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Abstract: The literature on lightning stroke severity indieatthat the magnitude of the electric field pea& thuthe first-
return-stroke is nearly twice that of the field gedue to the subsequent return stroke. These rejaoet based on the data
collected by lightning detection, and informationdafield measurement systems. In this paper, fietlts from the
literature are summarised. These are then compavitd the results obtained through simulation. Elentagnetic fields
generated due to “typical” first (FS) and subsequéBS) lightning return strokes have been compusgidg the “Modified
Transmission Line with Linear current decay” (MTLiodel. These simulation results are discussegikgen view, the
field data reported in several recent studies, Whiompare the severity of first and subsequentinestrokes. The MTLL
based engineering model is adopted to compare ¢eridy of lightning return strokes (FS/SS) as acfion of radial
distance. The effect of worst-case-ground-condiigton this ratio is reported. An MTLL model bassinparison on em-
field FS/SS ratio for both perfect and worst-caseugd conditions is also reported. These simulatiesults are compared
with those from the “Modified Transmission LinetwExponential current decay” (MTLE) model. In gesethe present
simulation results not only substantiate the faetttthe FS/SS ratio is nearly two times, but alsseas a few parameters
responsible for low FS/SS ratio (reported in sorases). The present simulation analysis shows #vaaih electrical
conductivity affects the FS/SS ratio. This mayaRrphe cause for the low FS/SS ratios.

Keywords. Electromagnetic fields, First-return-strokes, Grauronductivity, Lightning, Stroke severity, Subsedureturn-
stroke

1. Introduction one or more subsequent-return-strokes. Based on the

Lightning is the most spectacular natural electrica difference in their typical characteristics, ligimg
phenomenon. Lightning, although of short duratioas strokes are grouped into flrst-return-syroke (Fap a
the potential to cause significant damage to lifel a Subsequent-return-strokes (SS). The field obsemati
property, because it is an intense power source€Ports indicate that, the average number of suleste
Attempts to understand this natural phenomenone havréturn-strokes can be 4 to 5 in a multiple-strdistf of
been challenging, though is a well-researched area. ~ negative CG flashes (Thottappillil, 2002; Rakovakt
Cloud-to-Ground (CG) lightning discharges have 1994; Rakov, 2010; Heidler et al., 2008). Also,%80f
many destructive effects. The more damaging effect$cG  lightning flashes  consist of multiple - strokes
have come to light due to its indirect effects oadern  (Thottappillil, 2002). _
electronic gadgets, which are susceptible to surge The lightning field parameters (peak and maximum
voltages and currents. These are due to lightning@te of change of electric & magnetic fields) are
electromagnetic fields (LEMF). LEMFs can induceov dependent on lightning current parameters (peateotr
voltages in the objects they couple with. Hence,Maximum time rate of change of current, time tokpea
knowledge of electromagnetic (em) fields associatedime to reduce to half the peak value and totafgea
with lightning is essential to understand the iadir ~These parameters are further —responsible for
effects of lightning. The threat due to lightnimglirect ~ Characteristics of the induced over voltages. liespf
strokes and the Electro-Magnetic-Compatibility (EMC Knowing lightning current parameters, the basicstjoa
studies depend on characteristics of both, (i)abjects that still remains to be fully addressed is of$‘|f+retu_rn-
to which LEMFs couple and (ii) the characteristfs stroke or subsequent-retgrn-;troke, which one isemo
lightning strokes. Return strokes of the lightnmgrents ~ Severe?”(Fernando and Silverio, 2009).
are intense and hence their effects are severgpisal The relative magnitudes, in CG lightning flash of
CG flash will have one first-return-stroke, and nfeaye the electric field peak of first-return-stroke and
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subsequent-return-stroke, are important in comparin case) on relative magnitude of electric field pedlsv
severity of strokegn a multiple-stroke flash. Such data, ratios of FS/SS are observed and reported in s@®esc
based on the lightning flashover data recordecaiious  of field measurements (Amitabh and Rakov, 2007).
countries, have been discussed and examined (AmitabThese simulation results seem to give some clue te
and Rakov, 2007; Amitabh et al., 2008; Schulz et al cause for low ratios observed in some cases. Before
2005; Schulz and Diendorfer, 2006; Oliveira et2007; reporting the simulation results, a brief reviewr&/SS
Schulz et al., 2008; Loboda et al., 2009). Sucldfie ratios found in the literature is provided (Amitabhd
measurement efforts using lightning detection, Rakov, 2007; Amitabh et al., 2008; Schulz et 8002,
information and field measurement system along withSchulz and Diendorfer, 2006; Oliveira et al., 2007;
Lightning Location Systems (LLS) greatly add to the Schulz et al., 2008; Loboda et al., 2009).
understanding of lightning phenomena from the pofnt
view of stroke statistics and their generalisatiofisis 2. Review related to FS/SS ratio
present study is a unique attempt to aid such résé®y |y general, a lightning event will have multipl@ghes
in that it uses a MTLL model to examine the reltiv wijth each flash containing multiple strokes (on an
magnitude of electric and magnetic field peaks @isin ayerage of 4 to 5 strokes). In a few cases it carab
“typical” first and subsequent lightning returnaites.. single stroke flash. Each stroke exhibits a diffiefgeak.
Two most important lightning stroke current These statistical data are analysed by computieg th
parameters (among the earlier stated) are: ()eotm ayerages. The method of analysis adopted can differ
peak, (heay and (i) maximum time rate of change of the jiterature (Amitabh and Rakov, 2007; Amitabtalet
current, (di/dtha. The “typical®, first-return-stroke of 2008: Schulz et al., 2005; Schulz and Diendorfé&
negative CG discharges is characterised,fy# 30 kA Qliveira et al., 2007; Schulz et al., 2008; Lobadaal.,
and (difdthax = 12 kAhLs; whereas — “typical”  2009), the field-measured-data, related to firetsre
subsequent-return-strokes of negative CG dischages siroke and subsequent-return-strokes (peak e-Yialds
characterised bydo= 12 kA and (di/dhax= 40 KAS  analysed by adopting three (one or more) different
as their numeric values (Rachidi et al., 2001; CB®38  methods. In evaluation and analysis, although rtic
Technical Report, 2005). The lightning researchmeans (AM) are used, some of the researchers fiade t
community accepts these as the “typical” represee®  to analyse by evaluating the geometric means (GiM),
of first-return-strokes and = subsequent-return-&80k  arriving at the FS/SS ratio. These three methodsaar
These are the widely used representative strokesyiven below:
discussed in the literature (Thottappillil, 2002). Method A1 This accounts for many flashes of multi
The literature related to the West Indies regionsirokes. For each stroke order, the average ofhall
states that the climate is hotter than in Europ® a corresponding stroke-order (sequential number of a
thunder and lightning are more frequent and morestroke in a flash) magnitude (taken from all thesfies)
violent than in temperate regions (Willich and Ceop s calculated as the first step. Then the FS/SBsratf
1821). Some of the observations are: (i) & COUfS®D  these mean values are evaluated for each strolee asd
weather precedes a thunderstorm, and summer seldofe second step. Finally, the mean values of tR&48S
terminates without it. (ii) The flash rate dendilashes/  gre evaluated (including single stroke flashes).
km? /year) for 27 islands in the Caribbean region shows  pethod A2 This accounts for flashes of multi
values of the order of 20 flashes/ kiiyear, consistent  strokes only (excluding single stroke flashes). &ach
with the general level over large continents (\ilitis et siroke order, the average of all the corresponsirake-
al., 2004). Thus, it can be said that lightninggisbal  orger (sequential number of a stroke in a flash)
phenomena (not continent specific). Thus resedfote  magnitude (taken from all the flashes) is calculats
here is to see the severity of two lightning-flash-the first step. Then, the FS/SS ratios of thesenmea
components, ~ namely,  first-return-strokes  andyajyes are evaluated for each stroke order asetbens
subsequent-return-strokes, across the entire glies,  step. Finally, the mean values of these FS/SS are
researchers in the Caribbean region might find thegyajuated (excluding single stroke flashes).
results and review notes in this paper useful. Method B The ratio of FS peak field to mean value
The aim of the present study is to examine theof peak fields of all the SS strokes in each mlgtip
relative magnitude of electric and magnetic fieBakS  stroke flash is calculated. Then the mean valusuch

using “typical” first and subsequent lightning metu  Fg/Ss ratios of multiple flashes is evaluated.
strokes, through modeling and simulation. The sgver

of FS versus SS is analysed through simulationga®c
and compared with field-measured-data, reportethén
literature (Amitabh and Rakov, 2007; Amitabh et, al.
2008; Schulz et al., 2005; Schulz and Diendorfé0&?
Oliveira et al., 2007; Schulz et al., 2008; Lobedaal.,
2009). The simulation effort also attempts to brog
the influence of finite ground conductivity (of vabr

One of the reasons for differences in the results
reported from different researchers (Amitabh ankdvwa
2007; Amitabh et al., 2008; Schulz et al., 2005huke
and Diendorfer, 2006; Oliveira et al., 2007; Schetial.,
2008; Loboda et al., 2009) is probably due to défifee
in methodology adopted in arriving at FS/SS ratio i
analysing the data (Amitabh et al., 2008). Thegetlae
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reported results from different countries and refea 1) Modeling of spatial-temporal distribution of curten

groups, with field data pertaining to the lightniegents due to lightning return stroke, along the lightning
in their continents. channel.

LLS, with multiple stations, help in locating the 2) Calculating of LEMF produced by making use of
lightning strike position. They also give a peakrent current model of the lightning-return-stroke, over
estimate for each stroke. The estimate is based on the perfectly conducting ground.
magnetic radiation field peaks and distances. fiviag The evaluation of LEMF at the ground surface and

at the current estimate, current peaks are asstmneel  5hove the ground, for situation of finite ground

p_roportional to the field peaks. Amitabh et aI._QD conductivity is made by adopting the Cooray-Rulsimst
discusses some of these results of FS/SS curréos.ra approximations (Cooray, 1992; Rubinstein, 1996).
The AM of such peaks is in the range of 1.6 to 2.1petails of these simulation steps specific to thesent
(Amitabh et al., 2008). Comparisons of LLS systems  stydy are similar to those given by Master and Uman

also be found in the literature (Biagi et al., 20B@dger  (1984). A brief description is given in this sectio
et al., 2006). The effort in these articles is &edmine

the relative merit and accuracies of these detectio 3 1 | ightning Return Stroke Current

systems which are being used in different countries
In general, as observed from the literature (Anfitab

and Rakov, 2007; Amitabh et al., 2008; Schulz et al

2005; Schulz and Diendorfer, 2006; Oliveira et 2007;

Schulz et al., 2008), AM of FS/SS ratio varies e t

range 1 to 2.4. This wide variation (especially inaer

values of FS/SS in Austria studies) has been thgsu
of discussion in the literature. Some of the prddab
reasons for these discrepancies are thought tabdal

one or more of the following (Amitabh et al., 2008)

1) Differing methodologies adopted for calculations
involved.

2) Difference in instrumentation.

3) Uncertainties in the accuracies of the LLS systems,
at least as far as the peak estimations of fitsirne
stroke are concerned.

4) Reporting of the highest percentages of flashels wit
at least on subsequent stroke field peak greager th
the first-return stroke, particularly in the Auatr
studies. This could be the reason for lower FS/SS
ratio.

5) Intensities of the lightning stroke magnitudes may
be differing, depending on geographic location.sThi 7
needs some more field data and observations to
ascertain. L-dz'

The topic thus has given rise to a wide scope for
further study and research, particularly in knowthg
relative severity of first-return-stroke in relatiowith
that of subsequent return stroke. With this in mithe Figure 1.Geometrical details of lightning channel used for
present study has attempted to evaluate the FSIRS r lightning electromagnetic field calculations
with “typical” first and subsequent strokes, thrbug
simulation process. In the present study, for camgu ) ) )
LEMF, MTLL model has been adopted (Rakov and In the MTLL model, the lightning current is
Dulzon, 1991). The MTLL model is one of the widely allowed to decrease linearly with the height, while
accepted simulation processes. Some of the specififfopagating upward along the channel. A current-
details of this simulation, adopted in this studge a element idZ is chosen along the path. The infinite

For determining the electric and magnetic fieldsisi
necessary to model the return stroke current Higion
along the channel. The lightning channel is assutoed
be straight and vertical, above the ground plangé an
perpendicular to it, starting from the striking piat
ground (at the channel base). The geometry of the
simulated lightning return stroke above the pelject
conducting ground plane and the associated obganvat
point is shown in Figure 1.

described in the next section. ground plane is simulated using an equivalent image
current-element at ~Zbelow the ground plane.
3. Particulars of Simulation The observation point above the ground plane is at

P(r, ®, z); Where “r" is the radial distance and “z” et
height of the observation point above the ground.

The height “H”, of the cloud above the ground plane
is assumed to be 8 km. The current through therigh

Computing LEMF using the lightning engineering-
return-stroke model, in general, involves followitwio
major steps (Master and Uman, 1984):
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channel, in the MTLL model as adopted from Rako# an observation point (z=10 m and r= 100 km) above the
Uman, (1998) is given by the equation (1) perfect 6 = oo S/m) and finitely ¢ = 0.0001 S/m)

i(z', t) =ut-zV) (1- (2/H)) (0, t-Z/V) @) conducting ground are given below.

where V' is the velocity of the return stroke, u(t) is the The total e-field has static,_ induction and radkai
Heaviside function and i(0,t) is the current atugrd. as three components (Rachidi et al., 2001). Ofethes

_ o ) ~induction and radiation fields are combined and are
~Using this lightning return stroke current model in piotted, as they contribute to the indirect effendt
simulation, the em-fields surrounding the lightning |ightning stroke. The third component, namely tteis

discharge at typical observation point are caleadat field, is separated and is not shown. At very close
) . ) distances of 100 m or less from the lightning clenn
3.2 EM Fields Due To Lightning both static and induction field components addhe t

Vertical and horizontal components of the eledigtds; radiation component. For distances 100 m and beyond
and the azimuth component of magnetic field duarto up to 1000 m both induction and radiation fields
elemental dipole of current 1(Z",t), for an infieimal  contribute to the peak. At distances above 100@hen,
lightning channel length dzat a height Zfrom the fields are solely due to the radiation componenagidr
ground, are calculated at an observation point Fer. and Uman, 1984). From the point of view of indirect
perfectly conducting ground, adopting the expressio lightning influences, induction and radiation figldre of
given by Master and Uman (1984), a computer code waimportance. Though their contributions are smafler
developed. Because of the cylindrical symmetryhef t magnitude and duration), they are responsible for
problem, the em-field at any point is obtained watse  induced over voltages in the coupled objects illemnli

in cylindrical coordinate system. For this purpdke by em-fields (Master and Uman, 1984). In the regibn
return stroke channel is placed along the Z-axise T interest of present study (500 m to 100 km from the
total field at the observation point is obtained by lightning channel) both induction and radiation
integrating over the length of the current channelcomponents are computed for “typical” first-return-

accounting for its image. stroke and subsequent-return-stroke. To validate th
code implemented in this study, the authors have
3.3 Ground Conductivity and EM Fields successfully reproduced some of the results oftrdec

For a finitely conducting ground the horizontalattie  fields available for subsequent return stroke asrgby
field is computed using Cooray-Rubinstein Moini et al. (200_0). Fur_ther, _the same code is uwed
approximation (Cooray, 1992; Rubinstein, 1996),akjd num.encal experimentation discussed in the subsgque
known as CR-approximation. In the case of finite SECUONS.

conductivity ground, the horizontal component oé th ) o o

electric field gets altered at the surface of theugd. In 4.1 Ground with Infinite Conductivity
CR-approximation the horizontal electric field is Perfect ground is the one with infinite ground
computed by adding an appropriate term to elefigld con_ducnwty. For _such a perfect ground, the vmmbf_
values obtained for infinite ground situation. Thisded ~ Vertical and horizontal components of electric diel
term is obtained from surface impedance calculation corresponding to first and subsequent strokes are a

(Cooray, 1992). shown in Figures 2 and 3, respectively. These aref
’ typical observation point (z = 10 m and r = 100 km)
3.4 Parameters used in Computing EM-Fields above the perfect ground. The code can also e tose

compute the variation of the azimuth component of
magnetic field at this or any observation point.

The results presented in Figures 2 and 3 which give
computed electric field, as far as the generaldreh
these graphs are concerned, are in good agreenitbnt w
those of Rakov and Dulzon (1991). The important
observation based on comparisons of peaks of these
plots is that the field peak is larger for the tfirsturn-
stroke than that of subsequent return stroke.riealy 2
times large for FS when compared to SS. These
simulation results of FS/SS ratio match well, imgel,

. with those of field-measured-data that are repotigd
FS) and 19(.) mius (for SS)' The_ typical range airn?t several authors (Amitabh and Rakov, 2007; Amitabh e
stroke velocity, as stated in the literature, B/ 2¢/3; 5 “5008: Schulz et al., 2005; Schulz and Dierforf

¢” being the velocity of light (Uman, 1988). 2006; Oliveira et al., 2007; Schulz et al., 2008).

. . The purpose of present study is solely to compare
4. Results and Discussion the severity of typical first-return-stroke to thwdttypical

The simulation results of LEMPs for the typical subsequent return stroke through simulation. Hethe

Code is used to calculate LEMPs, for a typical
observation point at a height, “z’= 10 m above the
ground plane and at radial distances of “r'= 50Gam
100 km from the lightning channel in discrete steps
“Typical”, first return and subsequent-return-seskare
characterised by their specific, important lightnin
current parameters are used (Rachidi et al., 2fa@1he
simulations. The finite ground condition is simelct
with the worst case of finite ground conductivity o
0.0001 S/m. In the present simulation the returakst
velocity of the lightning current used are 130 m(fos
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Figure 2. Vertical component of electric field due to first and
subsequent return stroke above the perfectly condugtound at
z=10 m, r=100 km, obtained using MTLL model
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Figure 3. Horizontal component of electric field due to firatda
subsequent return stroke above the perfectly condugtound at
z=10 m, r=100 km, obtained using MTLL model
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Figure 4. Ratio of first to subsequent return stroke electri fie
peaks as function of distance for the observationtpat a height
of z=10 m, above the perfectly conducting groundaioteid using

MTLL model

The FS/SS ratio for the total electric fields istlire
range of 1.5 to 2.2. Electric field strengths beiag
function of distance, these ratios are spread avange.
The field measurement results of FS/SS ratio, as
discussed by several authors (Amitabh and Rakd¥7;20
Amitabh et al., 2008; Schulz et al., 2005; Schuld a
Diendorfer, 2006; Oliveira et al., 2007; Schulz att,
2008), can be compared with those obtained by
simulation. In general, the simulation results rhatell
with the global average of experimental measuresment
as discussed by Amitabh et al. (2008): These
measurements were gathered through observations of
actual lightning environment. Amitabh et al (2008)
mention of some discrepancies in FS/SS ratio regdort
from different studies.

Paolone (2009) contends that the horizontal
component of electric field is much smaller complaie
the vertical component of electric field. Similar
observations of smaller horizontal components cduad

FS/SS ratio at different radial distances from themade from the results of present simulations. The
lightning channel is computed. Figure 4 gives bothimportant additional observation from the preseotg

horizontal and total electric field ratios of FS/SBus

computed. The computed results for plotting Figdre

is that, it is the horizontal component of the #lec
field, which is affected by the ground conductiyity

are obtained using the simulation model based oralthough its contribution to the total electricldieis

MTLL. A similar trend is observed with the MTLE smaller.

model. The ratios of the vertical electric fieldtteat of
total electric field are nearly equal, as the magté of
horizontal component is relatively quite small.

In spite of this fact, it is worth noting that,i# the
horizontal component which is of importance

calculating the induced voltages due to field comgpl

with transmission lines (Agrawal et al., 1980; Pae et
al., 2009). These ratios of FS/SS obtained by sitiars
are lower for the total electric field comgad to the

The magnitudes of FS/SS ratios of the
horizontal component of electric field, along withe

total electric fields are presented in Figure 4. aky

given radial distance from the lightning channdle t
FS/SS ratio of the horizontal component is highemt

in that of the total electric field. Also, it shoulbe noted
that in both cases (horizontal and total) the rasio
greater than unity.

4.2 Ground with Finite Conductivity

horizontal electric fields. The FS/SS ratio for the The simulation results showing variation of horitsn

horizontal component of the electric field is irettange
of 1.5 to 2.8 and is a non-linear function of dista.

electric fields, above a finitely conducting grouwith
worst case of conductivity (0.0001 S/m) are presseii
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Figure 5, for an observation point (z = 10 m ard100 It is the FS/SS ratio of horizontal component afcélic
km). Horizontal electric fields due to “typical”jrét- field which is affected by the ground conductivignd
return-stroke  and  subsequent-return-stroke  arehis ratio is lower than that of total electriclieunlike
compared. From the simulation results corresponting what is seen in Figure 4 (for perfectly conducting
a typical observation point, the variation of horital ground). The FS/SS ratio for the horizontal electield
electric fields are bipolar in nature which is greement  is in the range of 1.0 to 1.5. It varies as a fiomcof
with what has been reported by Cooray (2010), for adistance nonlinearly. Also, these FS/SS ratios hwit
finite ground conductivity situation. It is to beted that  worst case ground conductivity) are smaller conghéoe
in Figure 5 (similarly in Figures 2 and 3) theiiaitdelay ~ those of perfect ground (1.5 to 2.8).
of 325 ps (approximate) is due to the time takecotger Simulation results given in Figures 4 and 6 are
the radial distance up to the observation point. useful in noting the effect of change in ground
conductivity on first and subsequent lightning ratu
strokes. They can be used to compare the effect of
sX10 ' ' ' ground conductivity on the horizontal component of
electric fields. The field peak obtained by summing
induction and radiation components in the case of a
finite ground situation is higher in magnitude when
compared with infinitely conducting ground. Eveor f
the case of subsequent-return-strokes, the fielak pe
obtained by summing induction and radiation
components is higher for finite grounds (see Figwde
and 5).

One of the fundamental inferences from the present
simulation is that the ground conductivity will aft the

L . . . FS/SS ratio of the horizontal component of thedfiel

0 100 200 300 400 500 Hence, terrains differing in their ground conduitits
Time (1 5) can influence and play a major role as far as #verity

Figure 5. Horizontal electric field due to first and subsedquen  of return strokes and their indirect effects areaswned.
return stroke above ground at z=10 m, r=100 km foteipicg =

0.0001 S/m) conducting ground, obtained using MThddel

-5t

——First return stroke
......... Subsequent return stroke

Horizontal electricfield (kV/m)

5.1 Electric field FS/SS ratios: Comparison of MTLL
and MTLE model

The plot of FS/SS ratio of peaks of electric field In the literature apart from the MTLL (Rakov and
for first to subsequent strokes obtained using theDulzon, 1991) model, the MTLE (Rachidi et al., 2p01
simulation code is as given Figure 6.FS/SS ratio for model is also commonly used in calculations of LEMF
both the total electric field and horizontal compohof ~ TO compare the present simulation study more génera
the electric field is given for the sakecofmparison. FS/SS electric field ratios are computed by adgptire

MTLE model as well. The comparisons of simulation
results using both these models with specific ezfee to
25 FS/SS ratio are given in Tables 1 and 2. The m®sult
(given in Table 1) compare for the perfect ground
condition, whereas results (given in Table 2) comapa
] the simulation results for a finitely conductingognd
O (og= 0.0001 S/m). The FS/SS ratios being compared here
O are obtained by keeping the rest of the parameters
* oo identical for the two models.
* The general trend of variation of FS/SS as a

* function of distance from the lightning channel for
1+ S S MTLE based model is similar to that of the MTLL
% Horizontal electric field model. The numerical values of FS/SS ratio for the
O Total electric field MTLE model for both perfect groundo(S/m) and finite
0.5 . . ground are lower compared to the MTLL model (from

107 10° 10* 10° Tables 1 and 2). The differences in the numerieilas
Distance (m) are in the range of 0.05 % to 26 %. The variat®m i

Figure 6. Ratio of first to subsequent return stroke electeitf non-linear function of distance (from the lightning
peaks as a function of radial distance (for the olagenv points at channel).
a height of z=10 m, above the ground plane) fordigitound
conductivity (0.0001 S/m; worst case) obtained usiid L
model

Ratio (FS/SS)
n
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Table 1.FS/SS ratios compared for MTLL and MTLE model for
perfectly conducting ground

) FS/SS field ratio
Distance For Peak of horizontal | For Peak of total electri
(m) electric field field
MTLL MTLE MTLL MTLE
model model model model
500 2.016 2.015 1.818 1.792
1000 2.430 2.414 2.070 1.938
2000 2.752 2.609 2.146 1.857
5000 2.828 2.333 1.945 1.608
10000 2.433 1.800 1.738 1.480
20000 1.921 1.547 1.635 1.430
50000 1.658 1.455 1.584 1.423
100000 1.605 1.411 1571 1.392

Table 2.FS/SS ratios compared for MTLL and MTLE model for
finitely (og= 0.0001 S/m) conducting ground

FS/SS field ratio

Distance For Peak of horizontal | For Peak of total electri
(m) electric field field

MTLL MTLE MTLL MTLE

model model model model
500 1.576 1.481 1.808 1.765
1000 1.364 1.267 2.039 1.904
2000 1.191 1.116 2.096 1.811
5000 1.080 1.029 1.889 1.546
10000 1.048 1.000 1.690 1.440
20000 1.038 0.990 1.592 1.397
50000 1.034 0.983 1.539 1.367
100000 1.032 0.982 1.529 1.359

5.2 Induced over voltages

LEMFs couple with the nearby electrical and eletizo
systems induce over voltages. The induced oveage#
depend on the orientation and vicinity of the syste

40

subsequent “typical” strokes are compared through t
simulation process by adopting the MTLL model. Tehes
simulation results are compared with the field-nueed-
data available in the literature. The important
observations are:

1) Both for perfect and finitely conducting grounds,
the electric field intensity peaks due to firstdret
stroke are higher compared to subsequent return
strokes.

FS/SS ratios as obtained by the MTLL based
simulation (range of values), match fairly well kit
the literature—reported, field-measured global
averages.

The FS/SS ratio of the horizontal component of
electric field intensity is lowered due to a desea
in ground conductivity (when compared to infinite
ground conductivity situation). This implies temsi
and the associated ground conductivities can affect
the FS/SS ratio.

Simulation results of the MTLL based FS/SS are
comparable with those from the MTLE based
model.

2)

3)

4)

Acknowledgements

The authors would like to thank the anonymous reers for
their valuable comments and suggestions to imprthe
quality of this paper.

References:

Agrawal, A K., Price, H.J. and Gurbaxani, S.J. (1980)ansient
response of multiconductor transmission lines excibgda
nonuniform electromagnetic field"|JEEE Transactions on
Electromagnetic Compatibilit}/ol. 22, No.2, pp. 119-129.

Amitabh, N. and Rakov, V.A. (2007), “Ratio of first subsequent
return stroke electric field peaks in negative clouditound
lightning discharges” Proceedings of the [X International
Symposium on Lightning Protectiddo.3.01, pp.1-6.

Amitabh, N., Rakov, V.A., Wolfgang, S., Marcelo, &atM.F.,
Thottappillil, R., Christopher, J.B., Alcides, O.Rhmad, K.,

which the LEMFs couple. As a typical case, induced Nelson, T. and Thomas, G. (2008), “First versus syibeet

over voltages due to coupling with a single conduct
overhead line (with 1,000 m long, located at a heaf
10 m from the ground) are computed using the sitedla
LEMFs (based on the MTLL model) due to typicalftfirs
return-stroke  and  subsequent-return-stroke.
lightning striking point is considered to be atistance
of 500 m from the line center and equidistanceh® t
line termination. In computing the induced overtagks
the field-to-overhead line coupling model by Agrawa

al. (1980) is adopted. The computed induced ove

voltage peaks are 16.36 kV and 8.7 kV for firstiret
stroke and subsequent-return-stroke, respectildlgse
results are for the case of perfect ground condtyti
The induced over voltage peaks of first-returnistris
1.88 times that of subsequent-return-stroke.

6. Conclusion

Lightning return strokes severities of first and

r

return-stroke current and field peaks in negative dimd
ground lightning dischargesJpurnal of Geophysical Research
Vol.113, No.d19112, pp.1-10.

Biagi, C.J., Cummins, K.L., Kehoe, K.E., and KridérP. (2007),
“National Lightning Detection Network (NLDN) performes

The in southern Arizona, Texas, and Oklahoma in 2008420

Journal of Geophysical Researctipl.112, No.d05208, pp. 1-
17.

Cooray, V. (1992), “Horizontal Fields Generated byturRe
Strokes”,Radio Scienceyol.27, No.4, pp. 529-537.

Cooray, V. (2010), “Horizontal electric field above and

underground produced by lightning flashd€EE Transactions

on Electromagnetic Compatibility/ol.52, No. 4, pp. 936-943.

COST P18 Technical Report (2005), “The physics oftigqng
flash and its effects”, available at http://www.guis8-
lightning.org. (Dated: 5 May, 2012).

Fernando, H.S. and Silverio, V. (2009), “On the tighg induced
voltage amplitude: first versus subsequent negadivekes”,
IEEE Transactions on Electromagnetic Compatibilit4ol.51,
No.3, pp.741- 747.

Heidler, F., Flisowski, Z., Zischank, W., Bouquegme&h. and
Mazzetti, C. (2008), “Parameters of lightning currgivten in



K. Chandrasekaran and G.S. Punekar: Severity dithigg Return Strokes: Simulation Study and ReMetes

IEC 62305-background, experience and outlodkhceedings
of the 29 International Conference on Lightning Protection
No.IL-3, pp.1-22.

Loboda, M., Betz, H.D., Baranski, P., Wiszniowski, dnd
Dziewit, Z. (2009), “New Lightning Detection Networkis
Poland — LINET and LLDN",The Open Atmospheric Science
Journal,No.3, pp.29-38.

Master, M.J. and Uman, M.A. (1984), “Lightning Inddce
Voltages on Power Lines: TheorylEEE Transactions on
Power Apparatus System#ol.103, No.9, pp. 2502-2518.

Moini, R., Kordi, B., Rafi, G. Z. and Rakov, V.A2000), “A new
lightning return stroke model based on antenna tliedournal
of Geophysical Researctipl.105, No. D24, pp. 29693-29702.

Oliveira, F.A., Schulz, W., Saba, M.M.F., Pinto J@. and
Ballarotti, M.G. (2007), “First and subsequent strakectric
field peaks in negative cloud-to-ground lightnin§toceedings
of the IX' International Symposium on Lightning Protection
No.3.05, pp.1-3.

Paolone, M., Rachidi, F., Borghetti, A., Nucci, G.Rubinstein,
M., Rakov, V.A. and Uman, M.A. (2009), “Lightning
electromagnetic field coupling to overhead lineshedry,
numerical simulation and experimental validation"EEE
Transactions on Electromagnetic Compatibjliyol.51, No.3,
pp.532-547.

Rachidi, F., Janischewskyj, W., Hussein, A.M. andctN, C.A.
(2001), “Current and electromagnetic field associateth w
lightning—return strokes to tall towerdEEE Transactions on
Electromagnetic Compatibility/ol. 43, No.3, pp. 356- 367.

Rakov, V.A. and Dulzon, A.A. (1991), “A modified tremission
line model for lightning return stroke field calcudats”,
Proceedings of the 9th International Zurich symposion
electromagnetic compatibilifNo. 44H1, pp. 229-234.

Rakov, V.A., Uman, M.A. and Thottappillil, R. (1994Review
of lightning properties from electric field and TV @bgations”,
Journal of Geophysical Researckol.99, No.D5, pp.10745-
10750.

Rakov, V.A. and Uman, M.A. (1998), “Review and ewian of
lightning return stroke models including some aspetttheir
application”, |EEE Transactions on Electromagnetic
Compatibility, Vol.40, No.4, pp. 403- 426.

Rakov, V.A. (2010), “Lightning parameters for enginegri
applications”, Proceedings of the Asia-Pacific International
Symposium on Electromagnetic Compatihilty. 1120-1123.

Rodger, C.J., Werner, S., Brundell, J.B., Lay, E.Hhpmson,
N.R., Holzworth, R.H. and Dowden, R.L. (2006), tBetion
efficiency of the VLFWorld-Wide Lightning Locationétwork
(WWLLN): Initial case study” Annales Geophysica®/ol. 24,
pp. 3197-3214.

Rubinstein, M. (1996), “An approximate formula for the
calculation of the horizontal electric field from liging at close
intermediate and long range”|EEE Transactions on
Electromagnetic Compatibilityvol.38, No.3 pp. 531-535.

Schulz, W., Lackenbauer, B., Pichler, H. and DiefetorG.
(2005), “LLS data and correlated continuous E field
measurements”, Proceedings of the VI International
Symposium on Lightning Protectiqup.1-4.

Schulz, W. and Diendorfer, G. (2006), “Flash Multifificand
Inter stroke Intervals in Austria’Proceedings of the 28
International Conference on Lightning Protectiddo.ll-4, pp.
402-404.

Schulz, W., Sindelar, S., Kafri, A., Gotschl, T., €hlwyi, N., and
Thottappillil, R. (2008), “The ratio between first asadbsequent
lightning return stroke electric field peaks in Swéden
Proceedings of the #9international Conference on Lightning
Protection,No. 1C-2, pp.1-4.

Thottappillil, R. (2002), “Electromagnetic pulsevéonment of
cloud-to-ground lightning for EMC studiedEEE Transactions
on Electromagnetic Compatibility/ol.4, No.1, pp.703-713.

41

Uman, M.A. (1988), “Natural and Artificially-initiate lightning
and lightning test standardsRroceedings of IEEEV0I.76,
No.12, pp.1548-1565.

Williams, E., Chan, T. and Boccippio, D. (2004), ldlsds as
miniature continents: Another look at the land-océghtning
contrast”, Journal of Geophysical Researcivol.109, No.
D16206, pp. 1-5.

Willich, A. F. M., Cooper, T. (1821), “The domestic
encyclopedia”, Abraham Small, Philadelphia, Vol. 1l 321.

Author’s Biographical Notes:

Kandasamy Chandrasekaran received the BE (Electrical and
Electronics Engineering) degree from the Bharathimiversity,
Coimbatore, India, in 1999, and ME (Power Electamiand
Drives) degree from Anna University, Chennai, im020He is
currently a Doctoral student in the Electrical Engering
Department, National Institute of Technology Kaemia (NITK),
Mangalore, India, and is a Life member of Indian 8bcifor
Technical Education (ISTE).

Gururaj S. Punekar received his B.E (Electrical Engineering)
from Karnataka University Dharwad, India. He receivihe MSc
(Engineering) degree from the High Voltage Engimegr
Department, [ISc, Bangalore in 1991, and obtained RhD
degree from Department of Electrical Engineering|T |
Kharagpur, West Bengal, India in 2009. Currently,ifié\ssociate
Professor in the Department of Electrical and Elenics
Engineering, National Institute of Technology, Kamaia, India.
Dr. Punekar was with Tata Electric Company, Mumbai,the
year 1991-92. His areas of interest include higltage testing,
electric field computation, gaseous insulation, @GI&l electrical
engineering safety. Dr. Punekar has guided more 2@ M.Tech
projects  and has more 35 international/national
journal/conference papers. He is a member of IEEEMder
Institution of Engineers (India), Life member of Indi@ociety for
Technical Education, Life Member of Systems Soaétindia,
Life member of National Safety Council of India.



