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LIGHTNING ELECTROMAGNETIC FIELDS: 
MODELING AND MEASUREMENTS 

V. A. Rakov 
University of Florida, Gainesville, FL, USA 

Abs&&: Modeling of lightning return strokes as 
sources of elwc fields is reviewed. Validation 
of the models using measured fields due to natural and 
triggered lightning is discussed. 

1. InWBduetion 

All lightning processes, in both cloud and cloud-to- 
ground discharges, are associated with the motion of 
charges an& as a result, produce electromagnetic fields. 
Only one (presumably the most important from an EMC 
point of view) process, the return stroke in cloud-to- 
ground lightn& is considered in this review. There are 
basically four levels of sophistication in the mathematical 
modeling of the lightning return stroke. (1) The first, and 
most mathematically sophisticated level, typically 
involves the solution of three gas dynamic equations 
representing the conservation of mass, of momen- 
and of energy, coupled to two equations of state, with the 
input parameter being channel current versus time, and 
the initial conditions imposed on the solution being the 
initial channel temperature the initial channel radius, and 
the initial channel pressure or mass density. Such 
“physical” models are primarily concerned with the 
radial evolution of a short segment of lightning channel 
and its associated shock wave (primary model outputs 
include temperature, pressure, and mass density as a 
function of radial coordinate and time). (2) The second 
level of sophistication is represented by electromagnetic 
models that are based on a lossy, thin-wire antenna 
approximation to the lightning channel. These models 
involve a numerical sol&on of Maxwell's equations. (3) 
The third level of sophistication is represented by 
distributed-circuit models that describe the lightning 
discharge as a transient process on a vertical 
transmission line characterized by resistance (R), 
inductance (I,), and capacitance (C) all per unit length. 
The line is usually assumed to be uniformly charged (by 
the preceding leader) to a specified potential and then 
closed at the ground end with a specified earth resistance 
to initiate the return stroke. There have been attempts to 
incorporate a “physical” model into a distributed-circuit 
model, the forma being used to find R as a function of 
time. (4) The fourth level of sophistication is represented 
by “e@neeaing” models that specify a spatial and 

temporal distribution of the channel current (or the 
channel charge density) based on such observed lightning 
return-stroke characteristics as current at the channel 
base, upward-propagating f?ont speed, and luminosity 
profile. 

2. Review of Models 

The “physical” models do not address the physics of the 
current evolution along the channel and therefore cannot 
be directly used for electric and magnetic field 
calculations. Therefore these models are not further 
discussed here, unless they are part of a distributed- 
circuit model. 

2.1 Loasy-antenna models 

Return-stroke models based on a lossy, thin-wire antenna 
approximation have been proposed in [ 1, 23. These 
models involve a numerical solution of Maxwell’s 
equations using the method of moments (MOM), which 
yields the complete soltion for current that includes both 
the antenna-mode current and the transmission-line-mode 
current [3]. In [I], the return-stroke front propagation 
speed is not specified but apparently it was equal to the 
speed of light. In [2], the permittivity of air surrounding 
the current-canying channel was modified for the 
computation of the current distribution along the channel 
in order to force the tiont propagation speed to be less 
than the speed of light. The unmodified permittivity was 
used for the computation of electric fields duetothat 
current distribution. 

2.2. Distributed-circuit models 

The derivation of any R-L-C transmission line model 
fkam Maxwell’s equations requires that the electric field 
intensity and the magnetic field intensity satisfy the 
transverse elmetic (TEM) field structure, that is, 
they lie in a plane transverse or perpendicular to the axis 
of the line [3]. For a vertical lightning channel with the 
current “xturn paW being the channel image (assuming 
a perfectly conducting ground) the validity of the TEM 
assumption is questionable, in particular near the retum- 
stroke tip where a relatively large longitudinal 
component of electic field is present. Usually, an R-L-C 
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&I of the l$dning return stroke is postulated without 
any analysis of its applicability. 
zn R-L-C models, the channel voltage and channel 
current arc found t?om solutions of the telegrapher’s 
equations. An exact closed fOITIl sOlUt.iCHl Of the 

telegrapher’s equations can bc obtained only in the Case 
of the R, L, and C all being constants. Such an 
approximation was used, for instance, in [4-T]. For 
li~~,R,L,endC~isexpectedtobeafunctionof 
time and space (mmhncar and nontiorm transmission 
lme), and the solution of the appmpriate telegrapher’s 
equations (with L and C being dynamic as OppOd to 

static inductance and capacitance, respectively) requires 
the use of a numerical technique, for instance, a finite- 
ditTcrence method. Attempts to take into accotmt the 
lightning channel xIc&MSities using various simplifying 
assumption have been made, for instant, in [8- 141. 
Combinations of an R-L-C model with a “physical” 
model, the latter one being used to determine R while L 
andcarekept constant,arepresented in[15,16]. 

2.3. uEngineeringn models 

An “‘engineering”retum-stroke mcdel is defined in this 

review as an equation relating the longitudinal channel 
cwentatanyheightz’andanytimettothecurrentatthe 
channel origin An equivalent expression in terms of the 
line charge density on the channel can be obtained using 
the contintity equation [ 171. The most used 
“engineering” models can be grouped in two categories: 
the transmission-line-type models and traveling-current- 
source-type models. The fm include the transmission 
line (TL) model [18] and its two moditlcations: the 
modified transmission line model with linear current 
decay with height (MTLL) 1191 and the mod&d 
transmission line model with exponential current decay 
with height (MILE) [20]. The transmission-line-type 
models incorporate a current source at the channel base 
which injects a spcc&d current wave into the channel, 
that wave propagating upward (1) without either 
distortion or attenuation (IL), or (2) without distortion 
but with specified attenuation (MTLL and MTLEQ. 
The traveling-current-source-type models include the 
crigiual traveling current source (TCS) model introduced 
iu [21] and the Dicndorfcr-Uman (DU) model i22]. In 
the traveling-current-source-type models it is assumed 
that the return-stroke current is generated at the upward- 
moving return-stroke front and then propagates 
downward. The so-c&d Bruce-Golde (BG) model [23] 
is conveniently inch&d in this category. In the TCS 
model, current at the &ont rises instantaneously and 
propagates downward at the speed of light. The TCS 
mcdelmducestotheBGmodelifthedownwardcurrent 
propagation speed is assumed equal to infinity. In the 
DU model, current at the t?ont rises exponentially 
(actuahytwoalnent compommts are considered in [22], 
eachturninganwithitsowntimeconstant,oorderto 
match model-predicted fields with measumd fields) and 
propagates downward at the speed of light. 
Fig. 1 illustrates the relation between the three simplest 
and most used ‘%mg&&ng” mod&, namely the BG, 

‘Il.+ and TCS models. Current waveforms versus time at 
ground level (z’ = 0) and at heights z’, and z’~, are given 

for each of the three models. The channel current at any 
g&n height 2’ is spccikd as the product of the 
He&side tbncticn, u, and current at the channel base (at 
Z’ = 0), the current being appropriately shifted in time 
(zero shift for the BG model). The second multiplier is 
a ccntinuous function of time that can exist (see Fig. 1) at 
a given height z’ > 0 both before (blank portion of the 
current waveforms for the TCS and BG models) and after 
(dark portion of the wavefotms) the return-stroke front 
arrives there, and the Heavisidc function assures that 
current is turned on by the upward-moving front. It 
follows fi-an Fig. 1 that if the channel-base current were 
a step function the TCS, BG, and TL models would be 
indistinguishable from each other. 
Let us first consider the TCS model (Fig. la) in which 
current at z’ is equal to the current at ground a time z’/c 
later. This is equivalent to shifting the ground-level 
waveform by z’/c in the negative time direction. For 
instant, at ~2’ the shitt is q’/c. Further, the return-stroke 
front arrives at G’ at time q*Ivf where v, is the front 
propagation speed. Current is turned on at this instant 
and the dark portion of the waveform indicates current 
that actually flows through the channel section at 2;’ 
thereafter. The blank portion of the waveform (for t < 
z’Jvr) is shown for illustrative purpose only. As seen in 
Fig. la, the current turn-on time at each height is 
de@rm&d by the intemecticn of the straight line (labeled 
vJ, whose slope with respect to time axis is equal to the 
front propagation speed v, with the time axis at that 
height. The beginning points of the complete cutrent 
waveforms at ditherem heights lie on the line (labeled v) 
whose slope with respect to time axis is equal to the 
current-wave propagation speed, v, which for the TCS 
model is the negative of the speed of light. 
Next we will show with reference to Fig. 1 how the TCS 
modelcanbetransformedtotheBGmodelandfurtherto 
the TL model by simply changing the position of the v 
line. 
Ifwe rotate the v line, with all the current waveforms still 
beginning on it, clockwise with respect to the origin of 
coordinates until the v line coincides with the vertical 
axis, we obtain the BG model (Fig. lb). The vertical 
position of the v line corresponds to v equal to infinity. 
Ifwe t%rther rotate the v line clockwise until it coincides 
with the vf line, we obtain the TL model (Fig. lc), in 
which both the return-stroke front and the return-stroke 
current wave propagate in the same direction and at the 
same speed. The relation between the TL and TCS 
models is further illustrated in Fig. 2 which shows that 
the tiont of the spatial curmnt wave moves in the positive 
Z’ direction for the TL model and in the negative z’ 
direction for the TCS model. 

All the return-stroke models introduced above except for 
the DU model can be expressed by the generalized 
equation given in Table 1. In this equation, P(z’) is the 
heightdepend& current attenuation factor introduced in 
[24], u is the Hcavisidc function equal to unity for t ;! 
z’lvf and zero otherwise, v, is the t?ont propagation 
speed and v is the current-wave propagation speed. 
Table 1 also summa&~ P(z’) and v for the five 
“engmecring” models. In the Table, H is the total 
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Fig. 1: Comparison of the (a) TCS, (b) BG, and (c) TL return-stroke models. Current versus time waveforms at ground 
(z’=O) and at two heights zl’ and z;’ ahove ground. 
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Fig. 2: Comparison of the (a) TL and 01) TCS return-stroke models. Current versus height w~v&x-ms at fixed instant 
of time t = t,. 
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channel length and A is the current decay constant 
(assumed in [20] to be 2000 m). 

Table 1: Generalized equation for five “engineering” 
return-stroke models. 

i(z’,t) =u(t-.Z!)P(EI) i(,,t-$) 

Model P(z') V 

TL' 1 vf 
(Uman and 

McLain, 1969) 

MTLL l- z'/H Vf 
(Rakov and 

Dulzon, 1987) 

(Nuc2T al., 
exp(-z'/W Vf 

1988) 

(Brunt and 
1 00 

Golde, 1941) 

TCS 1 --c 

(Heidler, 1985) 

4 characteristic feature of the “engineering” models is 
the small number of adjustable parameters, usually one 
or two besides the channel-base current. In these 
models, the physics of the lightning return stroke is 
deliberately downplayed, and the emphasis is put on 
achieving an agreement between model-predicted and 
observed lightning electromagnetic fields. 

3. Validation of Return-Stroke Models Using 
Measured Electric and Magnetic Fields 

3.1. Lossy-antenna models 

No model predicted fields are given in [ 11. If, as 
discussed in section 2.1, the return-stroke front 
propagation speed is assumed in [l] to be equal to the 
speed of light the model- predicted fields are unlikely to 
be con&tent with its. Fairly good agreement 
between the model-predicted and typical measured fields 
at distances ranging t&n tens of meters to tens of 
kilometers has been demonstrated in [2]. However, the 
model in [2] predicts no zero-crossing at some tens of 
microseconds for electric fields at 100 km, inconsistent 
with the published experimental data (e.g., [25]). 

3.2. Distributed-circuit models 

Electromagnetic fields calculated in [ 131 and [ 161 using 
nonlinear R-L-C models are inconsistent with typical 
measumd &Ads (e.g., [25]). Gther authors do not present 
model-predicted electromagnetic fields leaving their 
models unverified by the most readily available 
experimental data. 

3.3. “Engineering” models 

Two primary approaches to model validation have been 
used: The tlrst approach involves the use of a mical 

channel-base current waveform and a tvpical average 
propagation speed as inputs to the model, and a 
comparisoll of the model-predicted electromagnetic fields 
with- observed fields. In the second approach, 
the channel-base current waveform and propagation 
speed, both measured for the same individual event, are 
used to compute fields that ate compared to the measured 
fields for that m event. The second approach appears 
to be able to provide a more definitive answer regarding 
model validity, but it is feasible only in the case of 
triggered-lightning return strokes or natural lightning 
strikes to tall towers where channel-base current can be 
measured. In the field calculations, the channel is 
assumed to be straight and vertical with its origin at 
ground (z’ = 0), conditions expected to be valid for 
subsequent strokes, but potentially not for first strokes. 
The tirst approach has been adopted in [26], [24], and 
[17], andthe secondone in [27]. Theresultsofmodel 
validation can be summarized as follows. 

(a) The relation between the initial (predominantly 
radiation) field peak and the initial current peak is 
masonably well predicted by the TL, MTLL, MTLE, 
and DU models. The TL model can be 
recommended for engineering use in predicting 
peak currents Iiom measured peak fields as the 
mathematically simplest one. 

(b) Electric (essentially elec~ostatic) fields at tens of 
metersfromthechannelatterthefirst lo-15 psare 
masonably mptoduced by the BG, MTLL, TCS and 
DU models, but not by the ‘IL and MTLE models. 
Additionally, the MTLE model is inconsistent with 
the observed net ratio of leader-to-return-stroke 
electric field change at far ranges: The measured 
ratio is near unity (in support of the BG, h4TLL, 
TCS, and DU models), whereas the MTLE model 
predicts a value near 3. 

(c) Based on the overall field waveforms at 5 km (the 
only distance at which the “individual-return- 
stroke” model validation approach has been used) 
none of the considered models can be preferred. 

4. Discussion 

In this section we briefly discuss a few important aspects 
of the return-stroke modeling that are either ignored to 
keep the models easy-to-use or simply not recognized. 

41. Treatment of the upper, in-cloud part of the 
channel 

It is the common view that subsequent return strokes are 
easier to model than the first strokes. First strokes are 
comnxx@ branched, may involve an upward connecting 
discharge from ground of appreciable length, and 
typically exhibit a signiIIcant variation of propagation 
speed alcmg the channel. This view is correct as long as 
the lightning channel is predominantly vertical, a 
ccndition that is less likely to be satisfied for subsequent 
strokes than for first strokes when the return stroke 
reaches cloud charge height, typically a&r 25-75 ps 

assuming that the return-stroke front propagation speed 
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in the cloud is approximately the same as that below the 
cloud base. Subsequent strokes are expected to follow 
predominantly horizontal paths in the cloud. 
Add&&@, all the “engineering” models except for the 
MTLI_. model do not specify boundary conditions at the 
&annel top. In general, a reflection should be produced 
when the return-stroke f?ont arrives at the channel top. 
various boundary conditions at the channel top have 
been used in the distributed-circuit models including an 
open circuit [ 15, 161, a capacitor or an L-C transmission 
line [7],andanR-Cnetwork[12,13]. 

4.2 Boundary conditiona at ground 

In the transmission-line-type “engineering” models, the 
boundary conditions at ground are determined by the 
specified channel-base current (current source at the 
channel bottom). In the TCS and DU models, those 
models which assume that the return-stroke current is 
generated at the upward-moving front and propagates 
toward ground, it is implied that the channel is 
terminated at ground in its characteristic impedance so 
that the current retlection coefficient at ground is equal to 
zero. This implication is invalid for the case of a 
lightning strike to a well-grounded object where an 
appreciable reflection from ground is expected. In the 
distributed-circuit models, the boundary conditions at 
ground are specified explicitly, with a terminating 
msistor simulating earth resistance in the range of tens to 
hundreds of ohms being typical. 

4.3. Return-stroke front speed at early times 

It is argued in [l l] that at the instant of return-stroke 
initiation the geemeby of the bottom some tens of meters 
of the leader Channel is an inverted circular cone because 
the corona has not had enough time for its full 
development. Propagation speeds of radial corona 
streamers t?om conductors subjected to negative high 
voltage in laboratory were reported to be about 10” m/s 
(0.1 n-&s) [28], so that some microseconds are required 
for the development of corona sheath with a radius of the 
order of meters. For stepped leaders, the downward 
propagation speed is also of the order of 1 OS m/s, so that 
there is a relatively short delay in the corona-sheath 
f&on as a stepped leader moves toward ground. For 
dart leaders, the downward propagation speeds (10’ m/s) 
are about two order of magnitude higher than the radial- 
streamer speeds, so that the delay may be appreciable. 
The conical model of the bottom part of the channel 
predicts an initial return-stroke speed of nearly c, the 
speed of light, because both the longitudinal channel 
current and channel charge near ground are confined in 
a volume of approximately the same radial dimension. 
The speed is predicted in [ 111 to decrease when the 
return--stroke tiunt reaches the height (of the order of tens 
of meters) of the tully developed corona sheath when the 
channel geometry is cylindrical, and the radii of the 
current-carrymg channel core and the charge-containing 
corona sheath appreciably differ ftom each other. It is 
claimed in [l l] that support of the conical-model 
predictionregarding the initial return-stroke speed being 
nearly c comes from the results presented in [29] where 
(a) measured peak time-derivatives of the channel-base 

current, (b) measured peak time-derivatives of the 
electric field at 50 m and (c) the relation between the 
peak titne_derivatives of the current and radiation electric 
field based on the TL model are used to estimate the 
return-stroke speed. The estimated return-stroke speed 
is mported in [29] to be cn average near c, with 14 Out Of 
40 values being greater than the speed of light. On the 
other hand, similar estimates of speed but using peak 
electric field derivatives measured at about 5 km give 
mean value of approximately two-thirds Of C [3O]. 
Further, the use of (a) measured channel-base current 
peak, (b) measumd electric field peak at about 5 km, and 
(c) the relation between the peak current and peak 
radiation electric field based on the TL model leads to a 
mean return-stroke speed of about one-half of c, 
consistent with corresponding optical speed 
measurements over the bottom 4OO-6OO m of the channel 
[30]. It is possible that, since the peak derivative 
precedes the peak of electric field or current, speed 
e&mates using the peak time- derivatives of electric field 
and current, are representative of somewhat lower 
channel section than those based on peak electric field 
and peak current, this conjecture implying a very rapid 
speed decay within the bottom 100 m or so. One 
possible explanation [29, 311 for the discrepancy 
between the speeds inferred using the 50-m and S-km 
field derivative data is the contribution to the electric 
field derivative peak from the induction and electrostatic 
field components at 50 m, this contribution being not 
accounted for in the field derivative/current derivative 
relation derived for radiation field component only. The 
discrepancy between the three return-stroke speed 
- near c, 2cJ3, and cJ2, discussed above, remains 
a subject of controversy. 
A di&rent view of the initial return-stroke speed is 
suggested in [9]. According to the distributed-circuit 
model in [9], the speed initially increases to its maximum 
(appreciably less than c). The initial speed increase in 
[9] is associated with the so-called break-through (or 
switch-closing) phase thought to be responsible for the 
formation of the initial rising portion of the &urn-stroke 
current pulse (see also [24] and [32]). In [33], based on 
the expen’mental data published in [34], a bi-exponential 
expression for the return-stroke speed as a function of 
timeispmposedaccordingtowhichthespeedrisesgorn 
zero to its peak and falls off afterwards. More 
experimental data on the attachment process and on the 
early stages of the return-stroke process are needed to 
deduce the typical return-stroke speed profile near 
ground. 

5. Concluding Remarks 

The continuing interest in lightning modeling has been 
motivated by the desire to have relatively straightforward 
techniques (a) for deriving lightning current parameters 
f&n remotely measured electromagnetic fields (the so- 
called inverse source problem) and (b) for predicting the 
coupling and resultant effects of lightning fields on 
airbome vehicles and ground based objects and systems. 
The most recent application of lightning models is 
associated with studying the interaction of lightning with 
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the mesosphere and the lower ionosphere (red sprites, 
blue jets, elves). Whatever the application, the lightning 
model is a crucial element that usually involves more 
uncertainties than any other element of that application. 
There has been significant progress lately in developing 
lightning models. However fur&x studies are needed to 
validate the existing models by measuring fields at 
different distances from the lightning channel and to 
extend the modeling to lightning processes other than the 
return stroke in cloud-to-ground discharge. 
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