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Abstract  - Thc present paper coniprises an cs- 
tensive coiiiput er iiivcs tigat ion of lightning incicleiice 
to tall masts. based on a theory presented in a coni- 
panioii paper, for both flat and hilly regions. The in- 
vestigation covers both downward negative lightning 
incidence and upward flash froin tall masts iinder neg- 
ative cloud. 

The factors investigated include: mast height, 
statistical distrilnition of the ground electric. field, as 
well i>h iiioiuitain height and topology. 

Predict ctl lightning iilcidellce and pro1)alility of 
npward flash are succossfully verified against est  en- 
sivc ficld observations. 
Iirywords: Lightning, Leader. Mast Shielding. 

INTRODUCTION 

In a companion paper [I] a physical approach to 
cissess negative downward lightning incidence to t a11 
structures has been introduced. The paper also for- 
miilated criteria for occurrence of an upward light- 
ning flasli froni a tall structure under iicgatiw cloucl 
for both flat aiicl hilly terrain. 

The present paper comprises an extensive coin- 
putcr application of th(t above theory ancl specifically 

0 analyses the effect of structure height on the at- 
tractive riI(lins to negative downrvartl liglitiiiiig in 
a wide riiiigc of heights ancl return stroke currents 
for hoth flat illld hilly surroundings. 

0 imdertakes a parametric study into the effects of 
ambient ground field and hill dimensions on tlie 
attractive radius to downward negative lightning. 

0 determines the critical ground field necessary for 
occurrence of an upward flash, for different struc- 
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tiure liciglits iii flat and hilly terrain. 

0 rvaluates tlic incitlcnce and probability of oc.- 
ciirem e of upward flash from tall masts. 

IVheiiever possibl(~ tlic fiiidings of t,lie nioclel are 
caiiiparrd with ficld ohservat(ion. 

DOWNWARD NEGATIVE FLASH 

Mast on Flat  Ground 

Effect of Mast Height 

Figure 1 shows computation results of the depen- 
dence of tlic attractive radius of a 1-ertical mast on flat 
ground on the mast liciglit, iii tlir range of 10-200 111. 
for different values of tlic rcturii strokc current, in tlic 
range 5-100 1;A. The basc case paramcters are: ain1,i- 
eiit ground field E, = 0, cloud height Hcl = 2500 111. 
final positive leader gradient E, = 3 l;\’/in and thc 
ratio of leader speeds ( ~ - / L Y +  = 1. For lower striicturc. 
height ~ the results are practicidly the smie as tliosc 
prcsrnted in ref [2]. 
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Fig. 1 \’ariation of tlie attractive radius R , ,  with 
mast liciglit 11, for flat terrain and different 
vathies of the return strolic current. E, = 0. 

Figure 2 illustrates tlic effcc t of ainhiciit grouiitl 
field Eg on thc attrxtive radiiis R, of 20 111 ailtl SO 111 

niasts on flat, g rou i~ l .  foi cl return strolw ciirrciit of 
31 1;A. For the 20 rii mast. R, intr 
<LS E,, varie(1 IlctTvcc11 WPO ~ i t l  10 liI’/lii, tlic ( OITC- 
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Fig. 2 Effect of ambient ground field on attractive 
radius Ra, for masts of height 20 m and 
80 m on flat terrain. Return stroke current: 
31 1tA. 

sponding increase for the 80 in mast is much more 
important and amounted to 38%. 

Obviously a downward flash cilll occur at differ- 
ent values of the ambient ground field. It was decided 
however to consider only the minimum ground field 
E,,, that is likely to exist in a storm involving down- 
ward negative flash, in the present calculations to de- 
termine R,. As shown in a companion paper ref. [l] 
a reasonable estimate of E,,, is 2-3 kV/m [3], [4]. It 
remains that random variation of the ambient, ground 
field will contribute additional dispersion to negative 
downward lightning incidence, particularly for high 
structures. 

If median ground current fg is maintained as 
31 kA, with a ground field of 3 kV/m, regression anal- 
ysis of model results yields the following expression for 
the dependence of the overall attractive radius Rao  on 
mast height in the range 10-200 m: 

R,, = 25.9 ho.48 (my 4 ( 1 4  
For a return stroke current of 39 kA, the attrac- 

tive radius can be expressed by: 

Mast on Mountain Top 

Effect of Mast Height 

Figure 3 shows the variation of the attractive ra- 
dius R, of a vertical mast on the top of a mountain, 
simulated as a hemisphere of radius 600 m placed on 

500 - 

- 
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Fig. 3 Dependence of attractive radius R,, of a 
mast on hemispherical mountain top, on 
ma5t height, for different values of return 
stroke current. Eg = 3 kV/m. 

the ground plane, with mast height in the range 10- 
200 m. The return stroke current was taken as a 
parameter in the range 5-100 kA. 

Figure 4 shows the effect of ambient ground field 
in the range 0-5 kV/m on the attractive radius of 80 m 
and 20 m masts at a return stroke current of 31 kA. 
For the 80 m mast a background field of 3 kV/m in- 
creases the attractive radius by 24%, compared with 
only 9% in Fig. 2, which shows that the attractive 
radius here is more sensitive to the background field 
than in the case of flat ground. This can obviously 
be attributed to the intensification of the field due to 
the mountain presence. 

1= 31 kA 
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Fig. 4 Effect of ambient ground field E, on attrac- 
tive radius R,, of 20 m and 80 m masts on 
the top of a 600 m hemispherical mountain, 
at a return stroke current of 31 kA. 

Effect of Mountain Height 

With constant cloud height above sea level of 
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Fig. 5 Effect of hemispherical mountain height 
on attractive radius of masts of different, 
height, for a return stroke current of 31 kA. 

UPWARD FLASH 

The criteria for occurrence of an upward light- 
ning flash from a tall mast under negative cloud were 
formulated in a companion paper [l]. In that paper an 
exponential distribution of the ambient ground field 
was introduced: 

W g  > E )  = exp(--(E - E,o)/Egl) (2) 

Two such distributions were referred to: distri- 
bution 1 has Ego = 2 l V / m  and Egl = 2 kV/m and 
was suggested to refer to ordinary situations, where it 
has often been reported that the ground field during 
a thunderstorm rarely exceeds 10 kV/m [5]. Distri- 
bution 2,, having E,, = 3 kV/m and E,1 = 6 kV/m 
extends to higher fields and corresponds to more se- 
vere ground field conditions, likely to be met with low 
thunder clouds and appears also to cover the ground 
field range reported for winter lightning in Japan [6]. 

Figure 6 shows the variation of the crit,ical 

h . m  

Fig. 6 Re1at)ionship between mast height h and 
critical ground field E,,, for occurrence of 
upward flash, with different terrain topolo- 
gies. 

ground field Eg, needed to cause an upward flash, as 
function of the mast height, in flat and hilly regions. 
In all calculations structure height was restricted to 
a range where the critical ground field E,, was higher 
than the final leader gradient E, as required by con- 
dition (18b) of ref. [l]. Three mountain topologies 
were considered: two hemispheres of radius 100 m 
and 600 m and a semi-ellipsoid with semiminor axis 
of 200 m and semimajor axis (height) of 600 m. 

It should be emphasized that the ground field 
referred to here is the ambient free field in which the 
mountain is assumed to be immersed. The actual field 
at  the mountain top will obviously be intensified by 
a factor depending on the mountain t<opology. For a 
hemisphere this field intensification factor is 3 while 
for the semi-ellipsoid under consideration it will be 
as much as 9. As the mountain dimensions become 
significant compared to the height and extent of the 
charged cloud, this uniform free field assumption will 
need refinement. 

Figure 6 shows that the critical ground field is 
quite sensitive to structure height for all terrain con- 
figurations investigated. With flat ground and within 
the limits of the heights investigated: 

Eg, * h cz 1600 ( W m ,  m> (3) 
For the same structure height, the critical ground 

field is much lower in a mountain region, as shown in 
Fig. 6. Furthermore the product E g C .  h varies within 
wide limits, even for the same mountain topology. 
A more relevant quant,ity is the voltage Ui, induced 
by the height) dependent critical ambient field Eg( z )  
across the structure height h. Results of computation 
of Vi, for different structure heights, at the top of 
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200 m/600 m semi-ellipsoid mountain are presented 
in Table 1. 

It is shown that the critical quantity Vi, obtained 
by integrating the critical ground field along the struc- 
ture height is remarkably constant and similar to the 
flat ground case, amounts to approximately 1600 kV. 
Computations for masts of heights 40-200 m on the 
top a 600 m high heinispherical mountain showed that 
Vi, varied in the range 1478-1599 kV. 

TABLE 1 
Dependence of U;, on Mast Height 

Semi-Ellipsoid Mountain 
a = 200 m, b = 600 m 

GO 
80 

100 
120 
160 
200 

1572 
1581 
1590 
1599 
1608 
1613 

Based on general statistics of upward lightning 
flash from tall structures, E.T. Pierce [9] deduced 
that the product Egc a h, which was termed “voltage 
discontinuity”, should exceed 1500 kV. This corre- 
sponds to the 1600 kV value for masts on flat ground 
in the approximate relationship (3), obtained from 
the present theory. 

Miller-Hillebrand [5] reported upward lightning 
from 70 m and 90 m towers at  Monte San Salvatore 
when the background field, measured at  2.65 km dis- 
tance from the tower,, was about 3 kV/m. In Fig. 6: 
considering an 80 m tower on the top of the 600 m 
high semi-ellipsoidal mountain, the critical ground 
field is 4.2 kV/m, which is in reasonable agreement 
with field observation. 

There are several differences between upward 
flash from tall masts and lightning triggered by small 
rockets. These differences include: the effects of en- 
gine exhaust, rocket explosion, aerodynamics around 
the rocket and different space charge pattern. It 
may nevertheless be interesting to compare the crit- 
ical ground field-structure height relationship based 
on thc present theory and the corresponding relation- 
ship involving successfid lightning triggering height of 
the rocket,. Such comparison is shown in Fig. 7 where 
the rocket launching data are obtained from tef. [GI. 
Despite the differences cited above, the Egc - h rela- 
t,ionships are not much different. 

500 I \ ’  I I 1 
400 ._j - pnsentwork 

*200 

100 

0 1  I I I I 
0 5 10 15 20 

Egc.kVlm 

Fig. 7 Critical ground field for occurrence of up- 
ward flash vs mast height over flat ground, 
compared to rocket triggered lightning data 
[GI - 

The number of times per year a mast is hit by 
lightning; N,, is obviously the sum of the downward 
flash frequency Nd and the upward flash frequency 
Nu. Exprcssions of Nd and Xu are give11 in (22) snd 
(25) of ref. [l]. 

Figure 8 illustrates the dependence of Nd, based 
on a median current of 31 kA, on mast height for flat 
ground and for a hemispherical mountain of radius 
600 m. The two curves are quite distinct and support 
the view expressed in ref. [‘7l that even for the down- 
ward negative flash, stroke incidence of flat and moun- 
tainous regions should be treated separately. Figure 
8 also contains the empirical curves of stroke inci- 
dence provided in ref. [7]. The agreement between 
the curves based on field observation and the model 
results is quite satisfactory, particularly with view of 
the large dispersion of the basic field data behind the 
empirical curves. 

Figure 9 shows model results of the dependence 
of stroke incidence N, on mast height for flat ground 
wing ground field distribution 1, together with values 

[8], for a grouud flash density Ng = l /(sq.  km. year). 
This data [8] was based on worldwide observations 
of 3000 flashes involving 10 000 structure.years with 
heights in the range 20 m - 500 in. The agreement be- 
tween theory and field observation is extremely good. 

Figure 10 shows the variation of the probability 
of upward flash with st,ruct,ure height, .for a mast 011 

flat ground, with the same ground field distribution 
1. Also shown in Fig. 10 are results of an empirical 
formula given by Eriksson in ref. [SI. The agree- 
ment is quite good, although obviously a constraint 

obtained from an empirical formula given by Erik \ss011 
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Fig. 8 Variation of frecliicncy of iicgative clowii- 
ward lightning strikes with mast height for 
flat and mountain terrains and comparison 
wit,h empirical results [7].  Ng = l/(sq. km 
year), a = 600 m. 
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Fig. 9 Variation of total strike frequency N,  with 
mast height over flat ground and compari- 
son with empirical results [8]. Ng = l/(scl. 
km . year). 
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Fig. 10 Dependence of the probability of upwarcl 
flash on mast height over flat ground and 
comparison with empirical results [8]. Ng = 
l / (sq.  lim . year). 

probability would OthcrTVise exceetl 1 a h v e  a height 
approximately 500 ni. 

Figure 11 compares the dependence of Ai, 011 

structure height, for Ng = l/(scl. lim year), for t h  
two distributions of ground field described above. The 
results show that for distrihut,ion 2, where Eg val- 
lies above 10 kV/m occur with significant probabil- 
ity, stroke incidence is iiiiich higher, due to the much 
increased frequency of upwarcl lightning. The figiirc 
may offer at least a partial explanation of the largc 
scat,ter in lightning incidence to t,all structures. in- 
cluding differences between stroke inciclence in wintcr 
and summer in Japan [lo]. 
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Fig. 11 \'ariation of the strike frequency A T s  with 
mast height above flat grouiid for tliffer- 
ent, statistical distributions of tlic ambient 
ground field. Ng = l/(scl. km . year). 

Figure 12 provicles a comparison of the clepen- 
clence of N,  on mast height foi flat ground ancl  for 
a hemispherical mountain of height GOO m, 1)ascd on 
distribution 2 of the grouiid held. Particuliu-ly for 
the lower heights, the strike incidence in the inouii- 
taiii region caii he several tiincs higher thaii that, of 
the same mast on flat ground. Again this is due to 
the iiiiportant, role played by upward flash. 

Finally, Figure 13 compares upwarcl flash inci- 
dence of masts of different heights on the top of ei- 
ther a hemispherical or semi-ellipsoid mountain both 
of 600 m height, with the semi-minor axis of the semi- 
ellipsoid being 200 m. The calculations correspond 
to N,, = l/(sq. km . year) and distribution 2 of the 
amhient ground field. The results show that partic- 
ularly for the lower heights, upward flash incidence 
is quite sciisitive to mountain topology, being signifi- 
cantly highcr on the more steep hill at a fixed height. 

must, be put on tlie ciiipirical forimla, for wliicli the 
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structures in flat and mountain regions are quite 
different and their field observations should there- 
fore be analyzed separately. 

4. Evaluation of crit,ical ground field for occurrence 
of an upward lightning flash showed that within 
the range of mast heights investigated, over flat 
ground, the product of ground field and mast 
height remains sensibly constant. 

5 .  Critical ambient ground fields, for the same mast, 
are generally much lower in mountainous than in 
flat regions, resulting in much higher incidence of 
upward flash incidence, which is moreover sensi- 
tive to  mountain topology. 

6. The product of mCwt height and critical grouiid 
field for upward flash occurrence in mountain re- 
gions varies within wide limits and does not ac- 
cordingly provide a particularly meaningful quan- 
ti t y. 

7. The voltage induced along the mast by the height 
dependent critical field, under conditions of oc- 
currence of upward flash, is remarkably constant 
for the structures investigated and only depends 
slightly on the mountain topology. 

h . m  

Fig. 12 Relationship between strike frequency and 
mast height for flat and mountain terrains. 
Ng = l/(sq.km.year), hemispherical moun- 
tain a = 600 m and ground field distribu- 
tion 2. 

h . m  

Fig. 13 Dependence of strike frequency on mast 
height as influenced by mountain topology. 
Hemispherical mountain a = 600 m. Ellip- 
soid mountain a = 200 m and b = 600 m. 
Ground field distribution 2. Ng = l/(sq 
km year)’. 

CONCLUSIONS 

The ambient ground electric field due to cloud 
charges can have a significant influence on the 
attractive radius of a tall structure to negative 
downward lightning. 

For masts on flat ground, over a wide height range, 
the overall attractive radius to downward negative 
flash is approximately proportional to the square 
root, of mast height, malcing the incidence of neg- 
ative downwarcl flash practically proportional to 
height,. 

8. Due to the predominant role of upward flash in 
lightning incidence to tall masts, stroke incidence 
is quite sensitive to the statistical distribution of 
ground fields in thunderstorm conditions in t,he 
region concerned. 

9. The relationship between critical ground field for 
occurrence of upward flash and mast height, over 
flat ground, is not much different from data relat- 
ing ground field and rocket height for successful 
triggering of lightning, despit,e some physical dif- 
ferences between the two phenomena. 

10. Lightning incidence to tall structures and upward 
flash probability predicted by the model are in 
excellent agreement with empirical formulae based 
on extensive field observations. 
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Discussion 

[This is a combined discussion of the companion papers "Model- 
ing of Lightning Incidence to Tall Structures, Part I :  Theory" (93 
WM 082-8 PWRD) and "Modeling of Lightning Incidence t o  
Tall Structures. Part 11: Application" (93 WM 081-0 PWRD) by 
F. A. M. Rizk.] 

Disc~ission of 93 WM 082-8 PWRD 

Abdd M. Mousa (B.C. Hydro, Vancouver, Canada): I wish to 
congratulate Dr. Rizk for M intere-sting paper. The author's 
response to the following comments and questions would be 
appreciated: 

1. The analysis in this paper assumes that the tall structure 
is immersed in a vertical field which is constant along its length. 
Soula and Chauzy [35] obtained simultaneous measurements of the 
field at ground level and at eeveral points overhead at the same site. 
A sample of their findings is given in Fig. 7. This shows that the 
field at a height of 603m reached 65 kVlm while the field at ground 
level did not exceed about 5 kV/m. Can the author justify b 
assumption which contradicts with field observations? 

2. In formulating a criterion for the generation of upward 
flashes, the author assumed, the static fie.ld to be the dominant force. 
Two distributions are then given having median values of about 3.3 
and 7.3 kVlm, respectively. The measurements by hrael pnd 
Dolezalek [30], on the other hand, show that the field change 
generated by nearby lightning flashes can reach 100 kV/m. Please 
see Fig. 8. Why did the author choose the smaller static field as the 
governing factor and ignore the larger transient electric field? 

3. The paper divides tall structures into 3 categories, masts 
in flat terrain, masts on top of hemi-spherical mountains, and masts 
on top of semi-ellipsoid mountains. Can the author list actual 
installations which fall in the latter two categories and give the 
related dimensions? 

4. The paper implies that the cases of a mast in flat terrain 
at sea level and a mast located in flat terrain at a high altitude would 
be similar except for the effect of the difference in the relative air 
density. On the other hand, Kasemir [31] showed that conductivity 
of the air rapidly increases with altitude. This would presumably 
facilitate the generation of upward flashes at the higher altitudes. 
Why did the author ignore this factor in his analysis? 

5 .  The author assumes that the numbers of downward and 
upward flashes can be calculated independent of each other, then 
added to arrive at the total number of flashes. Based on 7.5 years of 
observations on a 540m tower located in flat terrain in Moscow, 
GoM et a1 [29] found that downward flashes rarely occur within a 
cone above the structure with an angle around its axis of about 30 - 
400. This indicates that upward flashes "drain" the cloud cells 
directly above the tower and hence eliminate part of the expected 
downward flashes. Why did the author ignore this factor in his 
analysis? 

6. Regarding downward flashes, this paper implies that the 
number of flashes to ground in the vicinity of a tower will be less 
than the values which existed before the tower was built (because the 
structure intercepta some of those flashes). On the other hand, GoM 
et a1 [29] found N, in the vicinity of the above Structure to have 
increased to 4 flashesl(km'.year) while the "undisturbed" value is 
about 2.25. This means that the tall tower is generating additional 
downward flashes. Why did the author ignore this factor in his 
analysis? 

70 I I I I I I 
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Fig. 7. Effect of height above ground on the electric field. 

7. The analysis in the paper implies that lightning 
discharges to the tower will terminate at its peak. In real life, tall 
towers are often struck below the peak (Golde, [28]). Can the author 
explain this discrepancy between his theory and field observations? 

8. Eqn. (23) and the preceding paragraph assume that the 
Occurrence of an upward flash will cause the background electric 
field to drop so that no more upward flashes would be generated by 
the same storm. Fig. 2 of Brook et a1 [27l shows that the field 
continues to increaae during the growth phase of the thunderstorm 
despite the occurrence of many downward flashes. This is because 
the charge gets regenerated within the cloud. Note that the charge 
data in Fig.7 and 11 of Ref. [16] suggest that the occurrence of an 
upward flash rather than a downward flash would not materially 
change the above observation. Also, Michnowski [33] found the 
electric field at ground level to return to its original value following 
a lightning discharge; the recovery time being about 11.5 second. In 
view of the above, does the author still consider Eqn. (23) to be 
justified? 

9. Many pockets of space charge exist within the zone 
between the bottom of the cloud and the surface of the earth. These 
generate the major force which governs the shape of the lightning 
channel prior to its "final jump" toward a ground object. The zigzag 
shape of the channel which often includes a significant horizontal 
component is mainly due to this force. In both this paper and its 
reference [4] which calculates the number of flashes to power lines, 
the effect of the pockets of space charge is ignored. This is 
presumably done because of the limitations of the analytical tools 
available to the author. Having ignored one of the two main forces 
which govern the development of the lightning channel, is it justified 
of the author to call his approach rigorous? Further, having assumed 
the leader to be under the influence of the ground object from the 
moment it leaves the bottom of the cloud which is several kilometers 
high, does it not follow that the author's methods exaggerate the 
effect of height of the structure? 

10. The author appears to misrepresent the implications of 
the EGM (electromagnetic model) regarding effect of height of 
structure on the median amplitude of the collected strokes. Our 
simple model [12] did succeed in reconciling the calculated values 
with field observations. Sargent 1111 failed because his analysis 
included errors and not because the EGM is an inadequate tool. We 
are not claiming that the EGM is the ultimate tool and there is 
definitely room for improvement. However, the discusser does not 
believe that a better solution would result from completely ignoring 
the effect of the pockets of space charge. Further, it does not appear 
justified to state that "the effect of any distant space charge pockets 
is implicitly included in the value of Q". 
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Fig. 8. The Field change (at ground level) generated by lightning 
strikes. 

11. The discusser believes that upward flashes are 
generated by the transient electric field produced by nearby cloud-to- 
cloud and cloud-to-ground flashes. This is based on the observations 
of McEachron [32] and Berger [U, 261. A p r e l i m h q  theory 
regarding the total number of flashes to tall structures was earlier 
developed by the discusser. Please see Section 6 of [34]. 

12. Despite the differences in approach, it is interesting that 
thii paper arrived at conclusions regarding short structures which are 
similar to those in [12], namely: 

a) 

b) 

The median current of the strokes to flat ground is 23 kA 
(our estimate is 24 kA). 
The m e d i i  currents of the strokes collected by power lines 
and by masts differ from each other and hence data from 
these two groups should not be mixed with each other. 
The m e d i i  current of the strokes collected by power lines 
is constant and is equal to about 30 kA. 

c) 
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Discussion of 93 WM 081-0 PWRD 

Abdd M. Mousrr (B.C. Hydro, Vpncouver, Canada): I wish to 
congratulate Dr. RizL for an intcrcSting paper. The author's 
response to the following commenb and qucstions WouM be 
appreciated: 

1. Fig. 14 herein haa been compiled based on the data in 
Figs. 9, 11 and 12 of the paper. Note that Eriksson's data base 
included towers from both mountains and flat tenain. Further, 
Eriksson did not use the actual height of Bcrgw's mostS. Inetead, he 
assigned an "effective height" to them eqd to 350111. comidcritlg 
the above, why did the author compare Eriksron's data to curve 1 
which is for flat ground? A h ,  why did thc author usumc that a 
Type 1 ground W dirtrib\ltion .ppli# to all Eriksmn's 
measurements which came from many counfricr? If the above pinta 
are taken into considaation, would tbc agrcanart betwear 
calculations and obscrvathnr d bc good? 

2. The comments on Eriksson's data in itan 1 above .Ira 
apply to his relation regarding the ratio of upward flashes shown in 
Fig. 10. why did the author use h i  
calculations for flat terrain with ground field distribution Type 1 in 
making the comparison? 

3. According to GoM et a1 1131, the 54Om Ostakinsk tower 
in Moscow collected 239 flashes in 7.5 years and the applicable Td 
is 26 thunderstorm days per year. The above data is indicated by a 
point in Fig. 14. Noting that the terrain is flat and thunderstorm 
activity in the area is not severe, can the author explain why the 
Ostakinsk point is so far away from curve no. l ?  

4. E h s o n ' s  mast [12] is 60m high and is located on a 
ridge which is 80m high above the surrounding plateau. Based on 
Fig. 6, the minimum background field needed to initiate upward 
flashes from Eriksson's mast is about 19 kVlm. Based on Figs. 4 
and 5 of Part I of the paper, such high background field values rarely 
occur. Yet Eriksson's mast experienced many upward flashes. Can 
the author explain this discrepancy? 

5 .  Berger [ll] observed an upward flash on the steeple of 
a small church which is only 1Om high and is located on a hill which 
is 25Om above Lake Lugano. Again, Fig. 6 suggests that a minimum 
background field of over 20 kVlm is needed to initiate an upward 
flash, i.e. the subject event is rather impossible. Can the author 
explain this discrepancy? 

A similar question arises: 
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14. W ' s  estimate of the number of flashes to tall structures. 

6. The paper statea: "N, is obviously the sum of N, and 
Gorin 1131, however, found that tall structures eliminate part 

of the natural downward flashes and gcncrotc additional lightning 
strikea to nearby ground. Conridering the above, is the above 
statement justified? It is worth mentioning here that Mouaa's 
preliminary model suggests that N, is the sum of four terms [14]. 

7. In Fig. 7, the author compares the triggering of lightning 
by rockets to the initiation of upward k h e s  from stationary tall 
structures. On the other hand, Brook et a1 [15] showed that the rapid 
introduction of a conductor into an cl& field can initiate a 
diacharge whertpr ita rtcody state p- did not create MY. They 
ruggated that C O ~ M  .ctr to shield a rt.tiOnuy conductor ao that the 
high fields nectraary to initiatC lightning ue not obtained, whereas 
the field distortion due to the rapid infroduaion of a condudor ia not 
rignifimtly dud by corona since thcre ia inaufficient time for its 
production. coruidcring the above, in the comparison in Fig. 7 
justified? 

8. Fig. 5 is based on the assumptions that both the 
background field and height of the cloud above sea level remain 
constant while the height of the mountain is varied. Are such 
assumptions realistic? 

9. In most cases, the tall structure does not stand alone in 
empty terrain but is rather surrounded by other structures of lower 
height. An example of that is the case of the Empire State Building. 
How would the author define height in such a case? 

10. The attractive radius is assumed to be obtained from a 
summation based on the frequency distribution of the amplitudes of 
strokes to flat ground. According to Part I, this has a median value 
equal to 23 kA. It is not clear what is meant by the 31 kA and 39 
kA currents used in Eqns. (la) and (lb). Are those protective radii 
based on a single current or on a whole frequency distribution? 
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Gianguido Carrara, Luigi Dellera (CESI, Milano, Italy) and 
Emilio Garbagnati (ENEL, Cologno Monzese, Italy) - It is 
wi th great pleasure and interest that we have seen this 
paper, and its companion on the relevant theory. This 
paper seems to  close the cycle of the application of  the 
leader inception theory, initially developed by the Author 
for phase-to-earth positive switching impulses [15 of  
Part I]. We say "seems' because with Farouk Rizk no- 
body knows. The leader progression model that t w o  of 
the discussers have developed [5 of part I ]  is in the 
same line of thought of the leader inception theory, and 
n o w  all the necessary information is available to  intro- 
duce in the leader progression model all the improve- 
ments resulting from the Author's model. As an exam- 
ple, in our discussion to [4 of  Part I] we acknowledged 
the remark of the Author that the critical radius should 
be smaller than that adopted in the leader progression 
model. Research is in progress in the 1000 k V  test sta- 
tion of  Suvereto to clarify this point. Pending the re- 
sults, we have calculated t w o  curves similar to  the 
curve for flat terrain of Fig. 6 of the paper, using the 
original large critical radius (36 cm),  and a smaller radius 
(28 cm), which is a first unconfirmed output f rom the 
tests in Suvereto. Fig. A shows the comparison of  the 
three curves. As can be seen, the smaller radius gives 
results much closer to those o f  the Author, and we 
presume that the remaining difference is due to  the 
different method of calculating the leader progression 
after inception, but see also the following remark. Final- 
ly, a general remark: all curves representing the output 
of  the application of the Author's model are very sharp 
lines, as they were calculated with one value of  each of  
the parameters involved in the equations. Now, these 
values are neither exactly known in one condition, nor 
are "a priori" the same in different conditions, therefore, 
some dispersion should be expected. E.g., in the com- 
ments to eq (2) the Author mentions that t w o  distribu- 
tions could be considered, and uses one or the other 
distribution in the various cases considered. I t  would be 
interesting to see which is the difference using both 
distributions in the same case. This kind of  remark is 
valid also in several other calculations. For instance, also 
the apparent discrepancy in Fig. 10 between "model" 
and "empirical" could be well inside the zone of  varia- 
tion of the results of the model, changing the values of  
some parameters within the limits of their uncertainty. 
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Fig. A Same as fig. 6 of paper, wi th FLAT terrain only. 
Comparison between Author's results and those 
calculated from [5 Part I], for the original critical 
radius, Rc = 36 cm, and for Rc =28 cm. 

current frequency distribution for the negative 
downword lightning. Its lowest value applies for 
"open ground", a higher one for conductors and the 
highest for masts. 

In quite an independent study Horvath has come to 
the same qualitative result using his model based 
on EGM, but with different values, medians for 
ground stroke 24 kA, conductor stroke 26 kA and 
32 kA (acording to my interpolation from his 
tables), in comparison with Rizk's values ( 2 3  kA, 
31 kA and 39 kA [21). 

b )  The conclusion that the frequency distribution 
of  downward negative stroke currents is in fact 
independent on the height of  a conductor above 
ground, when the height varies from 10 to 50  m, 
and on the height of a mast, its height varying 
from 10 to 100 m. is very interesting. Horvath 
comes to similar conclusions in [2]. These 
conclusions are very pleasant for those using the 
frequency distribution of peak current to 
solutions of practical lightning problems. 

But from our measurements of peak values of 
lightning currents on tall structures (first of 
all on chimneys in flat country) [ 3 ]  we have 
obtained the results given in the following table: 

Manuscript received March 9, 1993. 

mean peak height number of 
neg. flashes value 

(m) (kA) 

64 
101 

86 - 140 65 
Discussion of Both 93 WM 082-8 PWlW and 93 WM 081-0 PWRD iz I 33.5 

25.0 
20.6 

F .  POPOLANSKY 
EGU Brno. Czech Republic: 

These two papers comprise the basic and most 
important work concerning the problem of EGM and 
lightning incidents (and their parameters) to tall 
structures and overhead transmission lines. Using 
the latest knowledge of long spark and lightning 
physics, and utilizing an analytical solution the 
author comes to very interesting conclusions, 
importance of which for everybody involved in this 
field is obvious. 

I would like to discuss the following points with 
the author: 

Respecting the mean values, the standard deviation 
of frequency distribution and the number of 
measured values, the statistical test on 95  X 
confidence level showed that the differences 
between the first v s .  second, and between the 
first vs. third hight groups are significant. 
I would like to ask the author to help me with 
explaining these differences. 

3 .  Conclusions concerning a big difference between 
the risk (and its quantitative determination) of 
lightning incidents on objects in a flat and in 
a mountainous country topology are of a great 
importance. For determining the lightning stroke 
risk the prolongation of effective height of 
objects on hills was used up to now. 

1 .  Using the author's relation for the attractive 
radius o f  a mast (la) and (lb) in 11, and the [I] R I Z K ,  F. A. M.: Paper No. 4 in I. 
dependence of overall attractive distance derived 
in the author's previous Paper [I], i t  may be [2] HORVATH, T.: Supposed undistorted original 
possible to calculate the number o f  lightning distribution of lightning currents. 20th ICLP 
strokes in an overhead line more exactly, (1990). Paper No. 1.5, Interlaken. 
supposing that a mast is always the highest point 
of a line in an open plain, owing that the section [ 3 ]  POPOLANSKY. F . :  Lightning current measurement 
of a ground wire ( o r  o f  a conductor) in the on high objects in Czechoslovakia. 20th ICLP 
vicinity of towers i s  stroken with a probability (1990), Paper No. 1.3, Interlaken. 
higher than that for the same length of a line in 
the middle of a span. 

I remember that in papers and personal discussions 
Golde has always divided this problem into two 
parts: the risk of lightning stroke to the span, 

author's answer to the question, how to use his and R. ERMSSON (Royal Institute of Techology, StOCkhOh 
new relation to this purpose. Sweden): The author is to be commended for presenting valuable 

peak current in case of the negative downward amaction to structures. This task not an easy one because of a 
lightning there are the following remarks: certain lack of knowledge of the phenomenon itself. This comes 

a) In Fig. 6 in I the author gives a calculated from the difficulties to actually measure the pertinent quantities, 

and to the tower. I would much appreciate P. PE?TERSSON (Vattenfd Utvecuh vahgbY, 

2. As for the frequency distribution of the stroke contributions to the modelling of the m&ldm Of lighming 
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such as charge distribution in and speed of leader and connecting 
leader. However, it is pleasing to see that the model in the paper 
contains enough flexibility to adapt to various situations and to give 
predictions close to observations after proper calibration of the 
parameters entered. 

We would like to comment on the probabilistic aspects of downward 
lightning, particularly the bias towards higher values in the 
statistical distribution of currents collected by a structure, as 
compared to the distribution to flat ground. This type of problem is, 
in some generality, treated in our reference [A]. In [A], the 
"perceptive" zone Z(i) of a system, for lightning strikes of current i, 
of area A(i) (corresponding to n?(h, I) and 2d(h, I) in the paper) is 
the basic concept. For direct lightning strikes, the perceptive zone is 
the "attractive" zone. With index s denoting structure (comprising 
both indices s and c) it is stated in [A] 

Nsfs(i)=Ngfg(i)A(i) 

m m 

Ns=N f f (i)A(i)di ; Ng=Nsifs(i)/A(i)di 
go 

Clearly Eq. (27) through (31) of Part I are contained in Eq. (A) and 
(B). Under certain conditions it will be possible to execute the 
integrations in Eq. (B) exactly, namely when the current distribution 
for flat ground is log-normal and the attractive area is of the form 

where a and c are constants with respect to i. R(i) is the radius of the 
attractive zone and k=l with cl=2 applies for the case when the 
structure is an aerial wire, and k=2 with cz=!=n when it is a mast. In 
[A] is proved that the log-normality of the flat-ground distribution 
will be carried over to the structure distribution through a simple 
scaling which means a change of the median value ig leaving the 
standard deviation of the logarithm of the current as unchanged. 
Explicitely 

with obvious denotations. It is noted that the "bias factor" is 
independent of h whenever b is, while a may be arbitrarily related to 
h and is not entering. The difference between the wire and mast 
cases is further seen to simply consist in a squaring of the bias factor 
which means approximately a doubling of the increase of I for mast 
as compared to wire. For the classical EGM, Eq. (C) will hold 
approximately for low structures of both types with k 0 . 5  
0.65=0.325 and for extremely high structures with bd.65,  where the 
IEEE working group striking distance relation has been used. In the 
paper of discussion, from [4] we take it that W . 6 9  and 0.63 are 
used for wire and mast, respectively, which may be used in (D) to 
calculate is given ig and ag. 

Regarding the number of strikes to the structure treated in "Stroke 
Incidence" of Part II, the log-normal condition leads, according to 
[A], to the following simple relation 

8 

N,=N,c~R~ , R=aIb g 

The height dependence of Ns will come through a. Classical EGM 
would give a, and thus k too, approximately proportional to h0.5 for 
low structures of both types. For extremely high structures a would 
be asymptotically independent of h and approach a fixed value. In 
the model of the paper of discussion, the corresponding height 
dependence is h0.45 and h0.40 for wire and mast, respectively, 
throughout the whole range of h, thus giving no upper limit to k . 
Anyhow, proportionality constants are easily calculated using Eq. 
(E). This topic was addressed in our discussion to the author's own 

Our point, now, is to promote a wider use of the pure log-normal 
current distribution for this type of problems, considering the 
enhanced insight and computational relief offered. It is well known 
that both of the IEEE and the CIGlU%distributions can be closely 
approximated by the log-normal one. In fact, the CIGRk- 
distribution is log-normal in the bulk part of the range, the deviation 
in the lower range being well explainable by the censoring of low 
values made. This is, of course, no criticism of the statistical method 
used in the paper, which we find in all respects sound and should 
give the correct results. Though we are fully aware that our point is 
no major concem of the paper, we would still appreciate the author's 
view. 

paper [41. 
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W.A. CHISHOLM (Ontario Hydro Research Division), 
V. SHOSTAK (Kyiv Polytechnical Institute) and 
W. JANISCHEWSKYJ (University of Toronto): The discussers 
thank Dr. Rizk for extending his application of switching-surge 
leader development to tall towers. We are particularly interested 
in applying the models to observations taken on the CN Tower, a 
freestanding structure of 553 m. The CN Tower is located next to 
several 180-m office towers to the northeast, with essentially open 
ground in other directions. Lightning storms normally move from 
west to east. The local ground flash density N, is approximately 
two flashes per square kilometer per year, measured either with 
lightning location systems or with CIGRE lightning flash counters. 

The discussers would like Dr. Rizk's comments on the following: 

(1) In the paper, the author suggests a generalized physical 
model of lightning incidence to tall structures. It would be 
expected that the shape of the structure, its material, its 
conductive properties and so on would be taken into 
account. Yet, equations (1),(2) and (9) of the first paper do 
not explicitly include these parameters. Indeed, the process 
of leader inception seems to be calculated at a hypothetical 
point at the top of the tower, but with the tower absent. 
Thus, the potential at this hypothetical point neglects the 
effect of the structure. Could the author please restate the 
course of argument used in pursuing this approach? Does 
the model used by the author imply that a non-conducting 
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chimney of the same height as a lattice-type steel 
communications tower would behave equally as far as 
lighming inception is concerned? 

Reference 1141 of the first paper makes the assumptions that 
the streamer zone around the top of the tower is much larger 
than the tower (rod) radius. Would this be true for tower 
diameters in the range of 5 fo 50 m? This could be explored 
in detail if an expression for R as a function of a and b in 
Equation (5) of the first paper could be obtained in the 
absence of a tower ( h a ) .  Also, would a hemispherical cap 
with 10-m radius on the top of a 1-m radius tower increase 
the ground-level field required for leader development? 

Using the simple criteria in the Papers, we would assume 
that a ground-level field of 3 kV1m would be needed for 
upward flashes from the CNTower. Upward leaders have 
been observed to start at the top of the Tower and extend 
west towards a storm centres occasionally as far as lOkm 
away. These observations were obtained using one all-sky 
camera and two normal video cameras. We calculated that 
a typical disposition of charge in a thundercloud, with a 
+40 C charge at 15 km, -45 C at 7 km and +5 C at 3 km 
above ground, leads to vertical electric fields greater than 
3 kV/m in a 14-km diameter circle at ground level under the 
charge centre. The peak field is only 6kVlm within this 
circle, due to the shielding effect of the small positive 
charge. Since the CN Tower is the only object with a height 
greater than (160016 = 266m) in the area, the exceptional 
reach of the upward leaders is not inconsistent with Dr. 
Rizk's theory. 

With between 35 and 70 flashes per year in an area with 
NI=2, the CN Tower would appear to receive more flashes 
than predicted from the model. We agree that this could be 
related to the distribution of local ground-level field 
gradients, and this would merit further study. Our ratio of 
confirmed downward to total flashes is approximately 3%. 
If we have somewhat higher incidence of 3 kV/m fields, 
would this increase the expected probability of upward 
flashes in Figure 10 in the second paper? 

Our statistics on the amplitude distributions of the 
downward flashes are limited compared to upward flashes, 
but our largest observed downward flash level over twelve 
years of observation (5% level) is 65 kA. Figure 6 of the 
first paper suggests a 5% level of over lOOkA for masts. 
Would the anticipated 39-kA mast median be any higher for 
a 553-m tower? We also note that the predicted differences 
between ground-level, conductor and mast median currents 
are in close agreement with a rigorous 3-D application of the 
electrogeometric model in Reference [ 121 of the first paper. 

The papers use an implicit relationship between the leader 
charge and the stroke current. The correlation between 
rem-stroke charge and rem-stroke current was found to 
have a large uncertainty in Reference [B]. We suggest that 
the relation between leader charge and stroke current could 
also be weak, based on our interpretation of time-correlated 
registrations of CIGRE 10-kHz lightning flash counters 
(LFC) and lightning location systems (LLS). The LFC 
responds to the electrostatic field change caused by 
neutralization of leader charge, while LLS receivers respond 
to the radiated electromagnetic field that is propomOna1 to 
stroke current. If a relation exists between leader charge and 
stroke current, then we would expect that, at larger 20- 
40 km distances from the flash counter, higher-amplitude 
stroke currents would be more likely to cause LFC 
registrations. To our surprise, we did not find such a trend in 
our comparisons [A], Would the inferences regarding stroke 
current distribution change with height be valid if the 

relation between leader charge and return-stroke current is 

In Figure 7 of the second paper, relating ground electric field 
to the height of rocket-triggered lightning, we agree that the 
indicated experimental negative-polarity values follow the 
16OO/h trend. However, the positive values show more of a 
'U' curve with a mini" at 11 kV/m. Are there 
differences in the development of positive and negative 
switching-surge leaders that would expl& th is  observation? 

W. Janischewskyj and W.A. Chisholm, Lightning Ground 
Flash Density Measurements in Canada, Final Report for 
Contract 179 T 382 (Montreal, Quebec: Canadian Electrical 
Association), August 1992. 

A.J. Eriksson, "The Lightning Ground Flash - An 
Engineering Study", PhD Thesis, University of Natal, 1979 
(CSlR Special Report ELEK 189, Pretoria, December 1979). 

suspect? 

Manuscript received March 29, 1993. 

Closure of 93 082-8 PU'RD 

Farouk A.M. Rizk: The author thanks 
Dr. Mousa for his discussion. 

1. Cont,rary to Dr. Mousa's first sweeping assertion, 
the paper analysed the general case of an electric 
field which varied with height along the structure 
location. Indeed the general criteria for occur- 
rence of upward flash are given in (19a) and (19b), 
where the variation of E,(z) can be due to the 
t,opology of the surroundings or any other reason 
including space charge. 
In copying Fig. 7 from the paper of Soula and 
Chauzy [35], Dr. Mousa omitted to mention that 
the measurements relate to a site for rocket trig- 
gering of upward lightning and that during the pe- 
riod presented several lightning flashes occurred, 
including five successful launches. Furthermore, a 
lightning strike object was installed 150 m above 
ground, below four of the field sensors attached t a  
a ltevlar tether at heights above ground of 270 m, 
436 m, GO3 m and 803 m. This artificially in- 
tensive production of space charge as well as the 
possible field enhancement due to charge accumu- 
lat8ion on tether make the reported field profiles 
[35] unrepresentative of the situation analysed in 
t,liis paper. Under more natural conditions, Simp- 
son ancl Scrase [3G] measured a sensibly constant 
gradient from ground to the cloud base. The gen- 
eral question of space charge will be further dealt 
with below. 
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2. To answer Dr. Moiisa’s second question one has to 
refer t,o fundamentals of positive leader inception 
and propagation: 

0 Electric fields at ground or in the proximity of 
a grounded structure due to an approaching 
downward negative leader can reach several 
hundred kV/m, particularly as the instant of 
final jump defined in ref. [4] is approached. Far 
from ignoring such fields, they were fully taken 
into consideration by the apthor in determi- 
nation of the attractive radius of a structure 
for downward lightning [4]. However in deal- 
ing with the upward flash where, by definition. 
there is no downward leader in the vicinity of 
the tall structure, no such high fields exit. 

0 positive leader inception is not related to the 
value of the electric field at any particular 
point in space but to the integral of the field 
from ground to the structure top position as 
formulated in the paper. 

0 for any ambient field to be effective in causing 
a complete upward flash it must have, in ad- 
dition to the spatial extension required above, 
the appropriate minimum duration necessary 
for positive leader propagation from the struc- 
ture top to  the charge centers in the cloud. 
Since the leader speed is such that it needs 
approximately 10 ms to cross one km, tran- 
sient fields, created by return strol- \e currents 
of downward flashes will have no significant 
effect on leader propagation. 

0 Dr. Mousa is advised not to confuse the ef- 
fects of fields and field changes. In many cases 
drastic field changes are associated with po- 
larity reversal e.g. from positive fields (due to 
negative cloud charges) to negative. It is well 
known that the inception voltage of a nega- 
tive leader is much higher than that, of the 
positive making such field change often of no 
consequence, from the point of view of upwarcl 
flash. 

3. In addition to the necessity of simplification in- 
herent in any mathematical modeling, the semi- 
ellipsoid is so flexible that it can account for vastly 
different topologies. By varying its semi-major 
and semi-minor axes, it can be made to represent. 
from the electric field point of view, topologies as 
different Mont,e San Salvatore, the Empire State 

~ 

4. 

5. 
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Building or even the Sugar Loaf Mountain in Rio 
de Janeiro. 

Experiments undertaken within the activities of 
CIGRE WG 33.07 in Topilejo, Mexico at an alti- 
tude of 3000 m, showed that the effect of altitude 
on positive leader inception can be fully accounted 
for solely by air density variation [37]. Now go- 
ing back to basics, Kasemir [31] reported air con- 
ductivities in the range to (0hm.m)-’. 
This corresponds to relaxation time in the range of 
90-900 s, far too long to cause any direct air con- 
ductivity effect on upward leader inception and 
propagat,ion, with duration of the order of a tenth 
of a second or less. 

Reference [29] of Dr. Mousa’s discussion reported 
239 flashes t,o t8he Moscow Tower during 8 years, 
82 among these were photographically identified: 
75 upward and only 7 downward lightning. Such 
number of downward flashes is hardly sufficient 
t80 draw sweeping general conclusions. Further- 
more. ref. [29] reported average cloud base height 
of 700 m. Consider a cone, with 40” angle from 
vertical, at the top of the 540 m tower. The base 
of such cone at the cloud base will be a circle of ra- 
dius 134 ni. This is the circle in which, according 
to ref. [29], downward lightning is much less prob- 
able (not rare). However the overall attractive 
radius of a 540 m mast on flat ground would be 
approximately 500 m. The area of the circle with 
reduced downward lightning activity is therefore 
only 7% of the circle formed by the overall attrac- 
tive radius, making Dr. Mousa’s concern unjusti- 
fiecl. 

6. The value of Ng in the vicinity of the tower 
amounting to 4 (l/sq.km.year) was calculated [29] 
in a circle of radius 500 m around the tower. It is 
well known t,hat to obtain reliable values of ground 
flash density, one must take the average over a 
relatively large area during many years. CIGRE 
survey in ref. [lo] of the paper showed that, for a 
zone of isolceraunic level 30 (Moscow: 26), Ng can 
vary from 0.G to 5 (l/sq.km.year). The difference 
between 2.5 and 4 does not therefore justify spec- 
ulation on the possible relationship between “dis- 
turbed” and “undisturbed” Ng [34], particularly 
since for such a tall struct,ure, downward flashes 
constitute at most 10% of all flashes. 

7. For very tall towers, where downward flashes can 
stxilie on the side below the peak, the nuniber 
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of downward flashes is rather insignificant as in- 
clicated above. On the other hand for upward 
flashes, constituting the main concern of this pa- 
per, referring to the Empire State Building and 
Monte San Salvatore, Dr. Golde [18] stated: “As 
far EIS can be ascertained all these upward lead- 
ers start from the highest points of the struc- 
ture”. The same finding was reported on upward 
flashes from Moscow Tower [29] and even ’among 
the seven identified downward flashes only two 
struck far below the top. 

8. In the paragraph preceding the one containing ex- 
pression (23),  it is specifically mentioned that “If 
in spite of the charge released in a flash, of some 
tens to a few hundred coulombs [16], the ground 
field at the same structure location, within the 
same storm, again exceeds E,,, another upward 
flash will occur”. This means that we did not ex- 
clude occurrence of more than one upward flash 
in one storm although it was mentioned that fre- 
quen t repetitions appears unlikely. 
Assume however that the ground field-time vari- 
ation pattern at the structure site during a thun- 
derstorm day is such that it can be characterized 
by more than on a major loop (event), either due 
to the occurrence of more than one storm during 
the same day or because of repetitive temporal 
ground field cycles within the same storm. If the 
mean number of such “events” per thunderstorm 
days is ne then (23) can be more generally written 
as: 

(234  

and (25) will be: 

Expression (23) and ( 2 5 )  will follow if, in t,he ab- 
sence of confirmed mea.surements, it is assumed 
that ne = 1. 

9. The comment of Dr. Mousa concerning the influ- 
ence of the ground object on the negative descend- 
ing leader is completely false. In ref. [4], p. 1985, 
it has been mentioned that: “The negative leader 
continues its downward motion unperturbed un- 
less crit,ical field conditions develop correspond- 

ing to a final jump between positive and negative 
leader tips, at which a major bend of the negative 
leader path takes place.” 
Now as to space charge pockets, one has to dis- 
tinguish between their effect on development of 
the descending negative leader, which is not the 
subject of the authors published work so far, and 
their effect on inception of upward positive leader 
emanatsing from a structure, which is here under 
discussion. The paper did not ignore space charge 
pockets, but mentioned specifically that “the ef- 
fect of any distant space charge pockets is implic- 
itly included in the value of E,”. Since in ques- 
tion no. 10 Dr. Mousa disputes that statement, 
we will be obliged to go back to basics. 
Consider a tall mast of height h, placed along the z 
axis with base at the origin of the cylindrical coor- 
clinate system (r, z). Consider a uniform ambient 
ground field E,, due to negative cloud charges, 
in the absence of any space charge pockets. Now 
consider an arbitrary number “i” of space charge 
pockets characterized by their charges Qi and co- 
ordinates of their distant locations ( ~ i ,  z,). The 
word distant means that Jm >> 11. 

Uiider these conditions, the induced potential U, 
at the positioii of the structure tip will be given 
hy : 

which can be put in the form: 

Since in (41) the summation quantity represent- 
ing the field contribution of distant space charge 
pockets is independent of h,  (41) can be written 
as 

(41) and (42) mean that distant positive space 
charge pockets do reduce the ground field, but a 
resultant, ground field E, will emerge , which in- 
cludes the effects of both cloud charges and distant 
space charge pockets, as stated in the paper. 
Another aspect of t,he effect of space charge which 
I clicl not ignore and which I am pleased to re- 
port here, is that of corona currents of the so- 
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called point discharge from bushes and forests etc. 
Following Nobel Laureate C.T.R. Wilson [38], an 
idealized space charge layer extending from flat 
ground to the cloud, with a corona current den- 
sity J,, was considered. J,  depends on the ground 
field E, and is characterized by an inception gradi- 
ent, Eco. Above corona inception, the electric field 
will increase monotonically from the ground to the 
cloud [38]. The dependence of the critical ground 
field for upward flash Eg, on structure height was 
determined according to the theory of the present 
paper. To deliberately accentuate space charge 
effects, E,, was chosen as low as 3 kV/m and 
J ,  = 1 nA/m2 at Eg = 8 kV/m [39]. The re- 
sults are given in Fig. 9 and demonstrate that the 
effect of even such extensive space charge layer can 
be important only for structure heights for which 
upward flashes are not frequent to begin with. 

12.00 

8.00 

6.00 

4.00 

Fig. 9: Variation of critical ground field for occurrence 
of upward flash with mast height above flat 
ground, with and without space charge layer. 
For layer characteristics, see test. 

In practice the effect of corona currents will be 
less significant, due to rain bringing ions back 
to earth, wind sweeping ions away and breaking 
space charge into pockets, field reversals creating 
ions of opposite polarity and finally due to the 
shielding effect of the structure, reducing ground 
field and thereby corona current in the vicinity. 

10. Concerning the EGM and Dr. Mousa’s simple 
model, the following comments are due: 

0 since in the EGM: 
r (h ,1)  = Jp2 S2(1) - (S(1) - h)2 with the 
usual definition of symbols, substitution in 
(32) will in general produce a downward light- 
ning current probability funct,ion which is de- 

l l .  

pendent on structure height. This is simple 
mat hematics and not misrepresentation. 

0 In his simple model [12], Dr. Mousa assumes: 
(a) that the striking distance to ground and 

to a conductor at any height are equal. 
As already mentioned in [4], this cont,ra- 
dicts both discharge physics and labora- 
tory measurements. 

(b) that the ratio Ii; between striking clis- 
tances to tower and to ground is in the 
range 1 < Kt < 1.1. This led to the me- 
dian ground current, of 24 kA. Dr. Mousa 
also found out that the dependence of the 
median current, on structure height is quite 
sensitive to the selection of ICt. To get 
practically the same median current, for 
heights of 10 m and 100 m, I<* has to be 
1.2. Therefore h’t became a “variable con- 
stant” and a value of 1.2 was selected. This 
is obvious lack of rigour. 

Several reasons for temporal variation of t,hc 
ground field Eg to reach values sufficient to sat- 
isfy the upward positive leader inception criteria 
formulated in the paper have been mentioned in 
the text, including cloud discharges. However, as 
explained above, the field must have the necessary 
magnitude, space extension and time duration to 
result in complete upward flash. 
Since Dr. Mousa referred to his preliminary the- 
ory of upward flash [34], the author is pleased 
to compare the latter with the present approach. 
Based 011 data fitting from Moscow Tower and the 
Empire State Building, the preliminary theory [34] 
is in fact an empirical formula with little physical 
foundation. According to [34] and with the nota- 
tion of the present paper, the number of upward 
flashes Nu from a structure per year is given by: 

where N,, : “undisturbed” ground flash density, 
l/sq.km 

N, : cloud flash density, l/sq.km 
H : altitude above sea level (MSL), m 

The above relationship attaches a direct and pre- 
dominant role to cloud-cloud discharges in initiat- 
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ing upward flashes. This is in complete contradic- 
tion to a paper by Malan [40] on frequent upward 
lightning flashes from the Hertzog Tower in Johan- 
nesburg (235 m tall, altitude 2015 m): “It came 
as a surprise to find that the 770 ft Hertzog Tower 
is practically never struck by lightning when an 
active thunderstorm passes overhead”, 
Furthermore according to the above relationship 
the only important characteristic of the struc- 
ture is the altitude of its peak. No reference is 
made to structure height h, nor to mountain topol- 
ogy; semi-ellipsoid or otherwise. According to Dr. 
hhusa’s preliminary theory, a two meter tall ver- 
tical grounded rod (basketball player) on a plain 
field with an altitude of 407 m above sea level, 
somewhere in New York State, would initiate the 
same number of upward lightning flashes as the 
tower at t8he top of the Empire State Building, 
since both have an altitude of 409 m. We will fur- 
t,her apply this preliminary theory, in response to 
Dr. Mousa, in the closure of Part 11. 

12. The method by which Dr. Mousa reached 
the median ground current, of 24 1tA has been 
treated above. It should be noted that downward 
the lightning current distribution to truly open 
ground is rather idealized and difficult to verify. 

The author does not recommend any change in 
median currents presently in use until more exten- 
sive and reliable measurements become available. 
The rest of this item is Dr. Mousa’s opinion aid 
does not require any response from the author. 
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Closure of 93 WM 081-0 PWRD 

Farouk A.M. Rizk: The author thanks the dis- 
cussers for their valuable comments and interesting 
questions . 

This is in response to Dr. Mousa. 

1. The first question of Dr. Mousa indicates some 
basic misunderstanding on the part of the dis- 
cusser. If structures on flat ground and in moun- 
tainous areas are treated as separate groups as 
recommended by the present theory, then obvi- 
ously every structure should be represented by 
its real height. On the other hand, the practice 
so far, as indicated by Mr. Popolansky, has been 
to represent structures by their effective height. 
By definition, effective height of a structure in a 
mountain region is the height of a structure on 
flat ground, which would be subjected to the same 
number of Lightning Flashes at the same isolter- 
aunic level or ground flash density. In such ap- 
proach, adopted by Dr. Eriltsson, all structures 
would then be represented by their effective height 
on flat ground. Accordingly their lightning per- 
formance could only be compared to theoretical 
predictions for structures on flat ground. Type 1 
and Type 2 distributions are not universal laws 
but as mentioned in the paper should be looked 
at as typical examples: one related to the more 
general situation where ground fields do not nor- 
mally exceed 10 kV/m while Type 2 is suggested 
to apply to more severe conditions involving low 
clouds or even winter clouds in Japan. Type 1 
would then appear to be more representative of 
the general trend in Dr. Erilisson’s collected data, 
as confirmed by the excellent agreement between 
theory and field observation in Fig. 9. However, 
it is still likely that extreme points in Dr. Erilts- 

39. R.B. Standler and W.P. Winn, “Effects of Coro- 
nae on Electric Fields Beneath Thunderstorms”, 

son’s collected data could be better occounted for 
by Type 2 field distribution. Accordingly, there 
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are no points to be taken into consideration from 
item 1 of Dr. Mousa’s discussion. 

2. The above answer to Dr. Mousa applies equally 
well to question no. 2. 

3. When it comes to comparison of theoretical and 
observed numbers of flashes of a particular struc- 
ture, as distinct from the general trend, the sta- 
tistical distribution of ground field measured at  
the structure site should be used if available. In 
the absence of such measurements, field distribu- 
tion Type 1 or Type 2 could be used as a guide 
according to the prevailing conditions. As men- 
tioned in the closure of Part I, the average height 
of clouds reported in [13] was as low as 700 m, 
i .e .  160 m above the tower top, which conceiv- 
ably implies severe field conditions. In the absence 
of ground field measurements, the fact that the 
observed point in Fig. 14 is closer to predictions 
based on distribution Type 2, without any calibra- 
tion of the model, is very satisfactory. In lightning 
investigations where, as mentioned in the Closure 
of Part I, Ng could easily vary by a factor of two for 
the same isokeraunic level, it would be unrealistic 
to expect a physical model, as distinct from an 
empirical formula, to agree with observed number 
of strikes to within a decimal point. Finally the 
discusser neglected to mention that the author’s 
curves in Fig. 14 refer to Ng = 1 (l/sq.km). 

4. Dr. Mousa should not confuse the probability 
of occurrence of an upward flash relative to the 
total number of flashes as expressed by (26) of 
Part I, and the probability of occurrence of the 
critical’field required for upward flash in any thun- 
derstorm day. According to the present, theory 
the latter probability should be small for Eriks- 
son’s tower and indeed according to Fig. 5 (not 
Fig. 4) of Part I (Dr. Eriksson’s own measure- 
ments) should be well below 10%. Now Erilrs- 
son’s tower had on the average 1.5 upward flashes 
per year which for an isokeraunic level of 70, see 
ref. [6] of Part I, corresponds to a probability of 
2.2%, indeed in the expected range. For compari- 
son, let us apply Dr. Mousa’s preliminary theory, 
please see Closure of Part I and Ref. [34], to es- 
timate the number of upward flashes from Erilcs- 
son’s tower. The altitude of Eriksson’s tower t80p 
= 60 + 80 + 1400 = 1540 m above sea level. In 
Pretoria, N,, = 7 (l/sq.km) and the ratio of cloud- 
cloud/cloud-ground flashes ( Nc/N,,) is estimated 

at  3.8, the preliminary theory results in: 

This is two orders of magnitude higher than the 
measured value of 1.5 upward flashes per year. 

5. The author does not know how Fig. 6 suggested 
to Dr. Mousa a minimum background field of 
20 kV/m for the 10 m church tower on the 250 m 
hill above Lake Lugano, as the figure does not 
provide data for masts below 40 m height. Since 
Prof. Berger did not describe the hill, I assumed 
as usual that it was semi-ellipsoid. Detailed cal- 
culations gave a critical ambient ground field of 
14.3 kV/m, which according to field distribution 1, 
extrapolated, corresponds to a probability of oc- 
currence of 0.2%. With an isolceraunic level of 
approximately 60, this 10 m steeple should ac- 
cording to this paper be subjected to upward 
flashes, on the average, once every 8 years. While 
Prof. Berger did not give any information about 
the frequency of upward flashes from the 10 m 
steeple, it must have been very low. This is be- 
cause Prof. Berger referred to that steeple as “the 
lowest object from which an upward developing 
stroke was photographed”. For comparison let us 
apply Dr. Mousa’s preliminary theory to estimate 
the number of upward flashes per year from the 
10 m steeple. Lake Lugano has an altitude of 
274 m so that the altitude of the 10 m steeple 
top will amount to: 10 + 250 + 274 = 534 m. 
With 

N,, = G(l/sq.km) and Nc/N,, N 2.55 

Nu = 62 flashes/year 
I Nu = 5-14 * 6 * 3.55 * [1 - e-0.00355(534-300) 

The figure does not need any comment, suffice it 
to mention that it is higher than the number of 
upward flashes to Prof. Berger’s towers at Monte 
San Salvatore, ref. [26] of Dr. Mousa’s discussion 
t,o Part I (please correct the year to 1968). 

6. It should have been obvious to Dr. Mousa that 
the total number of strikes will always be the sum 
of upward flashes and downward flashes. Whether 
the ground flash density will change or remain the 
same will not change the above statement. For 
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7 .  

8. 

9. 

10. 

the rest of the question please refer to Closure of 
Part I. 

The paper mentioned that criterion (19b) can 
be important for balloons flown from conductring 
wires. Laboratory tests with constant stress lead- 
ing to streamer breakdown were also discussed in 
the paper. The question of space charge effects 
was fully dealt with in the Closure of Part I and 
will not be repeated here. 

As in many sensitivity analyses, one parameter is 
varied while the others are kept constant. There 
are no assumptions made on the relationship be- 
tween cloud and mountain heights. 

No definition of height is neeed and charge simula- 
tion calculations are to be performed taking into 
account the surrounding topology, after sensible 
simplifications. 

The overall attractive radius is defined as: 

(4) 

g I J  where f(I) = - dl 

and P ( I )  = I/ (1 + ( I / I ~ ) ~ , ~ )  
If ;‘9 is taken as 23 kA, then in the range 10-200 m: 

R,, = 22.4 ho48 (m, m) ( 5 )  

To Dr. Petersson and Prof. Eriltsson: 
I would like to thank the discussers for finding 

the statistical method used in the paper sound in all 
respects. Their effort to promote a wide use of the log- 
normal current distribution has its merit. However as 
mentioned in the Closure of Ref. [4] of Part I, what is 
needed is more extensive measurements, particularly 
at both extremities of the distribution. I am pleased 
that they noted that the author’s model has enough 
flexibility to accommodate new data. I would just 
like to draw their attention to the fact that the model 
uses physical constants all-through and has not in any 
way been calibrated against field observations. This 
makes the excellent agreement between theory ant1 
field results all the more gratifying. 

To Prof. Carrara, L. Dellera and E. Garbagnati: 
It is very satisfying to the see the good agree- 

ment between the present work and the Leader Prop- 
agation Model. The author also fully agrees with the 
discussers about the natural dispersion of lightning 
parameters which any physical model has to contend 
with. The request for comparative calculations with 

both Type I and I1 field distributions is answered in 
Fig. 11, and iiidicat,es that particularly at the lower 
end of st,ruct,ure heights, the effect of the statistical 
nature of the ground field distribution on upward flash 
occurrence can be quite substantial. As mentioned in 
t8he paper and in t,his Closure, tjhe above field distri- 
butions are typical examples, to be used as a guide 
in the absence of local field measurements. It is the 
author’s hope, that more extensive and better instru- 
mented field measurements will become available, in 
order to account, fully for the effect of regional char- 
acter of lightning parameters on upward flash. 

This is in response to Dr. Popolansky: 

The lateral attractive distance of a conductor for 
downwarcl lightning is inore fully treated in ref. [4] 
of Part I. It was shown that for any return stroke 
current, the attractive radius of a mast is indeed 
higher than the lateral attractive distance of a 
conductor of the same height. The basic difference 
with the conventional EGM is that the ratio of 
the above distances is not constant but a function 
of height. Furthermore the model showed that 
the above distances increase with height, thereby 
leading to more frequent strikes to the mast. 

The relative values of Ig, 7, and 7, depend, ac- 
cording to the general analysis in (27) ancl (29) of 
Part I on the functions v ( h , I )  and d ( h , I ) .  The 
paper also formulated a general criterion for in- 
dependence of 1, and 1, on height, namely that 
r ( h ,  I )  and d ( h ,  I )  could be expressed as products 
of function of I only and h only as given in (34) 
and (37 )  of Part I. 
Indeed Prof. Horvath, ref. [2] of Dr. Popalan- 
sky’s discussion, usecl functions that satisfy the 
above requirements. His functions however are 
not idcntical with the ones resulting from the au- 
thor’s model. It is to be expected therefore that 
Prof. Horvath’s values of f, and 7, be somewhat 
different quantitatively from the present results 
and that he also finds an independence of median 
current on structure height in agreement with the 
present work. 
The author is grateful to Dr. Popolansky for in- 
cluding a summary of his extensive lightning cur- 
rent ineasurements on chimneys. The author’s 
conclusion that the median current is practically 
independent of mast height within the range 10- 
100 m refers, as clearly indicated in the paper, 
exclusively to downward lightning. On the other 
hand Dr. I’opolansky’s current measurements do 
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not distinguish between downward and upward 
flashes i .e.  they represent a mixed distribution. 
Let Tu and r d  be the median currents for up- 
ward and downward lightning respectively and the 
probability of upward lightning, as defined in (26) 
of Part I, be Pu(h). It follows that the median 1 
of the resultant mixed distribution will depend on 
height as: 

I ( h )  = fd - pu( h) [& - Tu] 
Since r, is known to be much smaller than & and 
as Pu(h) increases with height, (6) indicates that 
f(h) will indeed decrease with height, in qualita- 
tive agreement with Dr. Popolansky’s measure- 
ments. 
It may be thought that for the limited height range 
of 15-140 m, upward flashes are not important. 
However two points stand against that view: 

(a) As shown by Fig. 11 of Part 11, for ground field 
distribution type 11, characterizing severe con- 
ditions associated with low clouds, the number 
of upward flashes starts to become significant 
for masts as low 50 m. 

(b) Dr. Popolansky expresses the dependence of 
the number of strikes per year N, (referred 
as probability in Dr. Popolansky’s paper) on 
height by the empirical relationship (see ref [3] 
of Dr. Popolansky’s discussion): 

N, = k h” 

where k is a constant, for a given isokeraunic 
level and h is the structure height above flat 
ground. The dependence of the exponent n on 
h was found to be: 

h,m 25 110 25 500 
72. 1 2 3 4  

The fact that n = 1 for h = 25 m on flat ground, 
where flashes are exclusively due to downward 
lightning, shows that the overall attractive radius 
is proportional to the square root of mast height in 
exact agreement with the present paper, see con- 
clusion 2 of Part 11. Therefore contrary to Mousa’s 
comment the present model does not exaggerate 
the effect of structure height on lightning inci- 
dence. More importantly, already at h = 110 m, 
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This clearly confirms that in Dr. Popolansky’s 
measurements upward flashes play a significant 
role even for structure heights below a 100 m. 

Finally to Dr. Chisholm and Professors Shostalc 
ancl Janischewskyj: 

1. It goes without saying that we are concerned with 
conducting structures and that the conductivity 
of a metal electrode does not play any significant 
role in breakdown of long air gaps. A Chimney 
is normally provided with a lightning conductor 
(interceptor) and it is well known that cement is 
conducting when wet. Another weak conductor is 
the gas exhaust which is partly ionized. 

As to the effect of structure shape on posi- 
tive leader inception, the subject has been dealt 
with many times since Carrara and Thione intro- 
duced the concept of critical radius [16], including 
refs. [5], [15] of Part I. The discussers incorrect 
view that the present approach neglects the effect 
of structure shape justifies revisiting the subject 
in some detail. 

Let us consider a vertical semi-ellipsoid metallic, 
grounded structure of semi-major axis h (height) 
and semi-minor axis a (base radius) on flat ground 
plane immersed in a uniform ambient field Eg. 
It can be shown that the field Et at the structure 
top is given by 

where p is the radius of curvature at the structure 
top = a2/h and kg is a geometrical factor given 
by: 

and h > a 1 
It is important to note that in (7):  

Egh = Ui (9) 

where Ui is the induced voltage due to Eg at the 
position of the structure top position with the 
structure absent (space potential), so (7) can be 
written as: 

the exponent n reached 2 and continued to in- 
crease to attain 4 for the Moscow Tower of 540 m. Et = ui /Teq  (10) 
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4.00 

where yep = p / k ,  is the equivalent radius at the 
structure top. Expression (10) clarifies the funda- 
mental importance of Vi obt#ainecl as it, is, in t,he 
absence of the structure. For a slender structure 
i . e .  h >> a ,  req reduces to: E 

8.00- 

8 6.00- 
W rep = (a2/h) * [In 2h/a - 11 

16.00- 

14.00: 

For a structure of the same height h but of a differ- 
ent shape than the semi-ellipsoid, (10) will remain 
valid, with the same Vi but, of course, the expres- 
sion for the equivalent radius rep will be different. 

For a perfectly smooth semi-ellipsoid, using the 
streamer theory, the corona inception field Etc; 
at at structure top can be calculated and from 
the above relationships, the corresponding ground 
field E,,i is determined. The results are shown, 
for a striwture of 500 m height, as function of the 
mast base radius, in Fig. 14. 
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Fig. 14 Variation of ground field for initiation of 
corona at the top of a perfectly smooth 500 m 
semi-ellipsoid mast on flat ground, wit8h mast 
base radius. 

A fundamental point of the leader inception the- 
ory [13], confirmed by experiment, is that below 
a critical radius [16], leader inception remains in- 
dependent of the equivalent radius and only func- 
tion of the height h. In that range of equivalent 
radii, corona inception does not immediately cause 
leader formation. Beyond the critical equivalent 
radius however, corona inception results in imme- 
diate leader initiation. Since for a semi-ellipsoid 
mast of height h, the equivalent, radius is a func- 
tion of the mast base radius a ,  the above results 
can again be displayed as function of a.  This is 
shown in Fig. 15 and demonst,rates t,hat, for t,he 

14.001 I 

12d 10.00 

/t 

Fig. 16 Effect of rain on the switching impulse 
sparkover characteristics of a large sphere- 
plane gap in air and comparison with sharp 
rod-plane gap. 
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(27) and (29) in Part I that not only will the 
median current remain independent of structure 
height, but that following happy outcome will re- 
sult: fs = f, = fg and accordingly f, = f, = Ig. 

7. As mentioned in the paper, the comparison be- 
tween critical g r o u d  gradients for static struc- 
tures and rocket-triggered lightning is made in 
Fig. 7, while fully recognizing the differences be- 
tween the two cases. Such different conditions 
can account for the fact that the observed points 
of rocket-triggered lightning tend to be somewhat 
lower than the theoretical curve obtained for static 
structures. The large dispersion of the measure- 
ments, due to random variations of the complex 
parameters involved is more likely to be the cause 
of the observation made by the discussers, rather 
than a basic characteristic of the negative leader 
initiation mechanism yhich, incidentally, is be- 
yond the scope of this work. 
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