 42-degrees north, and to an
annual thunderstorm day level, Ty, of 32, With Ty = 32, Figure A-1 in

the Appendix indicates oy ~ 7, while from Eqs. (5) and (6) the proportioﬁ
of flashes to ground is approximately 0.3; it follows that the data points
on Figure 4 correspond to an unperturbed lightning-flash density Oyg of
approximately 2,1 discharges to earth per km2 per annum, The annual

number of discharges Nyh to a structure of height h is given by

(9)

N =0 AF
yh yg a T
where A and FT are defined by Eqs., (7) and (8). The curve shown on
a
Figure 4 is a plot of Ny vs., h, derived from Eq. (9) with o A 2.1;
yg

4

it is a reasonable fit to the data points,

K. Application of Climatological Data to a Hypothetical Case

As an illustration of how the climatological-information can be
applied we will consider the case of a tower 100 m high located at Grand
Forks, North Dakota., Suppose the lightning strike incidence has to be

assessed for

(1) The whole year
(2) The month of July

(3) Between 1530 and 1630 IMT on a day in July,

For all these three cases the attractive area of the tower remains the

2
same; from Eq., (7) we have rase 356 m and Aa ~ 0,398 km . For the factor

* In the case, for example, of towers at the summits of sharply peaked
mountains the effective height is substantially greater than the
actual height of the structure,
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FT, Eq. (8) gives FT ~ 1,02, showing that triggered lightning is of little
significance. However with its inclusion we have--in round numbers--an

2
effective attractive area of 0,4 km (~0.398 X 1,02),

The annual number of thunderstorm days Tt is 24 (see Appendix) and
with this value Oy is given by Figure A-1 as approximately 4 per km2 per
anngm. Alternatively, we may obtain Oy by summing the values of om for
cach month; the figures obtained respectively from the Pierce [Eq, (1)]
and Westinghouse [Eq., (2)] relationships are 4,4 and 3,2 (Table A-2),
Thus, 4 seems a reasonable approximate value to use for oy. Since the
latitude ) is 47°55' N, the proportion p of flashes to earth is given by
Eq. (3) as about 0,36; the more complicated relationship of Eq. (6)
yields--after appropriate analysis--p =~ 0,32, Taking p = 0,34, Gy = 4,
and an effective attractive area of 0.4 km2, gives an annual flash occur-
rence of about 0,5. Thus we may expect a lightning discharge to the

structure once every two years,

For the month of July, we have Tm = 6.4 and estimates of ”m as
approximately 1,3 (Pierce) and 1.0 (Westinghouse). Equation (6) gives
p = 0.26, as compared with 0,36 from Eg. (5). With Om =1,2, p=0,3,
and an effective attractive area of 0.4 kmz, the ground-flash incidence
is approximately 0,14. In other words, there is a one-in-seven chance
of the 100-m-tall tower being struck by lightning during the month of

July,

Figure 3(a) indicates that in July about nine percent of the thunder-
storm activity occurs in the hour centered around 1600 IMT, It follows

that the daily ground-discharge incidence within this hour is

(1/31)(0.14)(0,09) ~ 4 X 1074 .
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Thus if an engineer happened to be working on the 100-m tower for two
and a half hours between 1530 and 1630 ILMT in the month of July, he
would-~from climatological statistics--have a one-in-a-thousand chance
of being exposed to the hazards associated with a lightning flash to the

tower,
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III THE STATISTICAL CHARACTERISTICS OF FLASHES TO GROUND

A, General

As indicated in Section II-C, about one~fourth of all lightning
tlashes occur between the thundercloud and the ground. The duration of
the flash is typically a few tenths of a second. During this time inter-
val the lightning discharge has several distinct stages, An initial
leader phase is followed by the first return stroke, which is then usually
succeeded by further return strokes, The intervals between the return
strokes may include continuing currents or may be relatively quiescent,
After the last return sStroke a final-stage current sometimes flows to
carth in a continuing fashion., Figure 5 schematically illustrates these
processes and the corresponding currents flowing to the ground during the

flash,

Figure 5(a) illustrates the flash to ground as seen by an observer.
*
With time-resolved photography the various stages of the flash can be
separated as shown in Figure 5(b); the ground currents for these various

stages are represented in Figure 5(c).

During the initial phase of a lightning discharge, a downward-moving
leader, the front section of which often brightens intermittently in a
stepwise fashion, lowers charge"from the cloud toward the ground. The
average time occupied by this stépped leader stage is approximately 50
ms, During this time an ionized channel is formed by the charge being

drained from the cloud. A few coulombs of charge are deposited along

*  Summarices of the high-time-resolution photographic methods for lightning
studies are given in standard texts, 84042
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the channel, There is no charge transfer to earth and consequently no

channeled current flow between the cloud and ground.

When the leader makes contact with the ground--or more precisely
with an upward leader from the earth (Section I1I-E)=-~a violent current
surge known as the return stroke occurs, The current surge is associated
with a bright iuminous front moving upward at perhaps 108 m/s along the
channel formed by the stepped leader., The current usually reaches a
peak of approximately 20 kA within 1 or 2 s and decays to half its value
in about 40 s, Often the return stroke is followed by an intermediate
current of about 1 kA and lasting for a few milliseconds. There may be
only one return stroke in the flash, More often there are several return
strokes, It is believed that immediately after a return stroke, leader-
streamers from the top of the channel probe into the cloud. If one of
these probing leaders encounters a concentration of charge a rqpoil-
streamer occurs backward along the channel represented by the probing
leader and the decaying return stroke. These recoils have associated
luminous and electrical effects known as K changes, Usually the K re-
coil is insufficiently strong to reenergize the entire original channel
down to ground level, and does not therefore involve any charge transfer
to earth, Sometimes, however, very energetic K. recoils cover the entire
distance from cloud to ground along the channel still partly preionized
by the previous return stroke; these pafticularly energetic recoils are
termed dart leaders., A dart leader has a duration of approximately a
millisecond and deposits perhaps a coulomb of charge along the channel.t
When the dart leader makes contact with the ground, another return stroke

follows, These subsequent strokes have a peak current of about half that

* There is of course some diffuse current transfer by point-discharge
(corona) processes,

27



Wi

of the first stroke, The time to peak and time to half-value, however,

do not differ appreciably from those of the first stroke.

The average time between the strokes* or the return-stroke interval
is 50 to 60 ms, On occasion, the return-stroke interval includes a
continuing current of about 100 A and lasting for some 100 or 200 milli-
seconds as shown in Figure 35(c¢) after the second stroke. The dari-leader/
return-stroke combinations may be repeated until the last return stroke;
this is followed at times by a final-stage continuing current of about

100 A and lasting about 100 ms,.

The above discussion has briefly summarized the typical stages of
development for a lightning flash that transfers negative charge to
ground, Further details may be found in standard texts; that by Uman’

is especially recommended,

Discharges that carry positive charge to earth ('positive flashes'')
are not common, In the case of flashes to open ground, several investi-
gations indicate that something less than 10 percent involve the passage
of positive return-stroke currents,”»“?;“2 There is some evidence that
the proportion of positive flashes increases with the height of the
structure concerned, 7Thus, Berger and Vogelsanger44 find that about 15
percent of the discharges initiated by downward leaders to the towers on
Monte San Salvatore arc positive, while Davis and Standring,*" from a
study of flashes to tethered balloons, conclude that over a third of the

discharges they recorded involved the passage of positive current surges,

The most important respects in which positive flashes differ from

negative discharges is that positive flashes often involve protracted

* This is defined as the time between the start of a return stroke and
the start of the succeeding return stroke,
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leader and final stages, and rarely contain more than one stroke.??
Indeed, a positive first stroke is more likely to be succeeded by a
second negative stroke (thus making the discharge complex) than by a
second positive stroke, Positive discharges to ground probably occur
both from the upper positive charge in a thundercloud and from the lo-
calized positive center at the cloud base, The former kind of flash
would involve lengthy leader stages and substantial continuing currents;”®
the latter type would take place relatively easily to high structures,*

B, Mechanisms of Charge Transfer by a Flash to Earth

As mentioned above, charge is transferred to earth during the return-
stroke, the intermediate, and the continuing-current stages of a flash,
This subsection reviews and discusses the measured characteristics of
these stages., The leader stages are not considered since they involve

no charge transfer to earth, For a summary of the leader characteristics,

see Uman.®
1. Return Strokes
a, Current

There is a considerable amount of information on the peak
currents flowing in return strokes, with typical currents of 20 kA being
observed, However, there are relatively few data at the high end of the
statistical amplitude distribution where the statistics of the extremes
are sparse, The general statistics obtained by several investigators and
outlined, for example, in Uman® indicate that perhaps five percent or
less of the return strokes have currents exceeding 70 kA, Szpor47 on the
other hand, somewhat in opposition to the consensus viewpoint, has

measured peak currents of 250 kA, and suggests that currents excecd ~150

kA in five percent of cases and exceed 200 kA for one percent of the

-
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strokes, Szpor contends that the usual quoted statistics (as summarized
in Uman) are significantly low as a result of errors in instrumentation
techniques and in the methods used to account for the distribution of
currents within the objects struck by lightning, It should be noted

that a large portion of the measurements have been obtained on tall metal
towers as used for transmission lines, or on high-rise buildings such as
the Empire State Building. On applying corrections to these measurements,
Szpor has shown that the corrections tend to increase the deduced cur-
rents, su that the corrected results are in good agreement with Szpor's

-

own data.

In an extensive Japanese investigation, limited, however,
to currents exceeding 10 kA, Tsurumi et al,%® have measured peak currents
of 100 kA with frequencies of occurrence between five and ten percent,
These results are intermediate between those of Szpor and the general
8

consensus,

® has recently perfected the technique of deducing

Uman®
lightning~current characteristics from observations of the electric and
magnetic fields radiated from close discharges., This approach, originated
by Norinder,so has the great advantage that the flashes bheing investigated

are characteristic of discharges to open ground, and do not therefore

possess the abnormalities associated with flashes to tall structures.

Uman's data®® "' suggest that currents of between 80 to 120 kA ocuur for
R

five percent of strokes, These measurements are in ﬁqrtial agreement

.with Szpor's results, The significance of the recent work is that the
!

~
frequency of occurrence of the peak currents is higher than had previously

heen believed., The results of some of these measurements are presented in

Figure 6,

There is substantial direct--and some indirect--evidence

that the currents in subsequent return strokes are, on the average, only
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about halif that of the first stroke. Some actual data due to Berger ®

for first- and subsequent-stroke currents are compared in Figure 6; it
can be scen that the latter currents are perhaps 50 percent of the former,
Measurements of parameters, ihdirectly related to peak currents, such as
radiated magnetic fields,®® intensity of luminosity,*® and charge transfer
per stroke,”% all indicate that the subsequent stroke effects are one-half

or less of those due to the first stroke,

Positive currents should be mentioned principally because
ot the widely held misconception that the current in positive strokes is
"usually of very high value,'™ This misconception may be traced to a
misleading emphasis in some of Berger's papers on positive ''current-
giants,”™ ?»°7 If all Berger's data (Refs. 44, 53, 56-59, and elsewhere)
for positive currents are examined, there is an apparent separation into
a large number of quite small currents and a few instances of high cur-
rents. This dual distribution was identified for discharges to balloons
by Davis and Standring.45 They suggested that the high-current strokes
occurred between the balloon and the concentrated small positive charge
at the cloud base; the proximity of the two termination points of the
discharge--and consequently the low channel resistance--produced the high

current, This interpretation still seems plausible,

We have already noted (Section III-A) that tall structures
experience more positive flashes thanldoes open ground, Also, the indi-
cations--as discussed above--are that the taller the structure, the
greater the likelihood of high-current positive é%rokes, Thus, measure-
ments such as those of Berger obtained effectively on tall structures
are likely to be especially misleading as regards positive flashes, Even,
however, if the data*®,°3,5675% are taken at face value, the proportion

of positive strokes giving peak currents exceeding 50 kA is only a few

percent, and is indeed somewhat less than the corresponding proportion
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for negative strokes, Less than 10 percent of all flashes to open ground
are positive, and while negative discharges are usually multiple, con-

taining several return strokes, positive flashes are normally one-stroke
affairs, Thus it seems quite an unnecessary refinement to consider posi-

tive strokes separately,.

b. Time to Peak Current and Rate of Current Rise

The time to peak current and the rate of current rise are
important since the design of some equipment (for example, lightning
arrestors) is dependent on these times,

The work of Berger and his colleagues” 2»°7> ° on the form

of the current surge in the return stroke has been widely quoted and
used,”” Nevertheless, there have been some reservations in the lightning
community as to its reality, especially as regards the first stroke,
Berger's results indicate that the rise time for the first stroke is
about 10 . s, in contrast to that of subsequent strokes which is about

1 .s or even less, 1t has been suspected that much of the apparent cur-
rent rise during the first stroke has been influenced by the development
of upward leaders from the towers on Monte San Salvatore used to study
the lightning., As many as 80 percent of the flashes to the 70-m-high
towers are initiated by upward leaders,59 and it is consequently believed
that the effective height of the towers is increased to almost 300 m by
the configuration of the mountain,3®

Some recent measurements by Fisher and Uman®*

appear to
justify the mistrust of Berger's results, Their work indicates that there
is little difference in the measured rise times, for first and subsequent
strokes, of the electric field radiated by a close flash, Tre average

rise times were 3,7 us and 3 us for the first and subsequent strokes,

respectively, with corresponding standard deviations of 1,6 pus and 1.1 s,
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It is not immediately obvious, without considerable
analysis, how to translate precisely the electric-field rise times to
current rise times, If it is the current at any instant t, zt is the
length of the channel being energized by it’ and d is the distance, then
the radiated field Et at time t 1s given approximately by

t
Mdt M (th/dt)
1 t t t
E_ = —l = (10)

t 4 3 2 2
TTeo d cd cd

wvhere Mt = Zitzt, and €, is the permittivity of free space, Equation (10)
assumes no losses in propagation over the ground. In the ideal circum~
stances of no losses and the instantaneous development of a channel, the
changes in Et [assuming that the complications due to the relative magni-
tudes and phasing of the three components in Eq. (10) can be distinguished]
should be directly related to it' Under most practical circumstances that
can be envisaged the rise for Et should be slower than that for it. Thus,
measured rise times for Et would be greater than, but would define a limit
to, actual rise times for it' The measurements of Fisher and Uman indi-
cate that this is indeed so, A comparison of the distribution of electiric-
field rise times as measured by them, to the distributions of time-to-
peak-current measurements, shown in Figure 7, illustrates the fact that
the former rise times are generally greater than the latter. Hence, it
would not seem unreasonable on the basis of Fisher and Uman's results to
take the rise times of the first and subsequent strokes as being the same,

with both being certainly less than 4 s,

There is a good deal of confusion in the literature re-
garding the definition of current rise time and rate of rise. We prefer
to define rise time as the total rise time between the first detectable
onset of the current surge and the time of peak current; others--largely

because of instrumentation and recording limitations--have used the time
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between 10 percent and 90 percent of the peak current value, Concerning
rate of rise, we prefer the parameter of average rate of rise measured

over the total rise time (peak current/total rise time)., The average

rate of rise is also often quotedGa for the 10-to-90-percent (of peak
value) interval--i,e,, 80 percent of peaﬁ current/time from 10 to 90
percent of peak current, Also, when oscillographic techniques are used,
the maximum rate of rise** during the increasing current phase is some-

+
times reported,

Some measured distributions of rates of current rise are
shown in Figure 8, It must be emphasized that the peak current, time to
peak current, and rate of current rise (no matter how the two latter are
defined) are not entirely independent parameters, Sometimes the inter-
relationship is quite basic; thus, peak current is equal to the product
of total time to peak current and the average rate of current rise, Un-
fortunately many of the statistical distributions presented in the litera-
ture fail to note which parameters are independent or measurable properties
and which are dependent or derived from the measured parameters, For
example, the peak current and the total time to peak current can readily
be, and often are, measured experimentally; then the rate of rise is de-

rived {rom these quantities,

There is no obvious physical reason why there should be

any interrelationship between peak currents and time of current rise,

* This difference in definition does not in actuality involve much dif-
ference in rise times, For example, with the typical double-exponential
current models used later in this report the total rise time is 1.5
1S, and the 10-to-90-percent rise time is 0,9 us,

t With a typical double-exponential current model these three definitions
of rate of rise would yield respective values of 13, 16, and 77 kA/us.
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although it is often asserted that such a connection exists, and that in
particular, high peak currents are associated with short rise times. In
order to investigate this point a scatter diagram of data from McCann,63
Uman,*® and Berger® is plotted in Figure 9. Berger's results are pre-
sented only for the subsequent strokes since the rise times of the first
strokes appear to be biased as discussed ohove, Two sets of values for
Uman's results are shown, where one set of data has been formally re-
ported49 and the other set is an adjusted version of the same data. Uman
suggests that the peak currents may be as much as 30 percent less than
originally reported.”’ This factor has also been incorporated in the
current measurements of Figure 6. The main feature of Figure 9 is the
uncorrelated scatter in the various data sets, Thus we may state with
some coafidence that peak currents and time of current rise are essen-~
tially independent parameters, Another interesting feature of the data
is apparent in the distributions of Figures 6, 7, and 8, where the spread
between the individual distributions illustrated on each graph is much
less for the current and time-to-peak curves than it is for the rate-of-
rise curves, Hence, for this analysis it seems appropriate to take the
peak current and time to peak current as indeﬁendent parameters, with

the average rate of current rise being a derived quantity,

Finally, regarding positive strokes, the scanty evidence
sugggstS‘that the rise times are, if anything, longer than for negative
strokes.®s%%4 Since most equipment is more sensitive to the faster surges,
and since--as previously discussed--positive strokes are quite rare, they

will not be considered separately,

c. Time to Half-Value and Intermediate Currents

After crest current, the current surge decays to half its

peak value in about 40 us and typically continues to decay to a few
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kiloamps within a few hundred microseconds.

Statistical distributions

for the times to half-values are readily available, and some of these

data (for negative strokes) are illustrated in Figure 10,
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The decay phase following fairly-high-current positive

strokes is a matter of some uncertainty (and consequently of considerable

interest).

The work of Berger and Vogelsanger‘%,°® on Monte San Salvatore

indicates that for positive strokes with peak currents exceeding some

40



30 kKA the current decay after the peak is quite slow, with times to half-
value of about 1 ms; this is an order of magnitude greater than shown by
the data of Figure 10, The peak current statistical distributions above
30 kA do not differ substantially for positive and negative strokes, so
the protracted decay for the former type implies that the total charge
transfer is also greater by about an order of magnitude for large current
positive than for similar negative strokes. Some of the actual Monte San

Salvatore measurements indicate that this is indeed so,>®°

However, simul-
taneous optical observations show that the positive strokes are associated
with an extreme development of upward leaders; these approach about 1 km
in length.i9 It seems most unlikely that such lengthy upward leaders can
be induced from open ground; consequently, any application of the San
Salvatore results, on positive strokes, to normal lightning environments
is very dubious, More information on the current-time characteristics

of positive flashes to open country is obviously needed. The techniques

9

of Uman®*® could be used, but in view of the rarity of positive flashes

an extensive observational progr~— would be necessary.

Reverting to conventional negative strokes, after the
initial decay following the peak current, there is usually a low-level
current of a few kiloamperes that persists for several milliseconds;
this current is conveniently termed the ''intermediate’ current,®? lew
direct observations of intermediate currents have been made, Experi-
menters have often tended to concentrate on the short-duration, high-
current, initial surge in the return stroke, and have consequently fre-
quently used techniques incapable of recording the intermediate currents,
However, in addition to the direct measurements there is a very substan-
tial amount of indirect deduction regarding the characteristics of the
intermediate currents, Much of this indirect information has been ob-

tained because it is necessary to postulate certain properties for the

intermediate currents in order to explain experimental observations of
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the extremely-low-frequency (ELF) component of atmospheric waveforms,®®,87

Incidentally, since experimental observations®® show that most atmc-
spherics contain both VLF (generated by the initial return-stroke cur-
rent surge) and ELF components (produced by intermediate currents), it

follows that an intermediate current usually succeeds a return stroke,

2 Number of Return Strokes, Intervals Between Return Strokes,

<o

and Continuing Currents

There is a considerable amount of statistical information on
the number of return strokes per flash.®® These data are incorporated
in Figure 11, ‘There appears to be a tendency for the number of return
strokes per flash to increase with decreasing geographic latitude;®* the
average number changes {rom about three at a latitude of 60 degrees to

six at the equator.

fnformation on the time intervals between strokes‘is also ex-
tensive,?® The data are summarized in Figure 12, The various sources
of data are in better agreement than is the case for the number of
strokes, The typical time between strokes is about 50 or 60 ms, Some-
times the time intervals between strokes contain continuing currents;
more often the time intervals are undisturbed., It has been found’ that
if an interval exceeds about 100 ms and does not include a continuing
current, the succeeding stroke is unlikely to follow the same channel as
its predecessor; in these instances there is possibly some justification

for regarding the succeeding stroke as starting a new flash,

The early work of Pierce®? indicated that continuing currents
were present in 26 percent of intervals, Brook, Kitagawa, and Workman®“
say that their results are in agreement with this value; however, an
examination of the data contained in their paper and its companion--
Kitagawa, Brook, and Workman’ ¢ --shows only 6 to 7 percent of intervals

as containing continuing current,
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