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4.4 Stepped Leader @INGESCO ) =i

4.4.7 and 4.4.8 — Streamer Zone and stepping formation mechanism .

 Rakov and Uman show several analysis using streak photography, provoking a time-
varying deflection of the light across the width of the detector.

_—
100 LLS

Fig. 7.6. Near-ultraviolet streak-camera record of the downward
negative leader in KSC altitude-triggered lightning flash 9119.
Time advances from left to right. Adapted from Idone (1992).

100 m
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4.4 Stepped Leader @INGESCO' ) :onie,

4.4.7 and 4.4.8 — Streamer Zone and stepping formation mechanism .

* Several authors, using streak photography, reported cases of a brushed-like corona
occurring ahead of the upward-moving negative leader tip in upward positive lightning.

 However, for downward negative leaders, the observation was not reported, or if so, it
was reported as a faint luminosity extending below the bottom of a bright step.
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4.4 Stepped Leader @INGESCO ) =i

4.4.7 and 4.4.8 — Streamer Zone and stepping formation mechanism .

* The stepping formation for lightning negative leaders is similar to long spark

experiments in laboratory. Jime ‘
* The same mechanism was HV cathodel[) © _'_’"":_"' i
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4.4 Stepped Leader @INGESCO ) =i
4.4.7 and 4.4.8 — Streamer Zone and stepplng formation mechanism
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Supplementary Imagez: Biagi et al 2010 .
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4.5 Attachment Process .—

* s one of the least understood processes of the cloud-to-ground
lightning discharge;

* General overview:

* In response to an approaching downward-moving leader, an upward-
moving leader is initiated at the ground (or at a tip of an object
connected to the ground). It is possible that two or more upward
leaders are launched toward the descending leader.

 Upward connecting leader: An upward leader that makes contact with a
branch of a downward leader;

e Unconnected upward leader: An upward leader that fails to make such
a contact.
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4.5 Attachment Process .—

* The process by which the extending plasma channels of the upward and
downward leaders make contact is called the break-through phase or final
jump.

* The relatively low-conductivity streamer zones ahead of the two propagating leader
tips meet to form a common streamer zone.

* The extension of the two relatively high-conductivity plasma channels toward each
other takes place inside the common streamer zone.

* The break-through phase can be viewed as a switch-closing operation that
serves to launch two return-stroke waves from the point of junction
between the two plasma channels.

* One wave moves downward, toward the ground, and the other upward, towards the
cloud.

* The attachment process occurs in both first and subsequent lightning
strokes.
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4.5 Attachment Process @INGESCO' @) i

4.5.1 - Time-resolved optical images .

(a) (b)
Fig. 4.26. (a) Streak-camera photograph of a lightning discharge to a tower on Monte San Salvatore, Switzerland, showing evidence
of an upward connecting leader. (b) Still photograph of the same flash and another flash that attached to the tower below its top.
Adapted from Berger and Vogelsanger (1966).
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4.5 Attachment Process
4.5.2 - Still photographs

Fig. 4.28. A photograph of a lightning strike to a chimney pot ] " ) . . - . .
showing a split in the channel, interpreted as evidence of an Fig. 4.29. Photograph of a lightning strike to a Europecanash  Fig. 4.32. Photograph of a lightning strike to a TV tower guy

upward connecting leader. Adapted from Golde (1967). in Lugano, Switzerland showing both downward and upward  wire showing an abrupt change in channel shape near the
branching. From Orville (1968¢). attachment point. Taken from Krider and Alejandro (1983).
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4.5 Attachment Process
4.5.2 - Still photographs

* Fig. 4.30 exhibits both upward

and downward branches

« . . . Downward Leader
Orlglnatlng frOm the maln branching
channel and unconnected /
upward discharges originating
from the ground near the strike
pOint' Unconnected

Upward Leaders

Fig. 4.30. Photograph by Robert Edwards of a lightning strike to
the sand at Manasquan Beach, New Jersey taken in July 1934
from a distance of about 30 m. Note both downward and upward
branching, and an unconnected discharge from the ground to the
right of the main lightning channel.
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4.5.2 - Still photographs .

* Unconnected Upward discharges have been observed in both triggered and

natural lightning. From still photographs, upward leaders with a few meters
in height were recorder near the termination of lightning discharges.
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Supplementary Image3: Arcanjo et al. 2019.
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4.6 Return Stroke @INGESCO SE EhRli
.6.1

4 — Parameters derived from channel base current measurements .—

* The most complete characterization of the return stroke in the negative downward flash
striking short structures (< 100 m) or flat terrain is due to Karl Berger. These
measurements were performed using resistive shunts installed at the tops of two 70-m-
high towers on the summit of Monte San Salvatore in Lugano, Switzerland.
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Fig. 4.33. Avecrage negative first- and subsequent-stroke current waveshapes cach shown on two time scales, A and B.
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4.6 Return Stroke @INGESCO’ @) s
4.6.1 — Parameters derived from channel base current measurements

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Paruneters Unin __Sumplost 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
firtakes o o) % w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C
First strokes 93 1.1 52 24
Subsequent strokes 122 0.2 1.4 11
e ol * - " 4" Percentage exceeding tabulated value
Impulse c.}rar-gr ((:xdudl)ng . g E
continuing current .
Fi kes 90 1.1 4.5 20
silr:;::;e:smkes 117 022 0.95 4 P E’t U tS S ] . g 51}.-' 504}.& 51}.-'
Fronf duration (2 kA to peak) us dlraAMeELers i 4im p & SIZC o o
First strokes 89 1.8 5.5 18
Suhsequ:r:ﬁlfsuokes . 118 022 L1 4.5 k k
e At Peak current (minimum 2 kA) A
First strokes 92 55 12 32 a
Suhsa;ucnl strokes 122 12 40 120 e
Stroke duration (2 kA to half peak l" ].I.-l'.'ll- Ell’ﬂkf.:s I. ﬂ I ] q‘ 3'”' Eﬂ
value on the tail) ps
First strokes % 3 7 200 Subsequent strokes 135 4.6 12 30
Subsequent strokes 115 6.5 32 140
Action integral ([ dt) Als
First strokes 91 6.0 x 10° 55 % 10° 5.5 % 10°
Subsequent strokes 88 5.5 x 107 6.0 x 10° 5.2 % 10¢
Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 94 0.15 13 1100
Exeluding single-stroke flashes 39 31 180 900
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4.6 Return Stroke @INGESCO SE EhRli
4.6.1 — Parameters derived from channel base current measurements

T
= Charge transferred: Q= j i(t)dt
0

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
firiakes o o) % w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C
First strokes 93 11 52 24
Subsequent strokes 122 0.2 1.4 11 .
e cluding M '3 7S 0 Percentage exceeding tabulated value
continuing current) C
First slmkesg ' 90 1.1 4.5 20 ; R
T = o 022 L 2 Parameters Units Sample size 05% 50% 5%
First strokes 89 1.8 55 18
Subsequent strokes 118 022 1.1 4.5
Maximum di/d kA t
First slrokcsl * 92 55 12 32 Cﬁa}ﬁf [tnml Chargc} C
Sl s o ol ek = . 4" 2 First strokes 93 1.1 5.2 24
value on the tail) ps
Firt strokes % ) s 200 Subsequent strokes 122 0.2 1.4 11
buhsf:qucnl slml;i:xs , 115 6.5 32 140
e M Gxiw s s Complete flash 94 1.3 7.5 40
Subsequent strokes 5 x 107 5.0 % 10° 2 10* v
ime vl boeemstrokes s 133 TS " Impulse charge (excluding
Flash duration ms . -
Al s o4 015 1 1100 continuing currcnt) C
Exeluding single-stroke flashes 39 31 180 900

First strokes 90 1.1 4.5 20
Subsequent strokes 117 0.22 0.95 4
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4.6 Return Stroke @INGESCO’ @) s
4.6.1 — Parameters derived from channel base current measurements

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
finiakes o o) % w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C
First strokes 93 1.1 52 24
Subsequent strokes 122 0.2 1.4 11
e ol * - " 4" Percentage exceeding tabulated value
Impulse c.}rar-gr ((:xdudl)ng . g E
continuing current .
Fi kes 90 1.1 4.5 20
silr:;::;e:smkes 117 022 0.95 4 P E’t U tS S ] - g 51}.-' Sm 'E 51}.-'
Fronf duration (2 kA to peak) us dlraAMeELers i 4im p & SIZC o o
First strokes 89 1.8 5.5 18
Subsequent strokes 113 022 1.1 4.5
e KA Front duration (2 kA to peak) LS
First strokes 92 55 12 32
Suhsa;ucnl strokes 122 12 40 120 o
Stroke duration (2 kA to half peak }' I.I.-EI- ,"}ITHIU.:S Eg ] .-E 5 .--5 I. E
value on the tail) ps
Firststrokes % 30 7 200 Subsequent strokes 118 0.22 1.1 4.5
Subsequent strokes 115 6.5 32 140
Action integral ([ dt) Als
First strokes 91 6.0 x 10° 5.5 % 10* 5.5 % 10°
Subsequent strokes 88 5.5 x 107 6.0 x 10° 5.2 % 10¢
Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 94 015 13 1100
Exeluding single-stroke flashes 39 31 180 900
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4.6 Return Stroke @INGESCO’ @) s
4.6.1 — Parameters derived from channel base current measurements

_ dit)
ot

= Current derivative: S

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
First strokes 101 14 30 80
finiakes o + 50 w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C
First strokes 93 1.1 52 24
Subsequent strokes 122 0.2 1.4 11 .
e cluding " 2 7 ° Percentage exceeding tabulated value
continuing current) C
First strokes 90 1.1 4.5 20 ; R
o oA 0 pesk) " " 0z 0o ! Parameters Units Sample size 95% 50% 5%
First strokes 89 1.8 5.5 18
Subsequent strok 118 0.22 1.1 4.5
Facmon WA T Maximum di/dt kA ps!
First strokes 92 55 12 32 .
Subs ent strokes 122 12 40 120
s e First strokes 92 5.5 12 32
| he tail
sk : % s 200 Subsequent strokes 122 12 40 120
Subsequent strokes 115 6.5 32 140
Action integral ([ dt) Als
First strokes 91 6.0 x 10° 55 % 10° 5.5 % 10°
Subsequent strokes 88 5.5 x 107 6.0 x 10° 5.2 % 10¢
Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 94 0.15 13 1100
Exeluding single-stroke flashes 39 31 180 900
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4.6 Return Stroke @INGESCO’ @) s
4.6.1 — Parameters derived from channel base current measurements

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
finiakes o o) % w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C
First strokes 93 11 52 24
Subsequent strokes 122 0.2 1.4 11 .
e cluding M '3 73 0 Percentage exceeding tabulated value
continuing current) C
First strokes 90 1.1 4.5 20
o oA 0 pesk) " 1 022 098 ¢ Parameters Units Sample size 05% 50% 5%
First strokes 89 1.8 55 18
Subsequent strokes 118 022 L1 4.5
laximum di/di k. t Y r "
Mazimum 1l At s . . Stroke duration (2 kA to hall peak
T Tk = = value on the tail) s
value on the tail) s a
Fir::lslmkc: " * 90 30 75 200 First Rtl'ﬂk[‘.‘!-'i an 30 75 204
Subsequent strokes 115 6.5 32 140 .
AT el (170 A7 N e i i Subsequent strokes 115 6.5 2 140
Subsequent strokes 88 5.5 x 107 6.0 x 10° 5.2 % 10¢
Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 04 0.15 13 1100
Exeluding single-stroke flashes 39 31 180 900
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4.6.1 — Parameters derived from channel base current measurements

.
= Action integral: W = jiz(t)dt
0

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b

finiakes o o) % w0 measurements. Adapted from Berger et al. (1975)
Charge (total charge) C

First strokes 93 11 52 24

Subsequent strokes 122 0.2 1.4 11

Complete flash M '3 7S 0 Percentage exceeding tabulated value
Impulse c.}rar-gr ((:xdudl)ng . g E

continuing current !

;Lr:;::::r:ssmkes l?g llJiéz g‘;s 23 P U - S ] . g 51}.-' 504}.& 51}.-'
Front dution (2 kh to peak) s arameters nits ample size o o

First strokes 89 1.8 55 18

Subsequent strokes 118 022 1.1 4.5
i 4 k! . . . Action integral ([ Fdt) Ats

‘u-s‘ ucnss es ; 2 r- 3
Wi OO 122 2 “ 120 First strokes 91 6.0 = 10° 5.5 x 10 5.5 % 10

value on the tail) ps

Fie stokes % 2 " 20 Subsequent strokes 88 5.5 = 107 6.0 x 10° 5.2 x 10¢

Subsequent strokes 115 6.5 32 140
Action integral ([ dt) Als

First strokes 91 6.0 x 10° 5.5 % 10* 5.5 % 10°

Subsequent strokes 88 5.5 x 107 6.0 % 10° 5.2 % 10*

Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 94 015 13 1100
Exeluding single-stroke flashes 39 31 180 900
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4.6 Return Stroke @INGESCO’ @) s
4.6.1 — Parameters derived from channel base current measurements

Table 4.4. Parameters of downward negative lightning derived from channel-base current
measurements. Adapted from Berger et al. (1975)

Percentage exceeding tabulated value

Parumetes Unin  Sumplosi 9% e Table 4.4. Parameters of downward negative lightning derived from channel-base current
Peak current (minimum 2 kA) kA b
irst strokes
finiakes o o) % w0 measurements. Adapted from Berger et al. (1975)
ha otal charge’ o
“ Fi’:zstf::mt:::sh &) ¢ 93 11 52 24
Subsequent strokes 122 0.2 1.4 11 .
e cluding M '3 7S 0 Percentage exceeding tabulated value
continuing current) C
First slmkesg 90 1.1 4.5 20 ; R
o oA 0 pesk) " 1 022 098 ¢ Parameters Units Sample size 05% 50% 5%
First strokes 89 1.8 55 18
Subsequent strokes 118 022 L1 4.5 — .
Masimun did kAt s . N Time interval between strokes ms 133 7 33 150
St Y o bl e * © Flash duration ms
value on the tail s
Fir::lslmkc: b " 90 30 75 200 A" ﬂﬂ.‘ihﬂ.‘i 9'4 ﬂ. 1 5 13- I Iﬂ'!]
Subsequent strokes 115 6.5 32 140 . - .
Action inisral ([ 240 Ats Excluding single-stroke flashes 39 31 180 900
First strokes 91 6.0 x 107 55 % 10¢ 55 x 10°
Subsequent strokes 88 5.5 x 107 6.0 % 10° 5.2 % 10*
Time interval between strokes ms 133 7 33 150
Flash duration ms
All flashes 04 0.15 13 1100
Excluding single-stroke flashes 39 31 180 900

BIRKELAND CENTRE FOR SPACE SCIENCE - Research school (May 20-24, 2019) Marcelo Arcanjo



4.6 Return Stroke @INGESCO ) -
4.6.2 — Luminosity variation along the channel and propagation speed

D—
26

22

 The variation in return-stroke luminosity along the channel is %
thought to reflect the variation in current.
18
e Figure 4.36 illustrates the time development of the luminosity in the C“a\/._\
lower portion of a typical first stroke, determined (using streak 1;(
photography) in South Africa. Upward two-dimensional speeds: 18

e 1.6x108m/s from the ground to point A;
e 2.1x108m/s from A to B;
¢ 9.7x10” m/s from B to C;
* 5.5x10”m/s from C to D (Schonland1956). |

— 1x108m/s

* When a return stroke reaches a branch, there is usually a
brightening of the channel below that point. It is believed that
branch components are due to a rapid discharge of a branch,
previously charged by the stepped leader.

Fig. 4.36. The luminous development of a first return stroke. The
numbers indicate the time of arrival in microseconds of the

upward-propagating return-stroke front at various points on both
the main channel and branches. Adapted from Schonland (1956).
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4.6 Return Stroke @INGESCO’ @) s
4.6.3—

Measured electric and magnetic fields

* Vertical electric and horizontal magnetic field waveforms
are shown for distances ranging from 1 to 200 km. As the
distance increases, electric and magnetic intensities also
decrease in amplitude.

» After the first few tens of microseconds, by the electrostatic
component of the total electric field. The close magnetic
fields at similar times are dominated by the magnetostatic
component of the total magnetic field, the component that
produces the magnetic field humps.

* The distant electric and magnetic fields have essentially
identical waveshapes and are usually bipolar. At a distance
of 50 km and beyond, both electric and magnetic field wave
shapes are dominated by their respective radiation e i
components. on By o e BN

Fig. 4.38. Typical vertical electric field intensity (left column) and azimuthal magnetic

flux density (right column) waveforms for first (solid line) and subsequent (broken line)
return strokes at distances of 1, 2, 5, 10, 15, 50, and 200 km. The scales are in ps.
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4.6 Return Stroke

4.6.3 — Measured electric and magnetic fields Rl .
First
* As illustrated in Fig. 4.40, first-return-stroke field “ RINA o

waveforms have a “slow front” (below the broken line in e
Fig. 4.40 and labeled F) that rises in a few microseconds |
to an appreciable fraction of the field peak.

Subsequent
with dart-stepped
leader

* The slow front is followed by a “fast transition” (labeled t*
R) to peak with a 10-90 percent risetime of about 0.1ps = {
when the field propagation path is over saltwater.

* Leader pulses are identified by L, and are observed for e
the first strokes, dart stepped leaders but not dart

leaders. __R_!\.__\'-a\_s

(scale of upper figures ranges from -20 to 20 ps and the bottom © ) Subsequent wit

pictures from -60 to 80 us) R .

— e .

Fig. 4.40. Electnc field waveforms of (a) a first return stroke,
(b) a subsequent return stroke initiated by a dart-stepped leader,
and (c) a subsequent return stroke initiated by a dart leader.

I NN N N [N TR SR S N

L L 1 1 I
-60 -40 -20 0 20 40 B0 80
Time, us
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4.6 Return Stroke @INGESCO SE EhRli
.6.4

4.6.4 — Calculation of electric and magnetic fields .

* The most general equations for computing the vertical electric field E, and azimuthal
magnetic field B, due to an upward-moving return stroke for the case of a field point. P on

perfectly conducting ground are:

1 H(r) 22/2 - r2 { R(Z')
W, = —_ ' T — — i
AV Ey(r,1) = ot A [ B@) Jo,me ! (Z’f pe )df Electrostatic
Vr (3

I Actual position of return-stroke front

+ e, (z',t - R(z')) . Induction
Position of return- stroke seen cRY(2") c
by observer at Pat time t : 3L, t— RS
i - -3 r; €.f— R /c]dZ’ < Radiation
The last term of the equations R(2) at
accounts fey a possi ent ‘ 1 r? ( H(t)\ dH(f)
. i . - I H(t), -—) ——= (4.10)
f JHO) discontinuity at Fee e B it
’ i Talh, H(t w
» R(z') The front _dls_cont_ln . ;‘—"f )[R‘r | I(z',t ) R(T)) « Magnetostatic
0 only a radiation field co xdo LEE) ¢

o r d0I(Z,1t—-R(Z)/c)
cR*(2') at

o r , H(t)\ dri(r)
+E(°R2(H(l))l(”(l)'T) d (4.11)

] dz 4= Radiation

Return-stroke
channel
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4.6 Return Stroke @INGESCO’ @) s

4.6.4 — Calculation of electric and magnetic fields .—

* Channel tortuosity and branches

* In most computations of the fields due to the return stroke, the return-stroke channel
is assumed to be straight, while in fact it is known to be tortuous (ranging from 1 m to
over 1 km).

* In general, the effect of tortuosity is to increase the higher-frequency content of the
radiation field waveform.

* Measured first-stroke electric and magnetic fields exhibit a more pronounced fine
structure than subsequent strokes, due to the presence of branches in the first
strokes.

* Propagation effects

e At an observation point above a perfectly conducting ground, there are a vertical and
horizontal electric field. The horizontal electric field at and below the ground surface is
associated with a radial current flow and resultant ohmic losses in the earth.

* Propagation effects include attenuation of the higher-frequency components in the
vertical electric field and the azimuthal magnetic field waveforms.
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4.6.5 — Properties of the return-stroke channel .

* P hySica I ro pe rtieS Of th @ Table 4.9. Estimated characteristics of the lightning channels associated with various
| |g htnin g CE anne |’ that can be processes of the lightning discharge. Adapted from Rakov (1998)
estimated from the time-

I d t . I t f Pre-return-stroke channel
resolve O p ICa S pe Clra O Pre-dart-leader (behind dart-leader Return-siroke
ret urn St ro ke S. Channel channel (ahead of front and ahead of channel (behind
° Typ ical pea k tem pe ratures characteristics” dart-leader front) return-stroke front) return-stroke front)
. . ’
determined from the ratios of the [ Temperature. K ~ 3000 > 20000 > 30000
intensities of spectral lines, were | Conductivit, Sm '~ 0.02 ~ 10° ~10°
of the order of 28000-31000 K. Radius, cm ~3 ~03 ~3
" . . : R.Qm ~ 18000 ~35 ~ 0.035
* Electron densities in lightnin -

;Sglr'jr]r.n Sat ro Ié%SmWS rrg Or(]j Et%r,i_-m I r%ﬁ o 4 For comparison, the electrical [conductivity of carbon 1s 3 x 10* S m—', of seawater is 4 S m— |, and

parl of copper is 5.8 x 107 S m ! (Sadiku 1994); the temperature of the|solar interior is 107 K and of the
r_n €asu rEd Sta rk wi dth Of th e H a |solar surface is 6000 K| and the temperatures at which tungsten and lead melt are 3600 K and 600 K,
line radiated by hyd rogen atoms respectively (Halliday and Resnick 1974).

with theory

* From Orville (1968), the electron
density was 8x10'” cm~3 in the first
5 us, decreasing to (1-
1.5)x107cm™3 at 25 s, and
remaining approximately constant
at 50us.
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