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In so far as it is intended to examine the connection between
atmospherics and the lightning currents that cause them, it is advisable to
record not only the variation of lightning current and field strength on the
ground, but also the rapid fluctuations dE/dt which can be done in a simple
" manner by oscillographic measurement of the displacement current at the lightning
aerial (current iy with.measuring ranges between about 1 mA and 1M on a
" sufficiently sensitiye time scale),

.13, Examination of downward strokes based on field and current meéasurements

Records of field variation in the immediate vicinity of the place where
the lightning strikes together with records of the lightning current prior to and
during the lightning flash, allow a more accurate idea of the origin of the
flash to be obtained. For example, there are two kinds of downward flashes:

First, the sudden lightning flash from a negative cloud charge to the
ground which occurs during a fequently weak field on the ground. The time of
formation in this case is the duration of the leader which as a rule is between
5 and 50 ms.

Secondly, the lightning flash to the ground which is formed in the
cloud in the course of pre-discharges. These pre-discharges may last from a few
hundredths of seconds to about 1 second. With these clashes, too, the leader is
clearly manifested by the mostly exponential, and more rarely linear, field
increase which occurs in the vicinity of the flash. The pre-discharges
frequently start very suddenly; their onset can be traced very clearly by
measurement of the displacement current of the lightning current aerial on a
sensitive current range (mA) without amplifiers. In the course of the pre-
discharges, field polarity changes are common. In the no-currrent intervals of
the lightning current measured on the earth surface the pre-discharges persist.
Even after cessation of the lightning current recorded on the ground they continue
to exist, frequently for many tenths of seconds ('"post discharges').

The true "lightning duration" determined from the pre-discharges and
post discharges of the lightning within the charged clouds is considerably greater
than the lightning duration recorded on the strength of lightning current
measurements on the ground; as a rule it is somewhere between 0.3 and 1 second.

The measured field strengths of about 300 to 400 kV/m peak at the
field mills on Mount San Salvatore explain the formation of connecting streamers
and brush discharges on wires or other pointed objects prior to the occurrence of
the "return strokes".

The remote effect of lightning striking San Salvatore at a distance of
about 3 km can ohly be made to agree to some extent with calculations if the point
of maximum concentration of the channel charge equalised by the first stroke is
assumed to occur at a relatively low altitude H above the mountain e.g. 0.5 km.

The explanation of the considerzble difference in the shape of the
current curves of the first and subsequent strokes is to be found in associatad
" subsidiary discharge of the flash, = With the first stroke, the discharge of the
lightning channel also discharges the latter. In the consecutive strokes, only

the main channel discharges to the cloud which is confirmed by photography,
Consequently the current curves of the consecutive sStrokes are invariably very
simple and similar to a RC discharge. .
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The ground field strengths measuted prior to lightning striking
San Salvatore are as a rule negative and surprisingly low. They are much
smaller than the figures calculated from cloud charges of 100 As. The ground
field strength rapidly increases when lightning strikes in the vicinity and
frequently ends up at higher values than prior to the strike, This also
explains the acoustic effects of a slight detonation and the subsequent hissing
noise above the measuring tower. It must be assumed that there is above the
ground under the cloud 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 result of negative lower cloud charges the ground field strength is
sufficient for ionisation of the air above tree tops and other pointed objects,
so that there is automatic limitation of ground field strength. A formally
similar phenomenon occurs in the fine weather field when the continuous ion
stream of positive carriers to earth manifests itself above the ground as a space
charge (Bib. 7).

Still obscure is the origin of individual rapid field jumps between
strokes at San Salvatore, e.g. in the oscillograms 115, 116, 148. They succeed
one another at intervals of a few hundredths of seconds and are less high than
the jumps, Table I, which occur when the mountain is struck. Conceivably, they
are caused by strikes at distant points. If this is the case, their relatively
rapid succession would, however, be surprising. Perhaps compensating processes
between previously separate lightning channels are involved. These would have
to be triggered by field changes due to one or several strokes to San Salvatore
in the clouds in such a manner that sta1ting from an as yet intact cloud charge
they propagate ip the direction of the existing llghtnlng channel and suddenly
discharge into this using it as it were as a conmecting streamer. This
hypothesis was first put forward by Schonland, but was later disputed. It has
not as yet been possible to settle the question. Without doubt it forms a major
problem in the Zesign of lightning flash counters for counting ground flashes only.

The lightning striking the ground must be considered as part of a
greater discharge which can probably only be recorded by field measurement under
the cloud and in its vicinity and by oscillograms of the brightness of the cloud.
The measurements available provide reliable information about the field
variation up to ms, and the current distribution up to ps. They allow assessment
‘to be made of the behaviour of lightning flash counters and all kinds of -
thunderstorm monitors.

From the theoretical point of view it would be attractive to examine
the discharge of the charged leader in the "return stroke' mathematically as a
discharge of a conductor subject to losses of a special kind. The losses are
caused by the radial glow discharges in relation to the channel, and in the
voltage drop of the channel which is like an electric arc.

Measurement of the voltage drop in sparks of any short duration with
any small charge, and in a discharge corresponding to the propagation of the leader
presents a further, as yet unsolved, theoretically and experimentally attractive
problem,

. 14, Photographer of lightning

During the period under review a total of about 3,000 flashes were
photographed at night from Mount San Salvatore using a conventional camera and
ordinary film, In addition to this some photographs were taken on rapidly
moving film which show the propagation of the lightning channel. Figs., 7 and &
are examples of this. In negatively charged channels, the clearly marked stages
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were 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 other way mysterious light phenomenon persisting for several seconds

or even minutes ("ball lightning"). But so-called "beading lightning" was
recorded during the extinction of the arc of vigorous long-duration flashes by
"cinematography. In conclusiom, a few beautiful photographs of lightning are
reproduced which were selected from a special album of such photographs

(Figs. 9-17).

Lightning photography has made a major contribution to our understanding
of the lightning process. Associated subsidiary discharges of the lightning
channel are 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 may have been solved satisfactorily for the assessment of lightning
conductors, detailed physical problems remain to fascinate the researcher on
lightning. :

The work described was made possible mainly 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 H and 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 AE/At within
1l ms as a result of downward strokes on Mount San Salvatore.

San Salvatore "new"

1"

= San Salvatore "old"

= Duration of pre-discharge
Duration of "leader"

= Duration of lightning flash

= Comments

Ny U W -
n

= Connecting streamer

Comments:
1  ps shunt defective

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

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 below the shunt

6) These oscillograms are not shown in Fig, 6
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Table 1: (continued)

Feldstérke E und Feldinderung AE/At innert 1 ms infolge von Abwiirtsblitzen zum Monte San Salvatore

Tabelle 1
3 San Salvatore San Salvatore
Agra Gemmo Pugerna Djpu
Onsitin- 5 1 ) cncus 2 ) salts 3 ) tl'jr 5 ) n=6mzr
gramm fea total E |aEAt| E |AEAe| E | AEA: E AE/At| E |AE/Ar|der Vor-|  gpg & des | kungen
kv KV | kv | kv kv kV KV kV | kv | kv [t [deaderss| Gotmte
Nr. As m m-ms m m-ms m m - ms m m-ms m m-ms ms ms ms
02 - 53 -=13 - 5 . - 5 = 25 - 42 =0T
4,511 3,611 6/1 — 230 320/1 — 50 | 140/1 100 32 690 €)
+ 3,5 + 13 - | + 42 + 28
17 + 270 + 65 0 = 23 + 2 + 17 + 2
- 30 351 + 26 /1 |+10-15| 25/1 + 335 520/1 - 450 | 650/1,5 35 6 410 1)
0 + 63 + 7 - 20 - 73
33 (1) - 26 - B85 ] = 47 + 5,5 - 50 - 110
T2 <1 51 2011 - 320 380/1 - 190 | 200/1 670 1.5
] + 6 + 17 0 - 45 790 z)
33(2) - 15 + 7.5 0 + 5 + 16 + 14 - 53 670
<1 2,6/1 <1 - 62 8511 | — 190 | 170/1 * 4
(1] + 5 +13 - 31 - 17 125
107 (1) + 2 = - B - 47 — 6,6 - 63 - 56 380
Fangentladung <3 <3 <3 + 350 14011 + 390 70/1 =0
7) zu (2) 0 + 40 +23 + 210 + 325 s 3
107 (2) + 11 +72 +.16 + 40 + 26 + 260 + 340 380
<3 <3 <3 0 200/1,5 — | 170/1 + =
+ 25 + 14 + 10 + 175 + 87 20
115 - 38 —1 0 < 3 v] - 55 0 0
T2 <3 12/1 <3 - 170 | 2501 | — 190 | 220/1 110 30 730 4
0 - 3 0 ] + 17
116 (1) - 27 - 4 - 25 =1 = 1.5 + 14 0
in 2,1 1,51 — 290 | 375/1 | — 170 | 1851 38 38
- 3 - 25 - 23 0 + 17 1100
116 (2) - = - 8 - 4 — 4 0 0 s
6/1 2,31 22,1 | —190 | 190/ | — 56| so/t +
0 = 45 = — 40 - 10 80 2
139 (1) 4 = e 0 0 = 1,5 - 28 - 53
T2 47 6/1 It 331 —200 | 220/1 | — 280 | 2701 25 25
0 £ :3 0 0 0 850 &
139 2) - - 0 + 15 0 0 0 25 )
4,5/1 <3 2,21 — 300 | 400/1 | — 335 360/1 +
0 + 6 = 1 + 7 0 84
140 - 50 - 6,5 - 3 0 — 18 - 28 - 56
T2 <3 <3 N — 280 390/1 | — 310 | 3401 38 38 610 )
0 -23 - 15 . - 20 - 53
141(1) | — 55 - 8 - 3 (1] -2 ; - 42 - 56
Tiund | 6/1 3 3611 - 290 375)1 — 350 | 450/1 53 53
T2 (1] + 3 — 18 0 (1] 610
T2(2) klein klein - 3 + 3 — 18 0 0 53
n 31 211 - 290 390/1 | — 300 | 340/1 -+
0 + 3 < 1 - 28 - 25 113 19
142 - 65 ? = 3 | x = 1k - 28 - 56 56 56
T2 6/1 i 4,51 — 280 | 450/1 | — 340 | 430/1 660
- 15 < 3 0 < 10 - 17
148 (1) - 2 ? 0 0 0 (1] 41 41
<3 <3 <1 = 280 380/1 = -
0 <1 < 1 + 70 800
148(2) | — 33 | — 55 0 0 0 - 14 41
<3 <3 <1 | —280 | 35001 - - + 7.5
0 + 45 0 0 102
161 = 13 - 06| < 1 — 4 < 1 - 14 - 23 41 15
<1 <1 <1 — 250 2001 — 285 | 160/1 480 6)
1 0 + 3,3 - 42 - 50
165 - 30 = 1§ 0 0 - 1,8 - 21 - 20
<3 6/1 1,8/1 ~ 269 290/1 — 250 | 290/1 106 31 380 6)
< 3 0 ] 0 = 11
166 - 38 = & 0 0 - 18 e | — 2
<3 <3 2211 - 265 335/1 = 250 | 290/1 51 51 250 )
1] 1] o | - 28 - 32
167 (1) Spur ? 0 (1] = 3 - AU - 28
<3 <3 2,511 - 240 290/1 = 225 | 260/1 22 22
0 + 3 c<i | < 10 < 10 150
167 (2) = i ? 0 + 3 - 25 0 0 22
<13 31 3,31 — 280 | 4001 | — 260 | 380/1 + 30
0 3+ 6 0 < 10 < 10 51
168(1) | - 27 ? 0 + 14 -1 - 14 = 47
<3 <3 3,31 — 225 28011 = 240 | 27011 19 19
1] + 16 1] + 55 - 22 o0
168 (2) - — o | +16 0 0 0 | 19 |{°
<3 <3 2.2/ — 240 310/1 = 200 | 240/1 +
+ 3 1 0 < 1 =15 -2 39 :
Bemerkungen:
1) Defekt des ps-Shunies,
2) Negatives-positives Feld, bei + 290 kV/m keine Entladung, dann rasche Feldiinderung positiv-negativ mit Entladung.
3) Langsamer Ansticg des positiven Feldes fithrt zu cinem positiven Blitz (Fangentladung).
4) Spuren von Blitzstrom im Turm 2.
&) Vermutlich Blitzschlag zu Turm 2 unterhalb des Shuntcs.
©) Diese Oszillogramme sind in Fig. 6 nicht aufgefithrt.
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Table II: Figures of the ratio AE/AQ
e .

1 . = Site of measurement
= Distance D from San Salvatore in km

= Figures AE/AQ for an assumed altitude of channel charge
above San Salvatore of H =

= ’}"_I\ (";;A = o Rl PPy
L3 l;; rit Werte M3 N0 Biel 3
(_‘) —[T\):“ ;j_,: lllr\h:’dn-r '!;tm';:] wr o
Mesenrt Saivatere San Nahaters '
km 0.5 km 1lkm 3 L 5tm
Aga 330 | o2 | 044 | o | 0.2
. : Gemmo 3,45 0,21 0,79 G.56 0,20
Pugerea 2,52 .53 0,06 0,20 0,51
Table III: Field strength jumps AE at the outstations in 1 ms caused by 12
lightning current impulses at Mount San Salvatore.
o1 = Oscillogram
) 2 = Impulse
3 = Approximate calculated figures above the plain '
' 4 = Figures measured at the fielid mills
5 = Data reduced to plain
6 = Could not be evaluated, shunt defective
7 = Not determined )
‘; - e ) 5 SteET=s & —vat - ) P . N 22, il 4'.:.‘9.1--. s
7 Moesswerte (:’R:dur"'rc Messwerle
(-) i i 2n (Ir.:n!c!d:mih::n :-:I.f'.br'\:. o
; 4
H ; = = o |
OUJ'H ) L?:O) . "\Bll — _»H;___(':‘:l_'?f . Tierma Agra ! Genimo; Pugerna]l Azra [ Gemmo| Pererna
- Bf‘-::'":l. I;IA ]II"IF\J'S EVim bei Jf = km kVim bei 2 += km K¥/m bei H 2= km < i — 4
‘. Nr. As T =i T T T I T AT, Ay I - i Tl
. p D,SI p ]J : s f‘.-‘i 1 EJI'S 1 0.5| 1 ' 3 l 5 EVim | kNVimo g BVim | kVim | kYim \Win
02 |- s3l-13 |31 |57 [s0iss 127 {50 23ls2ies i1z 2 lee | 4si 36l 6 | 19] 12l -
17 (4200 M| 2| - --i— 1= =|=12l=)=1=1]3 i3 |25 10]-
3301~ 26]- 75[1,8 133 14,632 1,6 12,9 ;42{3,040 I6£ 68138 |<1 5 2 |<os IJ| -
BE- 15 3 072113 11.811.2510,63:02 (171,216 [ 27127115 [<1 26)<1 |<65[ 09 -
107 ;4 11l+ 2,5/0,60i1,1 [1,5{1,05;0,53:1,0 1411,0§1,3 12,25 22515 /<3 |<3 <3 |<13|<1 | - E
s |- 331—12 |29 1535 17,3150 12,5 14,7 67{48i64 111 11 61 | <3 12 i<y |<13] 4 | - &
16 |~ 27]= 4 096|1,75]2,5]1,7 [081:1,5512271,6121 13,61 3,61205| 3 23| 15| 13 03| - %
140 |= 50— 65[1,6 |29 [40:27 |14 l25 137i26[35 16 |6 13 [<3 [<3 | 3 |<13{<1 |- E
t |- ssi- 8 19 135 150733 07 [an dasianas 172122000 | 6 | 3 | 36| 250 1 | <
142 |— 65 : 6 3 4,5 2.5 1 -—L,'
148 [— 33:— 5501,3 124 134,23 :1,15:29 134022029 |5 ;5 (28 <3 <3 |<t [<13j<1 | =
165 |~ 30[- 5 [12 22 [30120 [105:19 128 201265, 45| 4526 | <3 6 2 {<13] 2 { =
- l -
@') ¥) nizht auswertbar, Shunt defekt,
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FIGURE CAPTIONS

(Illustrations are reproduced by an economical method which is adequate
for most purposes. If greater definition is required, please refer to
the original document obtainable from the Library

Fig. 1 Geographical location of the measuring points with new field mills

1 Agra
2 Gemmo
3 Pugerna
&

Mount San Salvatore
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Fig. 2 Field mill on the roof of Agra Sanatorium

Fig. 3 Field mill on the roof of Gemmo switching station
Massagno Power Station

Fig. 4 Field mill in the garden of Pugerna Customs House
Fig. 5 Field mill on the viewing platform on San
Salvatore.

Looking East

Fig. 6 Sample oscillogram of field variation with lightning strokes
on Mount San Salvatore

Legend:
= Agra
G = Gemmo
I Pugerna
-51 = San Salvatore (church roof) :
52 = San Salvatore (tower)
N = Current Zero
i7 = Pre-discharge current, 7 mA range
il = Pre-discharge current, 1 A range
Top: Calibration frequency 100 Hz

Frequency of S2, approximately 1,150 Hz
The scales are valid for E = 10/30/100 kV/m
The figdres noted in the Diagram A-G-P-S51-52 indicate field strength

" scales for 10, 30, or 100 kV/m

Fig. 7 An example of the propagation of a downward stroke from a negatively
charged cloud. Time interval about 3 ms

Fig. 8 Example of the propagation of a flash from the top of the tower
to a positively charged cloud. Time interval shown: about 2 ms.

Fig. 9 Upward stroke
Fig.10 Upward stroke
Fig.11 Upward stroke

Fig,12 Upward stroke

Fig.13. Downward strokes
~ Fig.14 Downward strokes
Fig.15 Downward strokes

Fig.16 Downward strokes.
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Reproduziert mit Bawilligung der Eldg. Landesicpographie

Fig. 1
Geographische Lage der Messpunkte mit neuen Feldmiihlen
1 Apgra 3 Pugerna
2 Gemmo 4 Monte San Salvatore



Fig.3
Einbau der Feldmiihle auf dem Dach der Schaltkabine Gemmo
des Elcktrizitiitswerkes Massagno

Fig.2
Einbau der Feldmiihle aul dem Dach des Sanatoriums Apra

?) Dic Zahlenwerte zu a), b), ¢) sind in der Tabelle I untereinander
peselzl.
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Fig. 4
Einbau der Feldmiihle im Garten des Zollhauses Pugerna

Fig. 5 .
" Einbau der Feldmiihle auf der Aussichtsterrasse auf dem San Salvatore
Blickrichtung nach Osten
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Fig.6

Oszillogramm-Beispicle des Feldverlanfs bel Blitzeinschliigen am Monte San Salvatore

Bezeichnungen:
A Agra y N Nulldurchgang
G Gemmo ¥ iz Vorentladungsstrom, Bereich 7 mA
P Pugerna iy Vorentladungsstrom, Bereich 1 A
S1 San Salvatore (Kirchendach) Oben: Eichfrequenz 100 Hz
§2 San Salvator® (Turmflanke) Frequenz von S2 ca. 1150 Hz

MabBstabstrecken gelten fiir E = 10/ 30/ 100 kV/m

Die beim Strecken-Schema A — G — P —S1 —S2 notierten Zahlen bedeuten die Feldstirke-MabBstiibe
" fiir 10, 30 oder 100 kV/m
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Fig. 7
Beispiel fiir das Vorwachsen eines Abwiirtsblitzes aus einer negativen Ladungswolke
Dargestelltes Zeitintervall ca. 3 ms

Fig. 8
Beispiel fiir das Vorwachsen eines Blitzes ans der Turmspitze nach einer positiven Ladungswolke
Dargestelltes Zeitintervall ca. 2 ms
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