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Novel Observeations on Lightuing
Discharees: Results of Research
ont Mownt San Salvatore

by x. BERCER

Eidg. Technische liochschule end High Voltege Research Commitice
Zhirich, Switzerland

Ie Introdhuction e Bricf Deseviption of the Lightolng Research Station

Some new theories about highining strokes to and from the earth are dis-
cussed, in this paper based on olservations from Mount San Salvatore {(near
Lugano), Switzerbusd (1-4).

A goographical map of the area arownd Mount San Balvatore is shown in
Fig. 1. The photograph of Iig. 2 wos ipken at Lugano, Lake Lugano is 275 m
shove sen level; the peak of Mount 8an Salvatore is 915 m as.l, or B0 m above
Loke Lugano, This site is on the southern border of the Alps where the majority
of thunderstorms and rain clouwds come from the Mediterranean, fe., the south-

Wikl
. E?IEIEHHI\LI.-E o

£

Fuu. 1. |:;l.'ll"l'l"I:Ii.l:l-lul'\-lzll mang ol Mlewunt S ®alvaore with Jllll:llllunlJlIlz-.1 fam [I-hl: ol misinLoin
0105 oAb,

s



LT

RE vood,

Nuovel (hbavrrations on Lighfning J'}l'.tr.'rr:.rpra

Tl skimik Tor Nglifaiig ounrend

Fio. 3. Aerial view of peak San Balvatore with Nghtning tower |

essIFCiTIENLE 18 i'-'-"'l ahove Use TV -anlesnassugiphriaig st arg

beedow tha 30 m lighinang o

(TYslower) mind el Ifl,:lll:FlIlUl.U‘I:lh] .

Vigw tnmapls Alowd Ban Salvators from Liagseo,

Fir,

474



K. Berger

wadid Ja10m (1] S Bane (D) ‘G oS g -oudieg Wnd) Jgnasng jo [Eimiasy (g ey
AdeywA L U R (L LT PRIME Si o eniinEsg L (0 25 S and) apipi S [§
I dmman) wisag s e (p S(sammge g L0 ) asg B (S8 e agspbd gl
B e feeijiiins el S pgE) (] sassiajing uikd sy jie Appaee] op hig

Jimmral st Flar Freasha Instizag



Noerl Obecrralions om Liphining DHischwrges

Hiwee 1050, two towers love been gsed for liglitning research. The first was
crected] in 1L on the highest peak of the mountain specifically for lghtnimg
sspkrels, Thi= was replwed in 1058 by o oew construetion which simultanessty
=ervies o8 o lighining research station nid o= o eadio sl felevision tower (1792 50,
Figure 4 shinva the site armamgement,

The sevvanl tower, erected in 1950, i used excleseely for ghtuing research,
It is situated on a sovondary peak, at a distanee of about 400 m from tower 1,
anid its top bs some 47 m bower than that of tower 1 (Fig. 5}, Bach tower is 70 m
sigh, inchuling the steel necdle which arts o8 o lightving red. The lightuing re-
wcurch evvers both clectriead and plaotographie sepects, Lightaing currents to o
tower 48 6 function of time are reconled by cleetromagnetic and cathode ray
arilbographs (ot which are hasisl in oo very obl buililing (Fig. 4). The
pnihling plsg comtaing etrments Oodemeter=d which contimously register
the o curreinds fo bty vowers dliriog (e thasderstorm season. Lighining
current = are mensereed by issues of @ twestage st just bobow the peslle of each
rowers A schematic cirmuit disgram for ooe tower &5 shown in Fig 6. For an
accurale messirement of the rorent sfevpoess 2 multilayer tubular shunt of
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0.05 © with a response time of 16 nanoscconds (nsec) (IEC-value) iz used, as
shown in Fig. 7. Both the electromagnetic and the e.r. nseillographs are of special
design, gradually developed and modificd in the light of experienee gained in
recording lightuing phenonicns.

The photographic cquipment i3 located oo the pofl of a pilgrim clureh on
the mountain peak {Figs. 3 and 4). This position commanals an exeellent view
in all directions, and in clear weather it b= e 1o soe the 4500 m high sow
peaks of the western Alpe aboul 80 ki away (== Fig. 3). This allows us= to
photograph at night lightning “ndkes (0 carth in all directions aml makes Bt
progilile to deterinine their points of mpact in many cases, unbes these points
are liddiber Ly inouintains,

Bight nofmal eameras have boen gsed since 1950 for thi= parpose in onder 1o

‘I’E'-; Jowrmal o The Fraskbin Laiiiuzs




Nowel Obarrvations en [Liphtning Discharges
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vover the entiee borizon, Do swlslitmen, speeed eamerns with fast moving Rilm
{develspel by Bovs-Selwabinl= Mol odituined photographs of the develop-
msent aml the progression of lemnider steokes. Toitially, we used two film spoeeds of
aboat 3 amd 30w fsee, o we dse only one speed of sboat 27 mysee. Figure 8§
shows the design, and Fig, 0, a phastageagpds of the Gest-maoving Gilm eamera which
paes the constrction devised T Malas (8],

I, Izoweranuie Level, Lighitoing Freqgeeney and Corena Caerenis

The sautlwerin { Ttalion speaking i part of Switzerlam] has the grestest amount
of rain aned lislrning =torms, The =eernnie level, acconlieg (o ils ternal ol
dbefinition, is given i =il g abde | Dor the pemioad 1947 o 1963
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§0, copnperes! with 51 ol Talvbe 1o Wl valoes are highor than the Toalian waetee-
..::-“ﬂ" gl volies which are 15 1o i :"-:'l' | Bumema v lasion .|',-.l||'|l:||:| :';lli.lll. ICE, 110 or
(2)]. This is peaukily undberstidabide i view of the exposed observation point on

b=k

Jimamal of The §oesklin Insisiuis

o SLES &



Nowel CNuerrilinns on Lighiming Dischargrs
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.".'mi:ﬂhmuﬁm. on .f.l'gﬁtm'ng flisckarges

Mount San Bulvatore and the eontinusus readiness of its observer themighout
the day s night.

The frequency of lghining sleokes cannot be derived from the “isocefaiinic
level” bat can be estingted from the continuous registration of currents to the
towers. Nearby strokes produce rapil ekl changes amd therefore eapacitive
current impulses from tower to pround. These current impol=es are connted if
they exceed o certain minimum. An example s siven in Fig, 10, The comparisnn
of corons currents in both towers is of special interest, Usually corona currents
of less than 4 mA have the same shope and similar amplitude and, if there s oo
siroke to either tower, the same polarty of impulses. However, when one tower
i struck, the other tower shows an impulse of opposite polarity, These corona
eurrents give an approximate measure of the decirde feld near the towers, is
their variation with time is slow. Fost fiecld chonges produce currest impulses
2z may be seen from Fig. 10, but there is no prood that these impulses are due
excluzively to capaeitive eurrent pulses. On the securrence of a searby stroke a
very distinet and typical sound impulse, like a weak shot, is ;udible from the
necidles, The audible impression 18 cxactly the same as the well known impulse
coroin on high voltage lines during the propagation of overvoltape impulses.
This lesds to the conclusion that the short impulses indicated by the corons-
registention curves are due to o swedden incrense in the clectrie field rather than
to the capacitive current alowe, This ohservation will be dizcussed later in con-
nection with the mechanism of the stroke. In these corona-current curves
(Fig. 10) the sudden field changes caused by nearby strokes are clearly visible,
ns are the times required to recstablish the original current or field value, Fre-
guently this reestablishment of the electrostatic field shows an exponential
shape with & time constant of one or more minutes.

The continuous registrotion of corons currents throughout the lightning
scason allows the total electrie charge which has Aowed from the clouds to the
earth to be evalusted. The results of this integration for the years 1960 and
1963 are shown in Table I1I; currents below 0.1 mA are neglected. This table

Tanex II1

I mbegraled roreng eharges feoun toasers I and 2 for peard 1900 and 1962 grad comiparison il
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Fum, 11, ISvamples of @ierml oscillisgrmnes Toom iigEw Ty o pekes wih rontimig carrest only,

al=t gmives Uhe bellal idis-bre ehiamee darmel |r=|-' |!i1|'|h|i|||; atpokes b towers | onal
LTI LG T i T :';l'|li1l‘il1l' vitliges are F:,i'l.'l'-ll fnr |rr|-'il:|'|.'.n aried negHt ive m];trpriﬁ
Table (1T wimkes i1 obear (Bt thae total cospoinn ehuipge ennitl el by e towoer 102
hightning seastm s 7 16 25 thawes ssaller than the charge of all stpokes during the
same sensoi into of from this tower. This vbservition s intereding in connee-
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Fig. 1% Same an Fig, 12, except impulses are nol superimpossd, bul follow first continoing
F) ClFremta

tion with the iden expressed by Franklin thet corona curronts from shorp-
pointed objects might he s strong as to discharge clouds and, hence, avoid
light ning simkos, The hgures obtatned on San Salvatore an well s the oxistence
of =0 many strokes (o the towers prove that, even i the easo of towers being on
top of a mountain, the corom-distributed charge i3 always much smaller thon
that of a lghining stroke and that, even in this case, it s ood possible 1o ol
strokes by proceding state corrents of & few mo\ or kess

. Gernoeol (Nsereations  lont Lighining Coreeals fo Pl BEarih

It shoulil b elenrly noted that all currents are nesmansl at ihbe eartl ensd
af Lighitningg strmkes,

al Binee the begionig of oseillographic olservations in 1943, the et Tma-
proessive obsorvations coneerm s principal differenee in currenl oscillogrames., U
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Kool Ofscrentions on Liphlning Dhischarpea
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tvpe oo warilloggromn shows n corrent inpal=e with a stevgr fromt at s omigin.
Kusuthwr fvpe o vecillogrna, o the other haml, boging with g b eurrent of
ther ocler of 100 % Fisting m Pew Booscbeed il oor ome tentle of n seeeanl. Only after
sipultanens sbeervalpne were begun ssing Gst-moving il wis it poesilile 1o
prove the existenes of downwend and gpwand growing lightuing atraleg aml o
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catalili=ly o evrrelntion Tl ween plhiisteggraphic roconds and the two ypes of
varrrenl oscillogrn s,

b Moether geeemal olservation = the well known existenee of wulliple
slebes, Aevonding to Schonlaml, a mnltiple stroke s called 2 fask, which i=
copgmstsl of soveral sboabes (6=91, (Tn Clermnn these definitions expresad s
i seminmad bl ™ gl ™10 'lllrllla." Are oS !I-l'lritl'ilr_l"}.
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Novel Dbseremlinis ou Ligkining Discharges
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Fi 10, Exnnaplos of st raig mibsqieent strokes, Corpents are resopdeml on timesenles i sl i,

In the fullowing, we use Schonlands’ definitions for fosh and astroke and, in
vnses of doubt, we also use the term pactial sfeoke a3 o distinet part of o fotal
sfrole or flesh. In couteast 1o maltiple stroke there s the aingle-stroke flash or
gingle sleoke,

¢} Two further definitions are inteosduesl in opder to deseribe ey the
shapes of lghtning comrents, L, caivenl fopulses ay| cofinaing  currenfs.
Currest impul=es are well kbown 1o high voltage cogineers. Steepfeonted vur-
rent inaplses of high ameplitedes oevar w only ae (e beginning of dewnward
sfpikes baet gy Iaggen anyveabens o the ovirs of 2 total =troke or flash,

Tliizy cigapricinr ety abpuptonlly sfter corrent poose (P g 13 and 14) or ane
spprrinipEesl o cotioging eorrents (Fag 1200 Do bestls o thicse eases we speak
ull Fawrrend pwrpdaes oF cerent geadd 0 Eleir duratioos 1= shaart, e, less i SO0
g fiar megalive or 20 gsv for po=itive At
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I, Berger

The loawg duration eurrents of smnll wuplitadis Hiss e several 100 %)
pre defimed o eotimuing enceeiits, Thear daration anvsints to handeesdihs or
venthis of o seeond. They may oeeur in the form of_teil to an impulse current
or sepurntely as the first stroke (npwnnl stroke) The wave shapes of lightning
currents nre both complex sl vorialde, In the next scetion some examplos are
given. Parfml sirebes are wormaolly separmbel by very promouneed current pauscs.
Mensurenicnts dunng the et soos of observation showed that, during this
currait piuse, the lghining carrear s bes than | A Sebsoguent strobes ane
always imitinted By an = current.

iy Another term to be elorificd i polarity, There 5 no problem about the
polarity of cloud charges, but the pularity of tightning currents must be defined.

In this paper, o pesitive clonld charge s deemed o produce a positive light-
g et this means that the earrent is connted “positive’ in the downwaord
irertion. The same defimition will b applicd to the cbectric fiebd in the at-
mosphere, In the current yeur of VMG, oscillographic measurements will b
unghrtaken for the Grst (e of the cleetre fickl near sne tower on Mount San
Halvatore, hefore, during sl after a stroke 1o that tower. 1t s logical, then, to
defive n positice ficld ws a Hebd between a positively charged clowd and grownd.
Thits matter had to be settled beenuse of smbiguitics in the literature of mete
orulogy. Our definiticns meon that a positive clowl choarge produces both o
positive eleetrie field to grownd and positive lightning currents.

Moa Eo -} ah w» L T T =

e
i = e _wm wema Tes 8 w0 w0 BOm 2O
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Fiu, 17, Exumples of sirong positive stpsikis, Currsits ane recorded s tisse-aabe f, ol

foi O Flertae cluvrse (0 sdamilish witlifn 2 rosers Trom ik siragin; By Eleeirie dhange ({selomsbe
b Wi vvntimiding onrmend nlter 2 nisor,
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' & T o

- | =1l LA n
LI | [ r L L
L 14 b Lice o i
[ [ -u_-nJ i e i
19 i o 4 I
1k .-.4 I iy L]
o' kit 1] i K
1'E L= b i i
n LY 1 g e n
'y i (0] L 4 L1}
Fr | o1l e | -
A Ik i ] -
| | ] & L1 13
(Pt (L [F ol ]
By Y i I L
L7kR T 0L i £l
15 iy s it wi
Ly s 2} 0T | L1
I L1 H fe 1 T wl

e L o S & | o] Ll

W -

sl L = e LU

ol [l [LH] i g«
il e 1 4 i
H | LA - i ™
I E LS Tl al
i 1 i o r
5 i 4 o l
14 ] i i i
e £ L L4 o
T [ Ll ¥ [ ]
o T L] | ]
]| I i &l [
4 £ I ¥ E
wi s E i £l
(7 a5 o 11 I
I [ 1 £ i
ki o .h ¥l ol
FH 0 il L1 a5
v L1 I L L
£ L g L L [

e ] [ 18 oGl faor Gl

Al Tav ],

ingwmaailand s i espiip fo S Dugpendiss Bl of copp PO dy) TRpaRg F v § ey S 5L s e e )

A SEE Ui e SN
By smimnmatny i el Bin i peoa@Enneig |

[mrgeutj puemelis Spneg s aupaligy

sute [ lwinn A i i o

gl = __._r.i._._

HiEkemia Himmgnees e Sadiji po
L TIEy TR TR AT |

FTRAI Seit s g

=agaige oy
il pd uUiEmiaay |
apsisn s i,

s e
ISTLl [ IR L |
F A O B

warpeue puintal) |
ALl fuiEw e |
| rAnap o] gEyag
£ Jhnap i | Al ) sapspe pogenpg fa g
A e 0 g S D W ] P Y
el h e e o e e

aay

Hi

Ve, JBE, Np. 6, Jur Fis



K, Herger

IV, Examples of Eighining=Current Oseillogroms

Tgares 11 te 13 <heow =nmie bypieal ramrent osébllogroms of single or multple
strokes. In these sscilbogram=, whish were prodoeed by the clectronsagnetic
ot Ingraph, twe diTerent eurvent =eales are cmplosved aml these are aljusted
tor the pmplitides of contiming cwreents. The total Bash duration amousts up
to 0.7 s, m these cxamiples, and up to 1.8 us the moximum of wll registrations,

The mapulse currents are recombed by the cor. osc. Thewr peak values, in kA,
are bdiested by small nusilers near the slow-spoed eurves in Figs. 11 to 14,

Figures 15 to 1T pre reprodhuctions of segative and positive impulse ourrents,
They are reconbead on two time-seales obtained by two cathode beams with
differcnit tine-seakes. The first seale s silapted (o the current frout, the seoond
to the whobe fipal=e gt i,

Comparing Figs. Ly andl 16, it s obviois that the froat durations of subse-
guent partiil stpokes are shirter than thise of lirst strokes, Furthermore, the
current corve of the firsd stroke hos o concave shape which is in eontrast to the
wave shape standardized by TEC, s stocpest port has o durstion of & few
wsor; the tetal front dueation corresponiding to TEC straight line theough 10
per cent and M0 per cent of the peak s of the onder of mognitude of 10 gsec;
with & 3000 per cont definition, the froot darstion would be about 5 gsee, The
tails of the firt partial strokes greatly differ in shape. On the ather handl, subese-
fuent strokes alwaya have very short frouts of about 1 esee duration. From the
exinting vscillograms aml thwe senlos, shorber dueationg cnnnst be measaped
arruratele. The ewrrent shapes of those subseiuent impilses are eather rogular
and smooth. Il they are of small anmgplitade, Ce., kess than 10 kA, their lails re-
somlile an exponential carve; all sulsegoent strokes frogquently have exoctly
the s =g and dorations of impulse earpests,

Fhiss, 16 10 31 utegrated fregpeeesy curves of sevenl lightning-current pammeiers; o number
of lglitienig sl meamared withm the pereal indirnied againet each rarve, witk

i bt il v | b abecisn viilse; nda number ss sbove, il per onnum (mean vabee), Polar-
tips are imdivaned agninat each corve, 11 Al fesdhes; 20 Only downward Mashes, For bipelsr
Aa=dies, Pt bve il migatave o Fles Ard ool SERETely
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Nowel Hacrralions on Lighlaing fischargra

Ly il n gl AL -

| —_

Froaa, 30 maid 21, G Electrio charges {Conlonshs) in a Bash,

i
Fie 22 s Electric charpes |n eontinubi Fin. 22, €, Eleetrle charges in impil-e
cirremls, eUrnEniE,

V. Statistical Data on Lightning Porameters.

Table IV contains n subdivision of lightning current oscillograms obtained
charing the period 1055 (o 1R with regond to polarity and dircetion of propaga-
tisn of strokes to towers | and 2.

Bratistienl frequency distriluitions of ssme interesting parsmcters of lightaing
currents, such s their penk valwes, electric chiarges, [, steepoesses, dumtions
sl pumber of purtial strokes wre given in Figs 18 to 31,

at Each Fgure shows two curves ane refers 1o all Aashes, the other only to
downward Bashes, 1E b Dbelioved that enrve 2 (downward lshes) may be valid
not only For Moont San Sulvatore but slso for the plains of outhern Switzer-

Vil 28, Xa. &, Juse 1907 'I-'!}F
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Firs, 20 miwl 25, [l onlolatond valies L7 see) for g flnsh,

L T LI
Froa 20 aeal 27, fali /dt) ees highast surrent sloopaies (kA e,

Linel {southorn border of the Alps). Regarding stecpness, i s important to note
that the valuer listod were ealculated from the steopest tngent 1o the current
curve. It is interesting to note the differences belween positive and negatiee
currend stecpresses. This phenomensn will be discussed Turther in connection
with the optical research (seetion VI,

h) Another interesting phesomenon s the much greater calue of [0 for
po=dtive Fghining currentr, soe Figs. 24 and 25, This integral determanes the
heating effeet of wetallie eonduetors gl electm-dynamie forees. In fact, all
cases of e to the Bghtoing corrept nts kil mow were consed Ty jaosi-
tive corrent=. As seen fronn P 25, all wsewsured volees of [ddl are below 1
Af spee, Chi the bosis ol tlhis vibae, U i esay G ealeulate the temperainre rise,
e, o onpger wire of 6 pm dieter, whiels will be holog 100%0, Two sterd
wires, coch of 6w divwcter, will he hesded fo 1407 g an extpme aml veey
rape oz Suely wiees are thas cagaldle of comcheting very hewvy lightoing enrs

498
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I

Fie, 30, w, imendher of ingpaibaos 22 e in one ['|_1|r 3. aip nnmber of siEikes in oo flnsh.
flnsli

retts, T diffienltios arise in practical stallutions, they aee eansed by baadly
welidsl conuectors et ween the wines,

e} A further notabde faet = the differenee i the snuber of sirabes in positive
ol egative flashes, Ihviring the period Va6 o 1954, froon 5T po=itive fashes,
winfy 2 wepe observed] bo Tuave 2 =trokes; 35 wene single strokes (25, Lo the perbsl
PES voe DOGEE, thee mune olservation wis ggale, This plieoopaosn will e dis-
vusssl later.

dd A comparison of Fis, 30 ond 31 shows Liitle differepee betwoen the
pmumlers of current apaabses aml partipl strokes. Thi=s means that the grost

Vil 784, Xo. 8, Juoe 62 400
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Nowel Observations_vm Lightning Discharge

aajority of impubes oceur at the beginning of purtial steokes. Only o relatively
maall pumaber of impulses ore superimpeesel on continging eareenis, Todeod, ol
nhasquent strokes, de., strokes which oceur aftor o cureent pause in o maltiple
droke, are steep-fronted impulses with or withont long tails.

¢} The bighest current steepnesses oceur i negative subsepuent strokes

Fig. 341 which always progress dewnward.

[] The annual clectrie charge which was transported to earth by Hghining
strokes during the period from 1035 to 1063 is shown i Table V. From this
iable it appears that the widesprend assumption that lighining carries more
negative than positive charges (o the ground may be ermoncous for downward
flashes, while it bolds for upward Aashes. In fact, downward fashes to the
towers brought greaier positive than wegative changes to earth hetwoen 1935
stud 1953, However, this may be too short o period to allow general eonclusions
i be drown.

Tanie ¥V

Integrated eleciric charges (Coloniba) tranaported by fightniug strokes from clonds b e
bowevrs during the period 1955-1963

Drownwnrd Upwrard
Year siroles sirokes Toisl
+ - + - + -
1855* 20 130 ] Ln] L] T
1550* 0 7] ] ol L] 25
I 250 1] 450 420 T D
1055 L] 0 i 221 b 24
el 130 (0] e ElE] H L] 1140
Iy 51 ) Hi7) ] 0 b vE
1961 L1 LIL]] o Tl 0 150
bl H0H) 1083 L)) b A0 31
19l JELI] + HH) 17 JEELY] (Lt
Tuilal
PG ko 1163 1570 B} 2380 Ml iy (LY
Aleoan valaes
LHGS* fo 11635 174 L] L2 g &N |
Mean values
1455 o BT HE B HiL}) L] Il L]

——e—— — —

& 0= ST withueat chargs in ramsil ipilags

1l Fllrpnnﬂ nf ”F‘hlllﬁll rllnh:llrll'.lﬁr wrr Wispeert Bany Sulvelore

Photography on Mot San Balvaiere bhos three purposes; a) Research on
the development of Bglining strokes togethor with current oseillograms: 1
Megistration of all peinis strock by lightning in the surrowding areas of San
Balvatere; e} Contrbution from a), to the problem of the “protective nres of
lightning rods {towers). These threa parposes will now he discussed,

Vel 304, Xa. 8, [anc 153 alll




K. Berger
VI, Pecelopment of e Lighining Stroke

wte Cecrreral Wemoels alswait Lighteing Plostogregliv

The lirst unitisiicl observatim on Mount San Salvalore was the surprisinzly
Inigh vumiber of wpaard-grosing slrebes. To prove their existenee, it wais neces-
sary to eombing cirrent mossurements with photograplibe observations espeeially
by using the metlod n:l' Fast moving fikm, deseribed in section I eom tho oscillo-
grams, we were leid to “conelude that eurrent eurves which begin with s slow-
fronted continuing current were enusod by upwunl-growing strokes, This was
inidleed proved by photogrnphs tiken on Fast movieg Rlm. Anoibher result of the
comparison of current curves and photugraphy conceris branchiug of the channel
of lightning strokes. When branching i olswrval, Tranches alwavs point in the
direction of the propagation of the lightning stroke, independently of the polarity
of the stroke,

Ancibier obavrvation is this; by we meanas oo oll strsbes dlearly show leaders.,
The reason for this statement was fomsd only by the earcful analyvsis of many
photogruphs of strokes and their corresponding current oscillograma. In other
words, we have (o distinguish between fowr fyprs ol fosders, with respect o
both polaritees and both directions of progresion, see Fig. 33, It @ nocessary

i r e E i
ket 4+ EFEEe | @ —m—emmmcemmam=m-

3 4

&F

tftv Ay
R s sm s

Fuia. &3 The Tiar 0 vpmest ol lglinning stnoke: 1) Xegative abwnwand = roke (segative charge)
gative enrrenil, ¥ Posiibve dewnwand sopske (peaitive rharge) positee cusrend, Ji Pesitive
upward st reke pektive clsege) segstive mienl. 41 Negalive speanl teelie (mrestnes change
il e ruirfetid, W ¥t of simeke peegugation.
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s oa Laghtning Liischarges
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Fre, 42, Downwanl megative strale 10 tower 2 o) Photograph from isountatn peak o Tasd
meaviing film. b) Current oeicillogram fimpolse cirrent

L]

to definee the polarty of a keader. X pesitive besder shall be a leader wohich carmes
o positive clectrie clurge; eormespoadingly, o vegniive beader 8 & legder with
a negative charse, Posiiee elivnls prosliie pasitiee Jeaders (if they propoagate
downaanls] or negalive faadera (1 theye popasite ipwards from the lowersi,
I the sy Yoy aegaling clinpls prshiee  segatin {almmwnndl op ||||'|:."I:il|'|;|
|'|,||11-.':1|1E:- lewilers,

Tise folbownag CRANLpSes sl thest wwly wewerfore feadlera, ., femiferd with n
megalive charge, exhibiil o very disdined aud bemghl sicpping, PMositively chorped
loaders show o very famt or weak loinposity anel bess clear, or o sicpging
(Hten this Il ¥ o= wisik dhat o cannest be obsorvod] oven on o fese
iy Filima

G
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Fied §4

Fae. 451, |.'||'h'\.r|| plroke lpom el 2 [Lioder = Ve agairre elecipals) &) Phafogragifi oii

frist=moving Elen Trem edakn eefili. B} BN wErapli wal =4all Gl Evilarpemnent of o) o
sl onruia=guveliges at e tipa wl the negat v leicler. ) SMages il develupmisnl o lesier
lesigned from original o). Fall lnes are just visibbe, Dolted oo aliate former disclinrnges.

Timie intervals hetwesn =teps do nol monrespond to &

i, Exwmplies of Lighitnivng Stroke Photegrophs

Fegures $5 aneld 8 =leey twin =trokes wich downwaored beaochine, while ©gs

A8 anal SN show Do stookes witls I||'|'.I.';::I'|| |||_||||"|I||;_; Frovey 1he tovwers g Mot
i Salvabore. e phootogeea it | Fegs, S6<ab)) were takoen with mormad enniems
Lapen | =g still filoe Ther slntters were lielt opn At might tone for wev e
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K. Berger

The next photographs give examples obtained on fast moving film at a
spoed of aboul 2T m) e,

Figure 40 shows o dewnward negalive strobe (o tower 2 which enntscts the
tower not at its tip (lghtning rod) but just below, at the steel framewnrk. The
main stroke current did mot therefore pass theough the measyring shunt. The
corresponding  oscillogram, Fig, 41, shows throe short current pips caused
probably by the streamer which iz visible in the photograph from the tip of
the lightning rod in & vertical direction, The first stroke shows stepped leadors
in both branches simultancously, The second and third strokes, 88 wsaal, are not
stepped, but have dort leaders. Only the brasch to the tower exists in these
=5 ok s,

Figure 42 8 another example of 4 downwanl negalive stroke to tower 2,
representing the stepped leadeor and the corresponding current ascillograms.

Figure 43 shows an wpward stepped leader from tower 2. This leader con-
taing nepalfie charge, wiz., the tower represewis the negative clectrode. The
current iz therclore positive, corresponding (o the definition in Fig. 35. The
enlarged photograph shows pol only the distinet and very luminous streamers
but also the corona regaon in frond of the tip of sach streamer.

Figure 44 is a similar stroke with a negative leader from tower 2 towards the
clouds, hence, with positive eurrent, showing distinet streamer steps with o
copona 1.=n1.'r|l.-|r|.' i front of the 'li.p of each stresmer,

AL

Fin. 4 Upwand dmbe (o negivee fower 2 ol Mislogmph on fost-nmoving [m (e
pea b of mounitging by Phatogmph om sl i, o) Ealargoment ol a) shwas comoms developr-
at tha tip of the negative beades, & bright dlominati is visibls 11.0 maso alier start of the
Laailer, The ascillogram showe at teal instant an impulse of 257 kAL Tlis proves Usse this Y lealer
1= im roRbly am e benety g ".:;I""-.'lrll. cviaabpling slrramnmer’™ W@ a :Hr-i||l..|- iluwnwan] slfoke
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Fra. 43 Upward stroke from positive tower 3 o) Photograph on fast movieg film from peak

ol mounfain, b) Pholtograph on fast moving Slm from Breganeona, ¢} Photograph on still Elm
from modinboin peak. d) Photograph on 08 Bim [Aein Broganesna shows another stroke from
tower 1 {nd nght).

Very different from these upward oF dowiward negative leaders are leaders
with posilive eleciric chorge, as shiown in the following examples (Figs, 43 (o 47).
iun'r:ur\-.'.-c 15 miw] Jik are stpokies frons Btk tovwers 1 aied 2 with u|'|'|'.'.|r-::' |

i leakers,
IBiith lemibers (feonn toweers 1 omial 20 ore vasibie Tosn Biaegsansomng .'E':.'::.. bafld
amad (al

.| [ E'i:.:. Bl L) owie Bt Jissia lor llrlll'-|ua||-|- Pl gL |||..|.l]|. il Diviaier 2

2
sivpenibil lezuler Loesins abeistil 3 giisee Litor o fowier 1, Do g, 4500 and (&) which

wore taken frosn te Tukfa o the pnempni oo, fower | ennwnt e seon, X Toont k-

eukpn of |'\-r.||'\.|'i iriar !-':_|||'|u I= |.|-|"||-c' 1 |l It |'|:;|‘.

In Fie 4000 the trst lewiles i@ froms tovwer | Ceght on phestograph 406 Jll:

el the seevanl feom tower 2 [loft on Fig, JG6000 T less thian 1 omsee ter. The
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Fug. i, Upwomnl strokos from pesitive
tvwen, 51 Plustograph an fost moving
(it Troem. iERpREain |.r.L b Phais-

EFay m s vk Slom i
Nregamnois, (Fast soale tor qower |
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SNaovet Cserradions en Lightning Discharges

(18] (]

Fio. 47, Dowmward (prolably positive) stroke bo Campione. a) Photograph on (ast-moving
filmr feom Breganeona. Leader doss ok glsow real stepping. b) Photograph o sbill Mim from
Breganzona. &) Photograph on still Blm frem peak of mountnin. Bee the loop muscd by &
“stremmmer dizcharge™ jmiming the dowiwand troke ju=t above Campione.

'-'.'r:u.' =S bl [t iRTery _,: Bt ean L Hue Dol rr--rlu-.'.'-ulp- r_-I|.||-|_|'_|| P ks 2N | I'|'r|||'|:|.'
10§ DEN=1 IR,

| (EL T, 17 shome a downwaml b e Do thee showre of Lake 1 L masaptiinee )
By examining the photograph 1 0= abveas thot thes = 5 pesibive leodes
Fiuure 47 (e} taken fram S Salvitore shims an example of & T ] T

lightming channel above Cunopane whvh ean Te explaos] as s owg

Uetrennner discharge." !
Another exuniple of o positive leader Fron tower 2 38 given i Pig, 48, From

i byis |.-|'|'|':||:_:r:|¢|_|| it 19 ofwvious Tl tlie leniler s PEOCIGE wgaaimrl nngek, m= an

1 Thiis viErmn 1 & S TUE O D Phie ekl i sidlssctnm ()
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Novel Obwrrvationy on Lightuing Discharpes

most cases with positive legders, 6 could not be photographed. Instead, the
auperimposed current peaks 1 to O show downward negative doart leaders, 1 and
2 i one beanch and 3 to 6 in snother branch, Both branches are clearly visibsle

i Fig. 4800}, o still film photograph.

Summarizing, it s interesting to note the great diference: in appenranee
ltween leaders with negative chargos and those having positive charges, The
first class of leader shows very well defined luminows lines with bright tips,
somet imes even with the corona envelope vizsible in front of the tips. Tho second
vlngs of leader does not show distinet streamers but only faint bands which
rould better be described as an irregularly oscillating, weak haminosity with
=nmewhat brighter local tips. These tips sometimes prodoce a rather contihuing
teace, a8 in Fig, 47, which proves thst there are no real steps.

Tawii VI
Eraliwlion of leaders

H ¥ Tai M
No, P, P, Type of straks n m m,.l'.i;é‘ Jreey 1]
i f‘
!
| = =  Negative downwand ] G-100 185220  40-52 810
wlfiies i lowefs
2 - = Negative downwand 14 O-1300 S50 20-47 =17
wirokes o parth O=-1750 [
1 I750-2000 T Al -
L & L CH a5 1]
3 = + Up'lru.nl strobies Tin B O-100 120-100 2 E-50 4.5-8
negnlive oo & I50-1200 110450 4047 i-18
1 20-110 S70-1150 46,8 3,5-7.5
4 - +  Bireasmsers [rom L] 55 Bi-140 3447 -4
negnlive Lomeds
& - +  Upwnnd strokes fromm 1 540-(40) 00 A5 120
Al Saghignols (4
sbepsl
& + —  TUpward strokes from 4 4110 T8 Gk-10 4-8
e L T PIO=-G08  130-40p  ak=113 =07
SO-1E5 10070 H-LLE B2
) & 4 Pusitive downeanl i i il i UL B — —
#roke - LN 17 = —
e boml E ] == -
Py Palarity of bealer charge g6
1% Palarity of stpube=rurrent §
n Number of ovaluntions walkin mnge of heigl= i
] [leight sbove tower vr sbove earth
) Vertical velsoity of leailep
i?ﬁtmh wailies over S0 stops
T Tense-interval batweois sleps
M Vertical length af stop
Vel 128, No. 4, [ e 5 1 3



. Berger

e Phitogeaphic Evidenee on Lightaing Progression

Table VI shows the results of a very laborious evaluation of leaders which
was earried out by F. Yogeleanger, It is not possible to discuss here all the
details which were published in (4). O spocial interest i= the small percentage
of upward leaders from the positive towers which sould be photographed (7 out
of 46, column ). Most positive lesders are too weak to produee an imoge on
photographee Glm. The table shows a wide mnge in the lengths of steps (Ha).
The limits are 3 god 50 e, otk coe seceptional value of 120 m, The mean
velocities of progression (vertical component) are within 40 and 2200 m /‘msee
or km/see, or within about 001 and 0F per cont of the velocity of light.

Subsequent sirobes in multiple steokes exhibit much higher lewder velocities
than Gret leaders. They Be within 04 to 30 m/asee, or about 0013 to 10 per cent
of the velocity of light, This is abunt 10 times the velocity of the first (stepped)
lesuder, Tt is interesting (o mote that oo inverse relation exists in the Tront dura-
tiotes of stepped and dart lenders {first strokes and subsequent strokes), which
ia about 5 to 10 gsee to 05 to | wsee. It would be of theoretical and practical
imteresl 0 determine whether some comrelation exists botween the length of
steps amdl the current amplitude of the lightning stroke. Unlortunately, the
number of leuder photographs with corresponding current sscillograms s not
lnrge enough yet to answer this question.

The smallest dispersion is found in the lme inlerval bebwsen b stops [ Ty).
This time is betweon 29 and 55 gsec for nogative leaders, and should be com-
parid with the period of light-intensity variation, which is 40 to 110 wsec for
positive loaders. One exeeption of only 4 (o 0.5 wsee exists for one negative
leuler,

d. Establishment of the Electrical “Bridge™ between
the Bowrvcard Progressing Leader and the Earih

The photographie records on fast moving filn prove the existence of upward
.streamers” developang not only from earth towards visible leader strokes, but
alsn from earth towards already existing but invisible lightning channels in the
clouds, The ocecurrence of these ilischarges is electrically proven by the impulse
currcnts which are superimposeid on the continuing current. of wpward lencders
(Fig. 48). These upwanl eonueeting streamers greatly Jiffer in length: (hey aften
are not bonger than a few steps of the downeoming leader (Fig. 420 yet, in other
eases, they may reach astoni=hing lengthe, The upper Bnit may be =everal kilom-
elerd, 1 s shown oo Table VIL Por sloor “hrridges" or “hreakdown distanes™ be-
tween lesuler tip sl sarth the “bridge” formation may be reganded as o “break-
down,” similur to o laborstory brenkilown, For breakdown distanees execeding o

1 i 1orm “=dresimek™ = indisichenl is deoie a ﬂqﬂ"ﬂtﬂ ety ‘;‘I’]’Lw Erens anipih oo
from win earthed mtractiors ood wliedd Gnishes in mawlairor whick smnismes o ek il
et untnet with a slownwae] Josber «0rdke Trons & ool ; G il il ier owse i mny o torimed
ai “||ph'lm] eomiw=1iing sireamer. [ fermun expuesslon B CFangent lncaeg.™

514 Joarnall o Thie Fraskiin Ininete



Nevel (bservalivns on Lightwing Discharges

Tame VII

Chararlerialica af saiip “wpirand ceuuedting slreameres’ o 0 dassirard posefiss sfeales
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few atepi in length the “bridge” formation assumes the form of an upwand leader
with ita own steps, ’

& Steepness of Positive and Negotice Lightning Currents
and its Correlation with “Connecting Streamers™

From the statistical curves shown in Figs. 26 and 27 it = seen that nega-
tive curronts are in genersl wuch steeper than positive currents. From Table
VII it_is obvious that the steepness of positive lighining currents doepends
on the length of the “connecting streamer.” The only cnse without or with only
a vory short “streamer” (st B m Table VTT) shows n stocpoess which, with

E‘Ii‘ltlglii g i) i) & 50
| #] wi

«x

a
o} il m 30 &0 s
ELEI T2

1] ilsh

Fra 48, Conparisg of steepaeers o peond nemilive strokes with s posirive dwnward
sitokee Wl limirt sasneeting « reomer. 1) Diowisatl po-stve s sk w it bese sosaasrtiog =Iremier.
Isd Ursinl clominwan] pegative stroke. 30 Up s s o Pt af The wery Taint =8 reaneer
alscharge" foome the positive trwer, AT Frormation of haghly owmbating bvwlge lspt e
slowimmining wed npwanl grmag Sstremer dicdaree O) Becaislary correst BEatien
fraum brarching,
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Tame VIII

HMighest pelucs af rurrenl, efeciric chargs amd [Gl in positive aud negalive fasbes during
he perind PSG-T06S
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* 1055-1057 without chinrgos bn sirrent impielses,

17 kAjuser, & similor 1o those of negative strokes. Figure 40 shows a com-
parisgn of the-ourrent oscillngrams of the stroke designated in Table VI, (fne
one) whech showed no stregmer and of o useal oscillogram of a segative stroke.
There it no essential difference between both current fronts in this case.

Table VIII shows the highest values of some lightning-flash charaeteristics
during the periml 195510063,

VI Short Reciew of Unsolved Lightning-Stroke Pralilems

There still remain several questions and & few unsolved probilems about the
physical nature of lightning strokes. Some of these are new, resulting from
the ohservations deserilid in this paper, others revert to the classical observa-
tions of Schonland. It s not the purpuse of this paper to offer theoretical ex-
planations for our ohservatione; instend, we confine oumclves to examining
gevernl problene whivh sevin 10 he of =pecial interest for the physics of long
sparks:

a) What is the origin ol the high clevtne Bl which & seoesan: (o develop
i upyrd stroke?® Ur mere precisciy: are apwand stmokes always “seconilary™
strokes, 1., causesd by A praany distang stoke?

b) Why Jdo wmitiphe strvkes vevur only with negative lightning currents,
f.e.. from negatively chorgel eloads?

¢} Wiy are streanwr dischanges from a negative tower tip mach Tonger than
those from & pesdtive tower! This observation & in contradietion with expericnee
o Jong =parks in rod pline gaps in high-voltage laboratorices,

) Are modern theorles about the propagation of lTeaders aml of multiple
stroke formation eopubde of exploning e plesnomeens deseribed b this papeer?

a1 [TRT YL T m——



Novel Qbservattong en Lightning Dischargpes

Tegarding guesfion o Upword 3trokes =Becondury Strokes?

The observations shout very long streamer dischorges raise the question
vhether possibly ol upwanl strokes ore eaused by distant primary Hoshes and
“heir feld varations near the towers, Very often o sharp sokse is audille at the
:ower tops at the bestant of p distant flash, s= with the well-known Inipulse
corona. Fiell impulses may then cavse the development of npword leaders, 1T
they are long enough to offect rontact with primary strokes, they are eallod
canarecling alreamer dischargea, I they do wot reach distant primary strokes, we
“hall call them secondary sfrobes. Normally upwand strokes have negative cur-
rent. This menns that the tower uormally is the positive clectrmle. The positive
lesder of the secondory steoke = very fuint and very often nol visble on fast
moving filne. Yet, the scoomdary stroke s clearly visibde o g normal pheto-
araph with still [lm. We hope io be able to answer this question about the
origin of seeomlary =trokes by wsing o "Reld-mill™ which will registrate with
gond tinee resolution the Aeld variation near tower 1 before aod during sirokes
to this tower.

Regarding question b: Alultiple-siroke Formation.

The following hypothesis s suggested:

Multiple sirokes occur exelusively in the discharge of negutive elouds to
earth. This phenomenon may be explained by the differsnt mobilitien of ions
and free sloctrons. During the discharge of a negative eloud the electrie field to
earth decreases. On the other hand, with decreasing eurrent the voltage drop
in the lightning chamnel (miain return stroke) increases. This invelves aecelera-
tion of all existing free cloctrons v the plisma channel towanls sarth, with or
without new ionization efferta. What remains is 5 positive charge in the channel.
The electric ficld ot its earthed eod is pow the difference of the field prodoeced
by the remaining negative clowd charge and the positive channel change. When
the ficld reaches zern, the eurrent s chopped at the earth bat not in the upper
part of the chammel, whivh continues to be eharged by the eloud streamers.
When the upper part of the channel is again charged to an adequate potential, a
dart lemuder travels down slong the still hot chanmel.

For pozitive elouds, the Aekl= due to the cloud and to the positive oharge in
the channel are adilitive. The electrie Geldd st the earthed el of the chonnel
wowcs ot fall to geeo until the cloml = completely dischargeil, This suggestoed
maechanisum agrevs with observal o,

Regarding question ¢ = Polanty Efects in Leaders from the Tower Top.

When comparing lesilers of Bzhining strokes with lenders of long labomtory
sparkz it s most sarprising o pote that vory long leader stookes develop up-
wirdls from mognlisr Twere to med! dowhooinng pesitive kalers. Labsorarony
sporks, on the contrary, always show mnch Josger prodischorges (besders) Trom
posifive points or mids (10,

Reganding Inminoeity, lewlers 1o lightuing strokes are quite similar 1o
labsoratery prosdischarges or sparks, Tn both eases Tight emizsbon bs inuch higher

Val, 283, s, 8, Juse 1957 aly
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in front of o negative point or rod clectrode than in front of o positive one (10),
This woukl suggest the existence of much longer positive lightning leaders than
we can oheerve by photography, Thix, bowever, s in coutrudiction to the ob-
servation of only <hort posifice connecting streamers from the tower to down-
eoming negative beaders. This probilem of very long negefive connecting streamiers
from the tower remains, theeefore, open to future explanation.

Regarding quesiion d}) | Bteppeed Lesder amd Pilod Leader,
Schonlwnd has suggested o regularly progressing saud invisible pilot lender
which preparcs the steps of the pegative lesder, The photographs of negative
leaders from ibe towers show o very ot corona-envelope at the eml of
ench lender tip [Fig, 450d) ], This proves the existenee of o strong somization st
il point.

5!:1] Il.ll'l'l.l:l.ﬁull T cotelitnbe] o fr.|||1|ll.l1ml.1.tu.'| 'pn.llall.'ln stpee abogt M)
when M, Tipler in Dresden proilicated thor eccummonce sith remarkable fore-
sight from his faoeous experiients about “gliding discharges" o especially
“olectrodelos gliding discharges" which are a special form of Lichtenbeng
fgures {11=14}. Fusbuoental research o these phenouens wos done in the
decade of 1990 by MeEachron (15, 16, 17}, Allibone (10, 18), Lich (19), Meek
(18, 19}, Racther (204 21}, and Stekolokov (22-24). A survey of the literature
before Warld War 11 is given by Gomdlet (281, and by Bruee sl Gobile (26)
who cite miany relemines.

After Workl War T, fundanuental sesearich o dischorges in nir was ressgiiod
in severnl rountrics (27). Perlinent refloronecs are given in sone papers by
Loch (28, 20). A theorctical study of the lightning channel in ssnipeirizon with
long Inboratory-sparks is given by Wagner anad Hilesons {30).

Stepperd leacders and the pilot leader pose somoe Tundamental amd mither
complicaiod physical problems. From the lurge amount of physical investiga-
tions it is clear that solutions are not casy o find amd, in the aathor's opinion,
‘ot yeb eomipleie.

IX. Points of Lmpact of Lightwing Strokes near Son Saleatore

Froam the many photographs we have 1aken of lightoing strokes in the
surrentuling weeas of Aount Bun Balvatore, the visible pobnts of oot are
imihicated oo o groprnphic mage (Fag 30) whene tho results are given for fhe
prrie]  FAS-1065, Figure 300a) represeats downwanl steokes; Fie 3000,
upwan] strokes, In the shades] preas in Fig, 30{a) the grouna] i= not vi-ible fram
the peak of Spn Zabvatore; cherefore, only e sonnbser of sErokes into (his ares
b patea], Mount Sap Salvatere 5 mackeld by o eross i both Bgures, % com-
part=m of the pomts of =trke (v dilferent vears clearly shows cnompms varia-
tios=, Fgore Szl forms o hasts for statistienl mfomnation on the beeal e
tribuition of strokiw, Figure 50(b) is of sperial interest bocanse it <hows 1ot

:’]S Jeuimal ol Ve §roctbes el el
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Fua, 50, :".[II.TI- of srwismielings of MMomd Sas Salvatlors with ph-l-l;.m;.l.hh.l [T LE ol
];ﬁlll.ll-llq sirikbed. af Dowpwan] =reokes eluirigg i e hphtning seasens: 2, 1005, 0], 15
O, D57 W LIRS0 W, DI e, D90 A, IR ow, JUGE: &, 1004 B 1965 (10038 o photos
ul steokis), Where the growaid o n visilile Taoie e penk of San Balvarore, the tslal misnslser
ol sbroked 10 Uiese chaded aféis are miial, & Upwird strokes frons S Salvatern, Maonte
Cenerosn, Moute Bed, Monte Fighigeeds aml IHogna (Maate Cemerl B not on the isap),

Val, 10, Xa &, Jurs 1967 :Iliﬂ



K. Resger

Fr. 30 i)

Jeursal ol The Fraphlin Insisiuis



Nagwl Dbarrrations va Lightning [ischargpes

upwanl strokes ocenr only o mountain peaks with moetal stractures, sich as
towers of miete, The lowest position from which an apward stroke lins heen
vbsmerved witil pow was at Biogno vear Breganzous, aboint 3 ki northiwest of
Mouint San Balvatore. Figure 310a) is o pholograph of the stroke; Fig. 51(h)
shows the cluirch and its stecple as well us the lightuing rod, which lud heen
hit. This exsmiple proves the oecurrence of upward strokes from relatively low
Liills with & stecple of 8 to 10 m high; the church i3 about 250 m above the level
of Lake Lugins,

As secn on the map of Fig 50i{a), the froquency of hightning strokes por
venr and per square kilomicters can be estimated. Within 25 km from San
Balvatore, the mean value of photographid strokes is 1,1 strokes per year ool
km?, Considering that only about one quarter of all strokes oceur st night, when
the photograpls were taken, o frequency of about 4 strokes per atmom and
km?® may be nn approximate value,

If this prnod of observation spans at lonst 10 yenrs, the resulting map imli=
eates that strikes may oecur practically anywhere, including the lake, No
ilirect evitdence oxists of any preferentinl points of strike. Therefore, we may
coticlude that the paths of downward lightning strokes are guided by the very
irregular anil variable distribution of space changes in the thunderstorm at-
mosphere which is influenced by topography and wind direction, but probably
ot by conductivity of soil. Obviously, thon thiz space charge is the reason why
0 many downward strokes penetrate deep into valloys between fairly hagh
iountains,

X. Consequiences of Leader Development wcith Respect to the
“Protective drea” of Lightning Rods and to Lightning Accidents

Undoubtedly, in the chse of upward sirpkes, long I.L;]:hl.mg rods may con-
centeate lightning discharges to themselves in a measure which is not essentially
different from thot produced in a high voltage lhboratory. The reason is that
this type of discharge & determined by the more or less static field pear the
lightning rod, taking into aecount possible space charges around the lightning
rod. It may be possible to visualize o model test for upward strokes.

When we begun measurements on Mount San Salvators in 1043, we wondered
whether upward strokes would develop from the many mountain peaks near
Ban Salvatore. Observations cleardy showed that the surrcunding mountain
peaks did wot produce upward strokes if they were not equipped with n tower
of electrieally conducting mist, However, a steel mast of not more than 13 m
wns the canse of many upwird strokes on nearby Mol Sighignola where no
lighitning strokes were ever obsorved befors its crection. This observation of up-
wird strokes od mountain (ops may be compared (o the observations at the
Ewipire Siate Builiing, with itz excoptionnl height of 400 m (16). In 2uch
e, ity bie justified to speak of o protoctive aren, This area i desocintesd
exelpsively with the initistion of & discharge which 2 an cleetrostiatie problem
hotween lightning rods and charged clouds,

Vel 193, ¥o. 8, Feae 193 521
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Nowel Clarvvations on Lighining Discharpes

The situation is different for downward sirokes. The tip of the downward
leader has n eertain electrie potential. If the tip appronches earth or an carthed
tower, the eleciric field is similar to that of a point-plane or point-point gap, if
space charges are neglected.

From lnboratory research work, it i well known that e, voltages or switeh-
ing surges of 2 AV or more may occasionally eause abnormally long sparks.
For higher voltages it seems very difficult to correlate discharge and spark
distanse. This s the privcipal vhjeciion to the theones which connect leader
voltages and lengths of the uitimate "strking” distance 1o earth, Until maore
knowledge is available for d.e. volioges of ab least several MY nnd on the in-
flucnee of free space charges near the discharge, it will not be peesible to justify
ihose theories about proteciive areas.

The problen scems to be less complicated if o secondary discharge s caused
by o far flash. This secondary discharge takes the form of an upward streamer
discussed in item d of section VII. In this case, long rods may produce o pro-
tective area which s defined by electrostatics, taking into account near space
chirgos,

This philosophy leads to two consequences: One is that lightning protection
methods on mountaing should partly be based on different considerations from
those on fat land. Long lightning reds may be uscful in the mountains o8 o
means of producing greater protective areas. The second comsequence is that
secondury discharges may occur at the same instant on many pointed objects,
f.e., o mountaing aml on fat lund. This may explain the many instances when
peoplo have felt strong electric shocks resulting from lightning strokes but were
ot hit dircetly. In the future we hope to obtain more information about the
“protective arcas" from the results of “ficld mill” records, together with pertinent
photographs and osclllograms,

XTI Neww (zercabions on Lighitning

Bricfly summmarizing some new observations, we mettion the following points:
1. On XMount Snin Saheatore all fowr forais of Liphtaing sirabes appear: both

palarties and both directions of progression (doewnwond aml apwand strokes’.
2. Upard and downwand sirokes enn be distinguished by three methods.

al Fast moving lilm { Boys-Sehosbual-XMalan-Comeral,

i) Oscillogram of stroke eurrent: Upoeeed sfrobes begin with continuing
curreitts of phemrt 100 A during bndeedths of 3 soromul (leader curs
ront ) ; Pwewieand afrakes began with o steep=fronts] impalse surment
{refurn-stpoke ewrment ),

el Obeervation of bruoehing in the vormal lightoioe plotegraph with
still flm. Brachioag always points i the divection of progression of
a lewder, The ecquivalenoe of these three methods hos been provel by
COTATIROI.
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3. Negalive firsl leaders show very distinet stops. This s true for both down-
ward and upwand leaders. Upwanl leaslors from a tower top somictimes: oven
show the very faint comna-covelope at the tip of the lewder, The duration of
one stop 8 betwesn 20 awl 55 pmee which agrees quite well with Schonlands
vinlue of M) yspe.

4. Poritive leaders have very low luminesity and, in geseral, have no distinet
steps bul show rather a periodic variation in light intensity. The duration of two
maximn of light intensity is hetween 40 and 110 gsee, or twice the value of step
formation in negative lpaders,

5. Until viow wo have not suceesded in proving the existencs or nonexistence
of current pips which woulidl corresposnd to the steps of upwnard losders from a
EOweT.

B, Muost interesting s the so-called conrecting streamer dischampe, Such o
dischorge 5 caused by n downward progressing lewder, Tt starts ot the tower,
contacts the downward lender and therefore initintes the mnin return stroke by
bridlging the last remaining gap to enrth, With the usaul doenwod regefie
feadder (from o negative clowd) the upword Yconnecting strenmer” (from the
possiive tower top) B very faint, and generally wot longer than o fow steps of
the dowmwward leader. This agrees with the general observation of item .

For the comparatively rare downward positive leader (from o positive clowd }
the streamer discharge(from the negative tower top)is clearly vizibile and resches
astonishing lengths of more than 1 kmo It then tokes the form of a vsual
negative upwand leader, The high lominosity agrees with item 3. "The steepness
of the current impulse is reduced by these long * connecting streamer discharge "

7. &pecial sireamer discharges may occur which do not resch the lightning
chuine], but which are produced above the towers by the very prosoumced and
nuclibile fisld impulse at the instant of o distant lightning flash. Such incomplete
upwurd discharges may be regarded as secondary sirobes that follow a distant
pricunry Aash, The question is therefore justified whether all upeand strokes could
be such secondary strokes,

Upwanl strokes normally develop from the tower as o positive electrode.
Their luminosity 18 very low and their length is considerable. This agrees well
with the experiences of high voltage lnboratories whore long sparks result from

poditive point electrodes. Future rescarch asing o "feld-mill" ghoulil sheil soone
light on this phensmenon.
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