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I The distribution of ele c tri~ f ield str ength prior to and during

l ightning f lashe~ striking }lount San Salva t ore is described by means of
osc i Ll.ogr ams , The Held jumps occurring a t the same time in the area
surrounding the mounta i n are comp ared with t he s e and wi t h the lightning
current data. The stepwis e propagation of dOWTIl lard and upwar d s t ro kes is
il lustrated by' two t ypical new streak phot ographs and a small number of
impressive photogr aphs of lightning is reproduc ed, selected from a total of
about 3,000 photographs.
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" Os ci l l ögr aph 'measur emertt s' of' f i el d patterrts 'rtear '1ightrting
strokes on Mount Sand Salvatore

K. BERGER

Bull. ASE. Vol. 64, No. 3, pp. 120-136, (3 Feb. 1973)

The distribution of electric field strength prior to and
during lightning flashes striking Mount San Salvatore is described
by means of oscillograms. The field jumps occurring at the 'same
time in the area surrounding the mountain are compared with these
and with the lightning current data. The stepwise propagation
of do,mward and upward strokes is illustrated by two typical new
streak photographs and a small number of impressive photographs
of lightning is reproduced, selected from a total of about
3,000 photographs.

1 • Introduction

Oscillograms of field distribution in the vicinity of, and at a distancc
from, the lightning for aperiod prior to, during and after the lightning fl~sh

provi de valuable Lnf orma t i on on the nature of the physical process which leaos to
a strike. .

For making such determinations, the Research Commission for High Voltage
Problems (FKH) built, in 1967, a so-called classica1 "field mi11" and insta11ed
it in the lightning measurement tower on the top of Mount San Salvatore. A
description of this instrument ' and areport of the first results obtained l,i1l be
found in areport to CIGRE 1968 (Bib. 1). The upper limiting frequency of the
instrument is about 1,200 Hz, so that it was impossible to record changes of field
strength occurring within a' millisecond. To extend thc range of frequencies and
to reduce the air raid siren noise of the first field mill, a new type of field
mi11 was constructed in 1969 with the financial assistance of the Swiss National
Fund in accordance with a proposal by E. Vogels anger. The results and evaluation
of new field measurements in relation to downward strokes will be described below.

2. Installation of the field mills

The new field mills bui1t in 1969 were mounted in the same manner as
the classical field mill of 1967 with a measuring plate facing downward so that
~t was protected from r a i n , Whereas the "old" field mill WaS arranged at the side
of Tower 1, "t he four new Lns t rument swere erected on a tripod each 2.5 to 3 m above
ground level as Figs. 2-5 show. The sites are shown in the map, Fig. 1, as
fo1101'IS: ' ,

• . Poi n t 1: ,

Point 2:

Sanatorium Agra, as ShOlffi in Fig. 2;

Gemmo swi t ch i.ng station, as shovn in Fig. 3;
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Point 3: Pugerna Customs House, shown a.n Fig. 4;

. Point 4: Viewing platform on San Salvatore, shown in Fig. 5;

Point 5 is a reference point for measurement of the fine weather field,
without a field mill.

3. Me asuring instruments

The schedule of field mea surements has already been described (Bib. 2)
as have the measuring instruments on Mount San Salvatore in the years 1963-1971.
The equipment was supplemented in 1971 by a highly sensitive pre-strike current
ineasuring device at the insulated top of TOI,er 1 . For this purpose the current
limiting device was tapped at tvo points f or continuous recording of the gl ow
current so that two sensitive current ranges were obtained for pre-strike current
measurements. Storage on a closed magne t i c tape with a cycle time of 5 s al l owed
currents of the magnitude of 1 mA ·pr ecedi ng the lightning flash to be recor~ed on
the s ame time s cale as the electric field, with a limiting frequency of 4 kHz .

A first measuring range was sel ec t ed in such a manner that recording was
linear up to about 7 mA with about 30 mm deflection in the original oscillogram
(Code i 7). For greater currents the deflection is limited to about 40 mm.

A second measuring range included currents from 1 A with about 15 mm
linearly in the original and greater currents non-linearly, with a maximum of about
27 mm. By the action of the series gap on the tower the current is limited to
about 4 A. The maximum measur ed ·val ue is 1.3 A. The variation of the
prel imi.nary current curves shows that .displacement currents wer e involved i.n the
fi rst instance whi ch occurred during the rapid increase and sudden collapse of the
field.

Current at the top of the t ower frequently started extraordinarily
rapidly. Its variation formed the most sensitive indication of rapid changes of
field prior to and during the lightning flash and, consequently, for the entire
duration ·of the visible and invisible lightning process.

4. Oscillogram ex amples

Reported below are exclusively r esults of field-mill measurements during
the thunderstorm period of 1971, because a11 field mi11s were on l y vre ady for
service in the summer of 1971. For 16 downward strokes on Mount San Salvatore
the field was recorded simultaneously on Mount San ' Sa l va t or e and at the three
outstations together with the lightning-current recording on the mountain. Eleven
examples of field distribution as recorded via the Dlagnetic memory are shown in
Figs. 6a-61. The oscillograms were numbered as folIows: 17, 33, 107, 115, 116,
139, 141, 142, 148, 167 and 168. In th ese :

A = the field distribution with zero line at Agra, scale A in
part 10 kV/m, in part 30 kV/m

G c field distribution " i t h zero line f or Cernmo , scale G partly,.
10 kV/m, part ly 30 kV/m

P " field distribution with zero line at Pugerna, scale P partly
JO kV/m, partly 30 kV/m
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,Sl field distribution with zer o l i ne a t San Salvatore , v i ewi ng
platform on the ehureh roof, s eale ,Sl ~ 100 kV/m

S2 ~ field distribution and zero line a t San Salvatore , side of
tower, seale S2 (band width) =100 kV/m, frequeney about
1,1 50 Hz

The time seale of all os ei l l ograms fol lows fr om the above frequeney and
it amounts in the original to about 1~1 .2 ms /rom .

5 . Tables sho'<1ing 'Held s t rengths 'measur ed

Table I reproduees a numerieal evaluation of the 16 downward strokes
already men t ioned . For every oseillogram number , t he t abl e provides the
following information:

a) Lightni ng eurrent peak i and t ot a l ehar ge Q of a f l ash at the
measuring t ower s, in aeeord anee wi th evaluation of the eurrent
osei llograms .

Statie Held s t r engt h prior t o the beginning of Held strength
.f Iuc tue t i ons of lightning pre-diseharge or, i n abbreviated
fo rm, "fi e l d streng th prior to fl a sh" measured in kV/m (t.he
figures that go ",ith a) , b) and c) are shown one be l.ow the o t he r
in Table I)

In the eolumns relating to "S an Salvatore" , the
strength during the lightning stroke , i n kV/rn.
a) b) c) one bc l.ow t he other Iable I)

maxi mum field
(Figures for

e )

"St at Lonary H eld strength af t er termination of Held streng th
fl uetuations of the fl ash or, in short, "field strength after
flash " , in kVIm. (Fi gur es f or a ) b) c) one be Low the ot.he r ,
Table I )

'Fi e l d strength jurnps a t all 5 measuring sites (Agra, Gemmo Pugerna ,
San Salvatore 1 and 2) are due to lightning striking San Salvatore . Ol
more preeisely, due to the eurrent i mpulses of strokes "hieh in
neg ative flashes oeeur invariably and, i n the ease of pos i t i ve
f lashes as a r ul e , within 1 ms. Consequently, what is shown
is the mean bE/bt fo r the dur a tion of 1 ms (kV/m/rns) .

d) Duration of pre-diseharge prior t o lightning s t r okes ; in the
ease of mul tiple f lash es , dur ation up to the fir s t pr e

' di s ehar ge pl us the time interval up to the seeond s t roke .

e ) Duration of the l eader s wh i ch ean be de t er mined frorn the Held
strength fluetuations .

f) Total duration of a lightning fl ash determi necl from field s treng th
f luetuations .
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~Sign convent i on 'and sensitivity

Concerning the sign convention, it should be pointcd out t ha t as in the
previous repor ts the fo llowi ng applies :

Current flowing from a negatively charged cloud to the ground is given
a negative sign, and i s consequently considered t o be a negat ive current. In
the same way the f ield strength E on the surface of .t he ground under a negative
cloud i s given t he negativ~ siBn and is therefore considered to be a negative
fie ld strength. Conversely, a posi tive discharge from a cloud generates a
positive current to ground and a positive field strength on the surface of t he
ground . Consequently, in this system , all signs are determined by the polarity
of the cloud charge. '

Under a neg a tively-charged cloud the top of the tower constitutes the
positive e l ec t r ode ,,,i th an upwardly directed Held strength wh i cb i n accordan ce
wi th t he above definit ion is given the negative sign . Under a positive cl oud the
tower forms the nega t i ve electrode ,,, i t h discharg~ phenomena corresponding t o a
negat ive electrode . '

The sensitivity of the external field mills is so adjusted that with
oscillogram def lections of 1 mm it is possible t o r ecord e i t he r Evalues greater
than 1 kV/m or than 3. 5 kV /m, depending on whether transmission channe l 1 or 2
has been sel ec t ed , .Di f fi cul t i es due t o signal s a t ur at i on resu lted in the use
of t he less sensitive channel in some -c as es wh i ch, as experience showed, made the
ev aluation of the re lationship between lightning charge and field-strength jumps
imposs ible. The time s cale of the oscillograms corresponds to about 1 mm per ms
in t he original so that cons idering ,t he l imiting frequency of transmiss ion and
of the os ci llograph (about 4 kHz) the .mi.Ll i s econd (ms ) can still .b e re liably
eva luated.

All the field s trengths shown in the table represent the field strengths
directly in f r on t of thc measuring plate of the field mills. These devices can be
calibrated by subjecting a large meta l plate i n f ron t of the fie l d mi l l t o
direc t or a l t er nat i ng vol t age of known magni t ude . Conver s i on of these field
strength data to a plane environment must be done by means of the field pattern
e .g . by evalua~ion in an electrolytic t ank .

7 . Di scuss i on of fie ld oscillograms, 4 examples

Examinati on of t he oscillograms of field variation on Moun t San
Salvatore , revea ls two fundamentally different types of lightning formation :

a) Lightning whose l eader suddenly starts f rom a field that i s
constant at leas t for several seconds, and which strikes after
5-50 ms . Examples of this are osci llograms 116, 139 , 140 , ;41 ,
142, 148 , 166 , 167,' 168.

b) Li gh t ning whose leader starts in the cou rse of i r r egul ar H eld
fluctuations evident l y caus ad by discharges within t he clouds .
Examples of t hi s are i n particular the 'os ci llogr ams 33 and 107,
less definitely oscillograms 02 , 17, .115, 161 , 165.

The firs t group corresponds to our id Ea l picture of l igh tning suddenly
s t r i ki.ng from " out 'of the blue" . As a r ul e , the field s t r engrh preced ing thes e
fl ashes is nega t i ve , i .e . corresponds to a nega t i v e cloud charge .
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The s econd gro up cont ai ns f lashes wi th more or l ess prolong ed pre
dis ch arges occurring inside the c louds so that t hey a re not vis ib le in
photographs of lightn i ng. Very frequently they cause a change of polarity, so
that an i ni tially negative fi eld as a rule bec omes a pos itive fi eld wh i ch per s i s t s
f or some t ime and may be come nega t ive ·once more just be f ore s t r i k.ing .: Some
os cillograms wi l l be descr ibed bri ef l y below. .

To a l l o» the osc i l logr ams t o be read mo r e easily, it sh ould be mentioned
that the s equence of field curves i s a l ways t he same , i.e., fr om top to bottom,
Agra- Gennno-P uge r na- San Sa l vator e J (new f ield mi l l, on the church r oof) - San
~alvatore 2 (old fi e l d mi l l a t the side of t he to"er , readily identi f ied by the
1,1 50 Hz curve the band wi dt h of "hich corr esp onds t o the fie l d strength). Thes e
.ar e follo" ed by cur ve s for i 7 (7 mAl and, in t he cas e of osci l l ograms from
Number 139, fo r i1 . (1 A) a lso . The flickering an d ove rshooting curves are
invariab ly assoc i a ted wi t h i7' . .

Oscillogram.1 16 , as an example of t he fir st gr oup , ShOHS , at . (1) , a
first strike to Tower 1, whi ch i s f ollowed by a s econd ri se ·of field t o wh i ch
there i s no corresponding t ower current. Evidently thi s second ri se wi t h su dden
f ield collapse s i gn i fies a s t r oke in t he direct ion of Agra because a grea ter change
of fi e l d occurs t her e. After about 0 . 1 s , t here is a t hi r d f ield jump , after
about 0.3 s a f our t h and af t er anothe r 0.2 s a fi fth H eld jump, the cours es of
whi ch were r eproduc ed after the oscillognim of the first three s trokes
(os cillogr ams 116.a and b) . Onl y t he fi r s t stroke affe cted 'I'otcer 1, t he lat er
"s t rokes" TIlUS t have s t ru ck e lsewhere , t he four t h, presumab ly , in t he Gemme area ,
where t here was a considerab le change of f ield .

Oscillogram 33 i s an exampl e of the se cond group of lightning fl ashes,
thos e wi t h pre- di s charges . s ince t he steady-state fi eld was cons t ant and
negat i ve for a long t i me prior to the ligh t ning f l ash, t hen r os e a l i tt l e for 0. 15 5,

i t decr euses at t he be ginning of t he os ci llogram 33a for abou t 30 ms , passe s
through ze r o a t Point NI , becomes pos i t iv e , and i nc reases , f or a f ur ther 30 ms , to
figur es of abou t +300 kVIm on the church r'oof (SI) and about 400 kVIm at t hc
s i.de of the t ower (S2) vi thou t lightning occur ring. The positive fi eld i s then
gradually r educed fo r about 0.3 s, as can be seen at th e st art of oscillogr am
33b. At N2 it passes very r apidl y through zero and at t ains af ter about 5 ms a

' nega t i ve value of about -315 kV/ m, a t which point the l i ghtning s tar ts . A second
stroke occurs af t er about 0 .1 s at considerably lower fi eld str engt h .

The oscillogram (33) shows cons i derable periodical fluctuat i ons of
f ie l d s trength curves at a fre quency of abo ut 100 Hz. It was r ecor ded on
28 tlay 1971 dur i ng a violent t hunders t orm . Evi den t l y t his r edu ced unevenly the
insul ation of the three me asuring sectors of the fi eld mill s, so that t he
sunnnat i on of the th r ee vi s ib l e vo l tages no longer provid es a constant fi gur e. The
fluctuat ions i ndi ca t e that summary eval uat ion i s no l onger re liabl e ei t he r . I t was
f ound t ha t in rain , fine conductive bridges fo rmed ·on the se ctors . Hith
sub s equ ent periodi cal i nspec t ion of the sta te of insul a t i on, in parti cul ar oi t he
f i ne filaments of dust, t hi s measur i ng error disappeared.

Osci l logram 107 is a f urt her exampl e of the second group , light ni ng
striking with a pos itive f ie l d after a prolonged pre-discharge . In the sec onds

.pr i or t o t he strike t he r e i s , as usu a l , a negat i ve f i e l d , wh i ch can be seen a t
the s t ar t of the os cillogram. The f i e ld pas ses through zero at N and be cornes
posi tive. Afte r j us t ·under one t ent h of a s econd i t ' r eaches a Leve I of abou t

+350 kV Im at t he Held mi ll on t he church roof (curve S1) and about +390 kV Ir.1 a t

t hc f i.cl.d rai.Ll i n the t over (52). Th2 lightning current s t ar t s at Pc i n t 1
during t hi s gradual i ncr ease in thc f ic l d . In accordance wi t h a cur rent
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~~llogram not r ep r oduced in thi s paper it reaches a l evel of +400 A af t er about
20 ms 'and t hen suddenly jumps to an impuls e of +11 kA (Point 2). The shor t
impulse i s fo llowed by a pos itive af t cr-current of about 2 kA, whi ch de cays in
0. 13 s . After this the fi e ld strcngth aga in remains constant a t a cons iderable
pos itive l evel dur i ng further r ecc r di.ng ;

This ex ampl e shows that the inve s tigat i on of do,nnward and upwar d
strokes is no t straightf orward . The gradual increase of a r elatively smal l
cur rent woul d a t fir st sugges t an upwar d s t roke , However , the subs equent sudden
i ncrease of curren t to ,ll kA dur ing abo ut 1 ms sugges t s t hat an al r eady charged
channe l has been reached which can on ly di s char ge suddenly v ia the upward channel.
A much l ar ger charge i s equal ised t han that suppl i ed t o t he upward channel. I t
i s t her ef or e l ogica l to de scribe this as a downward stroke and t he linearly
i ncreas ing pr e-dischar ge as a connecting str eamer.

Oscillogram 17 re cor ds the f i e l d pa t t e r n when lightning struck a t the
h'i.ther t; o hi.ghes t; me asured cur r ent ampli t ude of about +270 kA (h i.ghes t s i nce
1943) . From a weak pos i t ive f ie l d t here occurs a t firs t a r apid fi eld r ev er s a l
at Point NI , and af ter a f urther 20 ms a se cond f i el d revcr s al at N2 whi ch is
f ollowed by a rapid inc rease of the posi tive field, and TOI,er 1 was struck after
about 5 ms . The oscil l ogram clearly shows tha t as ear ly as the fi r s t passage
through ze ro a marked posi tive f ie ld increas e occur r ed at Gen~o al so , and a
negat ive r ise at Pugerna. Aft er the second pass age through zero a t San Salvatore
there I;as a r apid positive field i ncr ease s imul t aneous l y at Gemmo and San Salvat or e
whi ch resulted in the l i gh tning s t riking TOI,er 1.

The os cillogr am shows th at in ' the firs t i ns t ance discharge of a cl oud
'di pol.e was involved which manifested itself as a change of fiel d with r ever sed
s i gn between Gemmo and Pugerna. The .Li.gh t ni.ng s t r i king San Salvatore was
caused by this latte r di scharge.

Unfor tunately t his lightning caused a fl ashover a t t he shu nt of Tower 1
which rendered further measurement of curren t and charge with the KO i mpossible
fo r t una t ely not be f ore t he peak value had beens tor ed in t he l oop os ci l l ograph
(SO). Fiel d measurement r emained undistur bed. since t he measuring equ ipment
had previously been designed f or maximum curr ents of 200 kA, t he osci l l ogram
def l ections par t ly exce eded the meas ur ing ranges ; moreove r it i s sometimes
difficult in s uch extreme cases to di stinguish clearly between the os cillogram
curves:

The osci l lograms 33 and 107 r epres ent t wo downward s t roke s of t he year
1971 which wer e pr eceded by pre-discharge in the clouds las ting fo r several tcnths
of s econds. The r eve r sa l of s ign of f ie ld strcngth was typical of the pre
dischar ges. Li ghtning even t ua l ly str uck after t wo zero passes a t negat i ve f i eld
strength (oscil l ogram 33) or af t er the fi r s t zero pas s in a pos i t ive fi eld
(oscillograms 107 and 17). I n the per i od 1963 to 1971 as in earlier measurement s ,
t he pos i t ive l i ghtning f lashes (lightning fla shes f r om pos i tively charged clouds )
are t he s t rong and dangerous f lashes bo t h as r egards t he peak current and t he
curr ent square impulse. '

8. Field patt erns on Hount San Salvatore during light ning flas hes

Os cillogr ams show the f i e l d i ncrease le ading t o a s t r i l;e with a time
r esolution of abo ut 0 .5 ms, It i s par t l y exponen t i a l , par t Ly s omewhat linear.
The f ol Lowi.ng me an propagat i on vel oci t i es can be calculated for a l eader of a
mean l en gth 3 km : '
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For 5 ms duration of the leader 3,000: 5 = 600 m/ms = 2 per 1 , 000
of the velocity of l i gh t

For 50 ms duration of the. leader 3,000; 50 =60 m/ms =0.2 per 1,000
of the velocity of light

These velociti es are in fairly good agreement with the photographically
determined mean velocities i.e . 0 .2-2 per 1 , 000 of the velocity of light .

The fie ld strength at the field mi l l s on San Salvatore att ained the
f 0 llowi ng maxima ;

+335 - +350 kV / m )
) on the church roof (SI)

- 290 -320 kV/m ) .

+390 - +450 kV/ m )
) a t the tower (52)

-300 - - 350 kV/m )

By far the l argest number of data wer e between -230 and - 290 kV/m.

Fie ld col lapse due to l i gh t n ing as a r ule occurs withiri 1 ms. Because
of thc l imi t ar i.ons of time r esolut ion it cannot be determined more accur at e l y
t han as a mean for 1 ms , The hi ghe s t va l ue s of t.he H eld jump lIE or t he mean
velocity of change ' in 1 ms amount ed to: '

+520 and - 450 kV/m/ms on the church roof (51 )

. +650 and -450 kV/ m/ ms a t the tower (52 )

No essentia l difference could Oe seen be tween the first and the Eol l owing
lightning strokes . Unfortunatcly the number of determinations was too small to
al l ow statistically significant evaluation.

9. The relation 'be t"'een !ightninr current 'or lightninR impulse charge _and maximum
f ield s tren gth on tile Hount San Salvatore

A striking fe ature was that the scatter of highes t field strengths on
San Salvatore when l ightning struck was much smal ler than the scatter of cur rent
and charge quantities of individual strokes. This i s attributable to the fact th at
cven at cur r ent s and charges of any magni t ude the field strcngth at the t ower
cannot rise higher than the figur e necessary for fla shovcr be tween t ower and leader
he ad . \~le r e as t he mean fie ld strength r equired f or fl ashover acr oss a f airly
large dist ance is knol,~ to be smaller than for small flash over distances l ocal
field s t r engt h a t t he t op ofthe t ower probably shows no su ch rc la t ionshi p .
Because t he l en gth of the flashover di s t ance i n accordance wi.t h the pr eseu t-r day
theory cf the space protec ted .by a lightning cond uctor i s connected di re ct l y with
the ampli tude of the lightning current impulse (Bib. 3 , 4) this als o means that the

. m~,imum fi e ld strength me as ured on San Salvatore mat er i a l ly depends neither upon
the length of the connecting s t re amer nor on the ampli tude of the lightning
cur rent , This conc Lus i.ou is conf i.rme d by 'l!~e as u r emen t s '. . .

10 . A comparison of fi eld st rengths on the church roof and ' a t the tm"er on
Mount San Sa l v at or e

For · the i deal case of an i nfini t e l y extended charged cloud with a
un i f orm charge di stribution (surI ace charge) ' a constant ratio "ould have to ex i s t
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be tween the maxirnum fie ld strength on the church r oof and at the tower or
somewhe re in the vicini ty, i f lightning always struck at t he s ame point, for
exampl e a measuring tower.

Comparison of the two
columns marked San Salvatore .

field strengths is shown in
The f ol l owing transpircs;

Table I in the

I n all osci llogram exampl.e s 139 ., 168 of Tab le I, the ratio of the two
f ield strengths (Sl : S2)· is be tween 0:71 and 1. 20 and the ratio of the two fi eld
j umps (Sl:52) between 0 . 81 and 1.30 . In the os c i l l ograms 02 and .116 , Table I,
t he r atio of t he tHO fiel d s t reng t hs , excep t i onal Ly ; amoun t s , for the f i r s t stroke,
to 2.55 and 3 . 4 and t he r atio of the t'IO f ie l d jumps f or the se cond s t r oke , i s 2 . 3

.and 3 .8. At these highest r atios, fi eld strength on t he church r oof is
therefor e disproportionately greater than a t the t ower .

It was i mpos s i b l e to elucidatc the causes of th i s phenomenon. Possibly
in the oscillograms 02 and .116 , the insufficicnt insulation .of the old fi eld mi l l
was to bl ame under the pr eva i l i ng wet wea t he r conditions . The minor differen ces
that can be seen in most of t he osci l l ograms can bc at tribut ed to the fac t tha t
t he charge cloud was not always in the s ame position above San Salvatore or above
Lake Lugano in relation to the tower •

.11 . Remote effects of ligh tning on Bount San Salvatore i n thc .surrounding
Are a (3 km)

Tabl e I lists for t he three outstations Agra, Gemmo and Puger na , three
s ets of fi gures, i .e . the t wo f ie l d str engths E prior t o and after the ligh t ning
stroke, and the fiel d strength j ump 6E/6t caus ed by sh ort duration lightning .
current impulses (impulse cur r en t ) Hithin 1 ms OL by the corresponding channel
charge at the <, ut s t ati ons . The lightning current i mpul s e of the more fr equen t
negative lightning flash i nvari abl y lasts Les s than 1 ms , s o that t he f i.e l.d
strength jump as a rule also occurs within 1 ms . The l i mi t ed time r esolution in
the measuring system (about 1 mm/1 ms ) per mit s no accurate time measuremen t bel ow
1 ms . Cons equently Table 11 indicates for al l changes wi th i n 1 ms the mean values
of the Held j ump wi t hi n 1 ms . For ex ample , 31 /1 indicates a jump 6E of
31 kV/m ·wi t hi n 1 ms .

As we know t he formula bel ov represen ts the r e lation be tween an
alterat ion of the cloud charge 6Q stored i n the l e ader and the change i t produces
in the fi eld strength 6E acros s an infinitely extended plane .

providing the following units a r e us ed :

6E Change i n fi eld s t rengt h or jurop within 1 ros (kV/ro) ;

6Q Coropensated electrical charge of lightning cur rent impulse
within 1 ro s (channel cha rge) (As);

H Bean al titude of channe l charge above the plane (km);

D Horizontal dis t ance between the roeas uring point and the
ch anne I cha r ge (km),
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The f igures given f or the bE/bq ratio in Tabl~ 11 apply to t he three
out s ta t i ons .

Using these figur es we can calculat e for the ideal case of acharge
above an infinitely extended pl ane the field strength jumps given in Tabl e 111
which a lso shows the /;E/bt figur es dete rmined f r om t he oscillograms.

In order to a l l ow comparis on of the calculated and measured fi e ld
streng th dat a of Tab l e 111, ac count must in the fir st ins tance be t aken of the
fact th at t he ca l culat ed fi gures indicate Held s t reng t hs above an infinitely
ex tended pl ane . The me asu red data on the other hand signify fi eld s t rengt hs at
the f ield mi ll s or t heir measuring sector s • This resul t mus t therefore be
r educed for comparison to t he corresponding va l ue above an ext ended plane . Thi s
can be done by comparative me asuremen t i n the fi eld , for example us ing r adio
ac tive probes t o me asu r e steady state fine wea t her field stren gths in t he vicinity
of the H e l d mi ll s , and t hen ,compar i ng them wi t h the Held strengths a t the
f ie l d mi l l s . Alternatively comparative determinations can be made i n an
electrolytic tank whi ch would a lso provide the ratio of the two field strength
figures . Such determinations were done at Agra and Gemrno and at the new fi eld
mi l l on t he church r oof of San Salvatore . A separa te r eport on this
investi gati on has be en wr i t ten by Hans Berkes (Rep or t on Invest igati ons of t he
Field Mi lls Model 1969 ) . Tlie f igures beIDI" are t ake n from thi s r epor t :

Agra :

Gemrno:

E (field mill): E (pl ain) ~ 2.37

E (fi eld mi ll ) : E (pl ain) ~ 3 .0

No measu rements of thi s kind were carried ou t at Pugerna. The figures
given are bas ed on the two methods mentioned (for me asurements in the field and on
the model ) . Table III als o lists t he Held strength data at Agra and Gernmo
conver t ed to a plai n in accordance \-lith t hi s investiga tion. This allows the
calcu l a t ed and measured values to be compared , and t he r esul t of compuri son is as
f o l l.ows : . ,

a) The figures me as ur ed at the field mi l ls are of the s ame order of
magni t ude as those calcul ated for a plain, assuming charge
al t i tud es H of abou t 3 km . "By contrast t he me as ure d da ta
r edu ced to a plain wi l l then be abou t 3 t i mes lower than the
ca l cul a t ed values.

b) The differen ce between measur emen t and calculation is r educed
if the charge alti t ude II i s assumed t o be only 0.5 km (s ee Tab l e
111) . If we r emember that the charge den sity pres umably
increas es in a dO\-lnward direction in the l eader or l igh tning
channe l , t his assumption cannot be rej ect ed out of hand
par ticul arly in the cas e of sh or t negative fl ashes . In t he
case of linear charge di str i bu t i on i ncreas i ng i n a downwar d
di r ect ion i t "oul d corres pond to a max i rnum char ge concent ra t ion
at about 1/3 of the length of the lightning fl ash .
Ramifi ca t ions of t he ligh tning channe l whi.ch are dis charged
toge ther wi t h the fi r s t str oke, may shif t charge conc ent r ation
al t i t ude H i n an upward ur downward di.r ec t i on ; The great di ff erence
between the current cu rves of t he f i rs t f l as h and t hose of a11
consecutive fla sh es po i nts to the signifi~ ance of t hese
r amifi cations because they no longer appea r in the consecut ive
strokes which eviden tly . exp l ai.ns the cons i derab le simp l ici ty and
r egul arity of t he curr cn t; cur ves 'of consecutive s t rokcs ,
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c) A fur ther cont ribution to the clarification of the meas ured
field strength jump dat a whi ch are lowe r th an those calculated
is that al l the fi eld mills a t the outstations wer e s i t ua ted
s ome 500 · IU l ower t han t he top of the moun t a i.n , This causes
partial screening by the mount ain • .

d) Deviations trom'c alculation are bound to be caused by the f ac t
t hat the ligh t ning channel does not r un ab solutely ver t ical ly
so t ha t th e max imum channel cha rge is not si tuated exact l y above

. the point a t which lightning strikes San Salvatore.

In addi tion t o the f ield jumps caused by t h e impuls e-type discharge
of t he lightning channel which have been di s cussed , co ns iderab ly greater but
r el atively s l ow field changes occur in the os cillograms of the outstations whi ch
lUuSt be ascr i bed to the ·kno"~ long-dur ation lightning cur ren t components whose
charge i s greater by a whole order of magnitude, but a l so to charge dis plac ement s
inside charged clouds in t he vi cini ty . · Thes e effects are i mportant for opt imum
dimensioni ng of l i gh tning .f l as h counters.

12. Remote ·ef f ec t s of lightning at cons ide r able distances, at mospherics

A s t r i ki ng feature is that the frequency range of th e lightning current
is fairly low and that very high frequ encies (~rnz) occur only in small amp l i t udes
(Bi.b,: 2) . In contras t wi t h this, as we know, f requencies of t he NHz or de r of
magni t ude are s t i l l st rong ly repres en t ed i n t he r emote "Sferi cs" . The cause of
t his apparent contradic t ion will be found fir st in the pr opa gation l aw ac cord i ng
to whi ch the field strength E of any dipole di sturbance consists of th r ee terms
(s t atic, el ectromagn etic and r adiation field s t r eng t h ) :

E
. 1 dH 1 d'H 1

H -- +,- x -- + -- x --
cDl dt c'D' , dt' clD

In the event of lightning s t r i k ing the ground, ~I , as a result of th e
mirroring of t hefield on the gr ound, mean~ t wi ce the amount of the e l ec t ri cal
dipole momen t (QH) of the charge Q at a height H above ground. In the vi cini t y
of the lightning f l ash , the fi rs t t vo terms ar e involved, and the l ast t wo a t
great distances; i.e. at a gr eat distance D t he r api d changes appeal' t o be
relatively s t r onger .

A s econd reason for this Sf erics phenomenon becomes evi dent from the
os cil l ogr ams of t he fie l d pattern and in par t i cular of f ield vär i ations. The
cu r ves of current i 7 (in the 7 mA r ange) r evea l a mult i t ude of r ela tivel y r apid
fi eld changes (dI;/dt) which do not appeal' in the high voltage r anges nor i n fie ld
strength oscillograms al r eady des cribed, be cause the fluctu ations 6E are small in
rel at i on t o the high Evalue s .

The simultaneous recording of t he f i eld s t reng t h E and of the cur r ent i 7
i7 % dE/dt whi ch i s ess en tially a di splacement current indicat es that the Sferics,

,at a considerable distance f rom t he f lash , are the r esul t not so much of
lightning curr ent propagation on th~ surface of t he ear t h as of r api d field
strength fluctu ations dE/dt which are caused by a l arge .numb er of local r e l atively
wcak and extremely sho r t-r Lived di scharge s inside t he charged cl oud , Example s of
t his are t he oscillograms 141 , 142, 116 , 33 . Thi s obser va t ion i s in ag reen:ent
with field meas ur ements carr i ed out by D. HlJ ller-B i ll ebrand i n the vicini ty of
~lount San Sa lva tore (Bib. 5) , and a lso " i t h mcasurement s in t he GHz region by
Luis L. Oh (Bib. 6).
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In so far as it is intend ed to ex amine the ~onnection between
a t mospher i cs and the lightning current s that causethem, it i s advisable to
r ecord not only the var i ation of lightning curren t and field s t r eng t h on the
ground, but a l so the .r api d f Iuc tu a t i.ons dE/ dt which can be done in a s imple
manner by oscil l ographi c measurement of t he displacement cur rent at t he l i ghtning
aerial (curren t 'i 7 ~Ii th.measuring r anges be t ween abou t J mA and 1N on a
sufficiently sensitive time s cale ) ,

13 . Examination 'of downward s t t okesbas ed on field 'and ' cur r en t:measur cmen t s

Records of fi eld variation i n the i mmediate v i cinity of the place wher e
t he lightning strikes toge t her wi th .r ecords of t he I ightn i ng cur r en t prior t o and
during the l i ghtni ng flash , allow a more ac cur ate idea of the or igi n of the
flash to be obt ained . For example , t he r e ar e t wo kinds of downward f l as he s:

First, the sudden lightning flash from a negative cloud charge to the
ground which occurs during a 'f equen t l y weak f i e l d on the gr ound. The time of
formation in this cas e is the durati on of the l eader whi ch as a rule is between
5 and 50 ms ,

Sec ondly, the lightning fl ash t o the gr ound which i s fo rmed in the
cloud in the course of pre-d ischarges . The se pre-discharges may l as t from a few
hundrcdths of s econd s t o abou t 1 second . Hith the se cl ashe s , t oo, the leader is
clea,ly manifested by the mostly exp onential, and more rar ely linear, field
increase whi ch occurs in the v i ci ni ty of t he f l as h , The pre-dischargos
f r equently s tar t ver y sud denly; their ons et can be t r aced very clear ly by
mcasurement of the displacement cur r ent of the l ightning curren t ae r ial on a
sensi t i ve current r ange (mA) v i t hou t; ampl if iers . In 't he course of the pre
di scharges, fi e ld polari t y changes are common . In the no-currrent i nt er val s of
the Li.ghtni ng current measured on the oa r t h surface th e pre-d is charges per s i s t ,

Even af t er cessation of the lightning current recorded on the ground they continue
to exist, freque ntly f or many tenths of second s ("post dis charges") .

The true "lightning duration" determined f r om the pre-rli. scharges and
post discharges of t he lightning within the ehar ged elouds i s con sider ably greater
than t he lightning duration reeorded on the strength of lightning eurrent
measu r ements on the ground; a s a rul e it is so mewhere between 0 .3 and 1 second .

The measur ed field strengths of about 300 to 400 kV/m pe ak at the
field miUs on Hount; San Salvatore ex pLain the fo rmation of connecting streamers
and brush discharges on l~ires . or othe r poin t ed obj ects prior t o the occur rence of
t he liretur n s t r ok e s '" ,

The r emote ef fect of lightning striking San Salvatore at a di st ance of
abou t 3 km can on Iy be made to agree to some ex t en t wi.th calcu la t ions if the point
of maximum concentration of the channel cha rge equ al i sed by the fi rst stroke is
as sumed to occur at a r elatively 101~ a l t i t ude H above the mountai n e.g . 0.5 km.

The explanation of t he consider ab l e differenee i n t he shape of the
current curves of t he f i rst and subsequent st roke s is t o be found i n üsso cia tad

. subs idi.ary di schar ge of the f Lash , Hith t he f i rs t s t r oke , t he di schar ge of t he
lightning channe! al so discharges the latte r . In the consecutive str okes, only
thc mai n channe I dis charges to t he cloud which is conf i.rrned by pho t cgraph y ,
Consequently t he cur r ent curves of the cons ecu t i ve stroke s ar e i nva r i abl y very
s i mpl e and similar to a RC di scharge.



The ground f i eld s trengths measuted prior to lightning s t r iki ng
San Salvatore are as a rule negative and sur pr i s ingly Lew, They are mucb
smaller than the figures calculated ftom cl oud charges of 100 As . The gr ound
field s t rengt h rapidly i ncteas es when lightning s t r i kes in t he vicinity and
frequently ends up at higher val ues than prior to the strike. This also
explains t he acous t i c ef f ect s of a slight de tona t i on and the subsequent hissing
noise above the measuring t ower. It must be assum ed that there is above the
ground under the clond charge a layer of positive space charges which partly
screen off the static cloud field. Evidently this layer is due to the fact
that as a r esul t of negative Lower cloud charges the ground field strength is
suffieient for ionisation of the air above tree tops and ot he r point ed obj ects,
so that there is automatie l i mitation of gr ound field st rengt h . A formally

. s i mi l ar phenomenon occurs in the fine weat her field when t he continuous i on
stream of positive carriers to earth manifes t s itsel f above the ground as a spaee
charge (Bib. 7).

Sti ll obscure is t he origin of individual r apid H eld jumps be t ween
strokes at San Salvatore, e s g , in the os cillograms115, .116 , 148. They succeed
one ano ther a t intervals of a f ew hundredths of seconds and ar e less high than
the jumps, Table I, whi ch oecur when t he mount ai n i s struck. Conceivably, they
are caused by strikes at dist ant points. If this is the case, their relatively
rapid succes s i on would, however, be surpri sing. Perhaps compensating processes
between previously separate lightning channe l s are involved. These would have
to be t riggered by fi eld changes due t o one or several strokes to San Salvatore
in the elouds in such a rnanner that starting from an as yet intact cloud char ge
they propagate in the direction of the existing ligh tning channel and sudd enly
discharge into this using it as it were as a conne eting streamer. Thi s .
hypothes is was first put fot'lard ·by Schonland, but was later disputed. It häs
not as ye t been possible to settle t he question. Without doubt i t f orms a major
problem i n t he ~ esign of lightning fl ash counters f or count i ng ground fl ashes onl y.

The lightning striking t he gro und mus t be cons idered as part of a
greater dis charge which ean pr obably only be recorded by fi eld me as urernent under
the cloud and inits vi ei ni t y and by os eillograms of the brightness of the cloud~

The measurement s available pr ovi de r eliable informati on about the field
variation up to ms , and the current distribution up to ~s. They al l ow assessrnent

. to be made of the behaviour of lightning 'f l.ash counters and all kind s of .
thunderstorm monitors.

From the theoretical point of vi el' it would be attractive to ex amine
the diseharge of the charged leader in the "re turn str oke" ma t herna t ically as a
dis charge of a conductor subj ect t o l osses of a s pecial kind. The los ses are
caus ed by the r adial glow discharges i n relation to t he ehanne l , and in the
voltage dr op of t he channe l whi ch is like an e le ct r i c ar c ,

}Ieasur ement of t he vo l tage dr op i n sparks of any short dur ation ,qi th
any small charge, and in a di scharge correspondi ng to t he propagation of the l eade r
present s a further, as yet unsolved, theoret i ca lly and experimentally attract i ve
problem.

14·, Photogr apher of ligh tni ng

During the period under review a total of about 3,000 flashes were
photographed at night from }Iount San Salvatore using a conv entional camer a and
ordinary film. In addit ion to this some photogr aphs wer e taken on rapidly
movi ng film wh i ch sh co th e propagat ion of the ligh tn i ng charme l , F' i gs , 7 and 8
are ex amples of t hi,s , In negatively charged ·channe l s . the elearly ma rk ed 5 t ages
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werc confirmed. It is impossible for lack of space to discuss details here.
In contrast with this it should be mentioned that among all these photographs there
is not a single one which would suggest a more or less point-shaped or spherical
or in any ether wal' mysterious l{ght phenomenon persisting for several seconds
or even minutes ("ball lightning"). But so-called "beadi.ng lightning" was
recorded during the extinctiou of the arc of vigorous long-duration 'f l ashes by

·cinematography. In conclusion, a few beautiful photographs of lightning are
reproduced which were selected from a special album of such photegraphs
(Figs. 9-17).

Lightning photography has made a major contribution to our understanding
of the lightning process. Associated subsidiary discharges ci the lightning
channcl 'ar e the best means of identifying the location of space charges, at least
underneath the cloud layer. It would be welcome if these fine ramifications could
also be recorded inside the non-transparent cloud. Although the lightning
problem mal' have been solved satisfactorily for the assessment of lightning .
conductors, detailed physical problems remain te fascinate the researcher on
lightning.

The work described was made possible mainIl' by the financial assistance
of 'the Swiss National Fund for scientific research and by subsidies from FKH and
the Swiss Institute for the Promotion of the Swiss national economy. The
measurements were done and the photographs of lightning on Mount San Salvatore
were.taken by Hand H. Binz, and members of the High Voltage Laboratory of ETH and
FKH, Dipl.-Ing. H. KrBninger from Pretoria and Dupl.-Ing. H. Berkes, helped with
evaluation.

Table I: The field strength E and variation of field strength öE/~t within
I ms as a result of downward strokes on Mount San Salvatore .

1 = San Salvatore "nev"

2 = San Salvatore "old"

3 = Duration of pre-discharge,

4 = Duration of "Leader"

5 = Duration of lightning flash

6 = Comments

7 = Connecting streamer

Comments:

1 ~s ' shunt defective

2) Negative-positive field, no dis charge at +290 kV/m,
followed by a rapid field change positive to negative with dis charge.

3) Gradual rise of positive field resulting in a positive flash
(connecting streamer) .

4) Traces of lightning current at Tower 2

5) Presumably lightning struck Tower 2 beLowxhe shunt

6) These osc i l l ogrems are not shovn in F'i.g , 6
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( c ont i nued )

Feldst örke E und Feldänderung !:1E/!:1t inne~t J ms in/alge von Ab wärtsblitzen zum Monte San Sc lvatore
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Bemerk un gen:
1) Defekt des us-suuntes.
~) Negatlve s-pcsitives Feld , bei + 290 kV I m keine Entladun g, da nn rasche Feldlinderung positiv-negativ mit Entladung .
~ ) Langsamer Anslieg des pos itiven Feldes führt zu einem positiven Blitz (Fan se ntladung).
' ) Spuren von Bli tzstrom Im Turm 2.
' ) Vermullich D1itzsehlas zu Turm 2 u nterhalb des Shuntes.
6) Di ese Oszillogramme sind in Fig. 6 n icht Bufs c( Uhrt.
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TabJe 1I: Figures of the ratio AE/6Q

1 Site of measurement

2 ~ Distance D f r om San Salvatore i n km

3 ~ Figures 6E/6Q for an assumed altitude of channel charge
above San Salvatore of H =

- - - - - - -
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Field,strength j umps 6E at the outstat ions in 1 ms caused by 12
l i gh t ni ng current impul.ses at Bount San Salvatore ,

~ Oscillogram

~ Impul s e

~ Approximate cal cul a t ed figures above the plain

Figures measured at the fielrl mil l s

= Data reduced to plain

= Coul d not be eval uated , shunt def ective

= Not determined

&, I'lD~'~~I---'~: ''''''''/-1--- A"-'..'------(-i ~-m-"->O--~---J'-"'-"-'"-,---1--...,..--.,-----1-----.,-----1

~r~;~III:;ll~ ,I~Ilr~h -,;~.~.~-;-~- ..- k\'I; ,:-~i_;:~- -l"/m~.~,_;:-J;~-
1:'<, A. 0,' I 1 I J : , - ~;!-, i l 1 ' I o"T; -,-;-T~'

02 1- 53 1

1-

,13 3,1 5,711~,O ; 5, 5 1!2,? 15' 1 17'3 15,2 ' 6'8 !J2 '12 ! 6,6
17 + 270 ?I) ? .. - I - ? - I-1- i ? I - , - I 
33(1)!- 26 ,- 7,51,r. 3,3 14,6 !3,2 , 1,6 12,9,' 4.2 3,01 ·1 ,0 i6.8 ,6,8 ;3,S
33(2),- 15 1- 3 0,7211 ,3 I' I ,S; 1,25' 0,"3 : 1,2 1,7 jJ,2: 1,6 I 1.7 I 2,7 : 1,5
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FIGURE CAPTIONS

(Illustrations are reprodueed by an eeonomieal method whieh is adequ ate
for mos t purpos es . If grea t er def inition i s r equired. pleas e r efe r t o
the original doeument obtainable f rom the Library

Fig. 1 Geographieal IDeation of t he measuring points with new field mills

1 Agra

2 Gemmo

3 Pugerna

4 Hount San Salvatore



Fig. 2,

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig.10

Fig.11

Fi g ,1 2

" Fig .1 3

Fig.1 4

Fig.1 5

Fig .16
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Field mill on t he roof of Agra Sanatorium

Field mill on the roof of Gemmo switching station
Massagno Power Station

Field mi l l ~n the garden of Pugerna Cus toms House

Field mi l l on the viewing plat f orm on San
Salvatore.

Looki.ng Eas t

Sample oscillogr am of field variation with lightning strokes
on Moun t San 'Sal vat or e

Legend:

A = Agra

G = Gemmo
P - Pugerna

·51 = San Salvatore (church r oof)

52 = San Salvatore (tower)

N = Cur r en t Zer o

i 7 = Pre-discharge curr ent , 7 mA r ange

i l = Pre-discharge current, 1 A r ange

Top: calibration fr equency 100 Hz

Frequency of 52, appr oxi matel y 1 ,150 Hz

The scales are valid for E = 10/30/100 kV/m

The figures noted i n the Diagram A- G- P- Sl- S2 i ndicate f i eld s trength

scales for 10, 30, or 100 kV/m

An example of the propagation of a downward stroke from a negatively
charged cloud. Time interval abou t 3 ms

Example of the pr opaga t ion of a flash f rom the top of the tower
to a pos itively charged cloud. Time inte,val shol'fi: about 2 ms.

Upward stroke

Upward s troke

Upvar d stroke

Upward s troke

Dovnwar d strokes

Downward s trokes

Downward str okes

Downward s t r okes ,
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Fig.l
Geographische Laec du Meupunkle mit Deucn FcldmÜhJC'D

1 A gra j Pugerna
2 Gemmo 4 Montc San Salvetore
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F ig. 2
Einbau d er Fefd mllhl e :kUr dem D ach dcs Sanat or tum s A~ra

J) Die Zahl enwerte zu a), b) , c) sind in der T abelle I un tereina nder
gesem.

Fig.3
E inb au d er Fddmü~Je auf d em Dach d er Sc b:lIl kablne Gemmo

des Elclllrlzlllilsl'I'erli es !'tIass:ll:no
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Fig.4
Einbau der Fcldroühle Im G arf en de s Zoll b:nlU'S rU t:trnli

Fig.S .
• Einbau du Fddmühh: auf de r AU551chlsiernu sr Ilur dem San Sahalorc

Blickrichtung nach Osten



Fig.6
Oszillonamm-Bdspltle d es Ftldferl .llufs bei BUtzclnscblih:en :uD MoDle San Sllh.lliore

Bezeichnungen:
A. Agra N Nulldu rchgan g
G Gemmo ;7 VorentJadun gsstrom, Bereich 7 mA
P Pugerna ;J Vorentladun gsstrom, Bereich I A
S} San Salvatcre (Kirch endecb) Oben: Eichfrequenz 100 Hz
S1 San Salvator! (TurmOan ke) Frequenz von S2 ca. 1150 Hz

Maßstabstrecken gelten für E = 10 1 30/ 100 kVI m
Die beim Strecken-Schema A -G-P-SI-S2 notierten Zahlen bedeuten die Feldstärke -Maßstäbe

. für 10, 30 oder 100 kVI m
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Fig, 7
Beispiel flir das Vorwaeb sen eine s Abl'l'ärt.sbUtl rs II W ein er negat inn ~unl:nro1ke

Dargestelltes Zeitintervall ca. 3 rns

Fig.8
Beispiel rtir das VOnl"DcbsCD etn es Blitles IIUS du Turmspltze uach einer pos lthen LDdDDllswolke

Dargestelltes Zeitintervall ca. 2 ms
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