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Abstract—We present an analysis of lightning electromagnetic fields taking into account the soil stratification
and frequency dependence of its electrical parameters. Two current waveforms corresponding to typical first and
subsequent return strokes are considered for the analysis. Different cases for the soil (homogeneous, 2-layer,
frequency-dependent/constant electrical parameters) are considered. The analysis is carried out considering
different distance ranges: close (50 m), intermediate (5 km) and distant (100 km). The obtained results confirm
that the vertical electric field and the azimuthal magnetic field at close range can be evaluated assuming the
ground as a perfectly conducting plane. The impact of the soil stratification and frequency-dependent parameters
on the vertical electric field and azimuthal magnetic field appear at intermediate and distant ranges. On the other
hand, the horizontal electric field is found to be very sensitive to the ground stratification for all the considered
distance ranges. However, at close range, the impact of the soil becomes less significant for observation points
that are located at above-ground heights of 10 m or higher. It is shown that the three field components are
affected more markedly by the soil stratification than by the frequency dependence of its electrical parameters,
especially for intermediate and distant ranges (i.e., 5 km and 100 km). Furthermore, subsequent return stroke
fields are more significantly affected by the soil stratification and frequency-dependence compared to first
return stroke fields. The impact of the frequency-dependent soil parameters on the considered field components
is more noticeable in a poorly conducting soil compared to a good conducting soil. We present also a
comparison between simulation results with simultaneous measurements of current and distant vertical electric
fields associated with rocket-triggered lightning flashes. It is shown that the computed vertical electric field
waveforms for the case of a two-layer soil follow to a much better extent the corresponding experimental
waveforms compared a non-stratified ground model. The frequency-dependence of the soil affects slightly the
early-time response of the field. However, the late-time response of the field is essentially determined by the soil

stratification.

Index Terms—: Frequency-Dependent Soil model; Return Stroke; Distant Electric Fields; Horizontal Stratified
Soil

1. Introduction
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The electromagnetic fields from lightning, including vertical electric field and azimuthal magnetic field, serve
as an important input to the nowadays-widespread lightning location systems [1], which provide information on
the discharge type, position of the strike, and estimates of the return-stroke peak currents. Furthermore, various
field components serve as inputs to the so-called field- to- transmission line coupling models ([2]-[7]) adopted
to evaluate unwanted lightning-induced signals on power and telecommunications networks.

Among the parameters affecting the lightning radiated electromagnetic fields, the soil is certainly one of the
most important ones. In lightning-related studies, the soil has been modeled as either homogenous (e.g.,[8]-
[11]), horizontally stratified (e.g., [12]-[21]), mixed path half-space (e.g.,[22]-[23]), or as irregular terrain (e.g.,
[24])). In all these studies, the soil electrical parameters have been assumed as constant and independent of
frequency. However, it is a well-known fact that the soil conductivity and permittivity are affected not only by
the soil heterogeneous structure, but also by its water content, and they exhibit frequency dependence [25]-[26].

In the past decades, several soil models have been proposed using either field or laboratory measurements.
A comprehensive comparison of the soil models can be found in [27]. The effect of the frequency dependence of
soil parameters has been considered recently in different studies related to lightning-induced voltages (e.g., [28]-
[31]), grounding systems (e.g., [32]-[34]), above-ground and underground lightning electromagnetic fields (e.g.,
[25], [31]) radiated electric fields from lightning strikes to tall towers (e.g., [35]), and induced currents in
overhead lines and buried cables (e.g., [36]). In all these studies, the soil was considered as homogenous.
Recently, using simultaneously measured data of current and distant fields associated with triggered lightning,
Li et al. [37] showed that a two-layer soil model allows to reproduce the fine structure and late time features of
the distant fields to a much better extent than a homogenous soil.

In this study, which is an extended version of [38], we present an analysis of lightning electromagnetic
fields taking into account both, the soil inhomogeneity (stratified soil) and the frequency dependence of its
electrical parameters. The paper is organized as follows. Section Il briefly presents the adopted computational
models. The simulation results for the vertical and horizontal electric fields, and for the azimuthal magnetic field
can be found in Section I1l. Section IV contains a comparison with simultaneous observations of current and
distant electric field associated with triggered lightning. The paper ends with general conclusions given in
Section V.

2. Computational models

2.1 Return Stroke Model
The MTLE model [39], [40] was adopted for the analysis. The channel height was assumed to be H=7.5 km.

The current decay constant, A, along the channel was assumed to be 2 km and a return stroke speed of 1.5x10°
m/s was adopted in all the simulations. The channel-base current was represented using Heidler’s functions [41].
The first return-stroke channel-base current is characterized by a peak value of 30 kA and a maximum steepness
of 12 kA/us, whereas the subsequent return stroke current has a peak value of 12 kA and a maximum steepness

of 40 kA/us [42]. The parameters of the input currents used in the simulations are given in Table I.



TABLE | PARAMETERS OF THE INPUT CURRENT FROM [42]

o1 T11 | T12 Iy, T21 | T22
ny n;
(kA)| (us)| (us) (kA)| (us) | (us)
First
28 18 | 95 | 2 - - - -
Stroke
Subsequent | 10. | 0.2
25 |1 2| 65 2 230 | 2
Stroke 7 5

TABLE Il WATER CONTENT (WC) OF THE TWO-LAYER GROUND

Soil Top Layer ‘ Lower Layer Case
2.6% Casel
Homogenous
11.6% Case2
. 2.6% 11.6% Case3
Stratified
11.6% 2.6% Cased

2.2 Frequency-Dependent Soil Model

Based on Scott’s data [43]-[45], Messier [46] proposed a model, modified later by the same researcher in

[47], in which the frequency-dependent soil parameters are expressed as

£(f) =2+ [ 725)
&

o (1) = 0 L+ [T E2)
Opc )
where
Ope =8x107%(P /10)***(S /m) (3)
&y =8y (F/m) 4

in which P is the percent water content of the soil.
In this model, the conductivity measured at low frequency, opc, is assumed to be a function of the percent

volumetric water content. The high frequency limit of the dielectric constant €., is set to 8 times of permittivity

of free space, &,. The use of this model for grounding applications was first discussed by Greev [48]. The model
has been shown to satisfy the Kramers-Kronig relationship ensuring causality [27]. Other similar models
describing the soil frequency dependent parameters are also available. A thorough discussion and comparison

can be found in [27].

The behavior of the relative permittivity and conductivity for homogenous soils with 2.6% and 11.6% of water

content (WC) are shown in Fig. 1.

Fig. 2 shows the geometry corresponding to a two-layer soil. The top layer is characterized by a vertical

depth hl and electrical parameters €, and €,. The lower layer is characterized by electrical parameters o, and o
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Fig.1 Frequency dependence of the soil’s relative permittivity and conductivity for two different water content

(WC) levels, 2.6% and 11.6%.
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Fig. 2. Geometry for the calculation of lightning electromagnetic fields above a two-layer soil.

2.3 Electromagnetic Field Computation over a Horizontally Stratified Ground Considering a

Frequency-Dependent Soil

In this study, we will use expressions derived initially by Wait [12]-[13] and Hill and Wait [49], which were
suitably adapted for lightning electromagnetic field calculations by Cooray and co-workers (Ming and Cooray
[14] and Cooray and Cummins [15]). For an overview of various methods to evaluate lightning electromagnetic

fields, the reader can refer to [50]. Their validity has been tested versus full-wave approaches in several studies,

e.g., Shoory et al. [16], [18].

The frequency-domain expressions for the vertical electric field, horizontal electric field and azimuthal



magnetic field above a two-layer soil are expressed as [50]:
E (d,z,jw) :Ez‘p(d,z,jW)F;tr(jW) (5)
E(dz,jw) = E,, ,(dz jw)- Hy ,(d.0jWE, (jWZ, (jw) (©)

Hi (2= Hy o (dzjw)F, (W) (D)

in which d is the horizontal distance to the observation point, z is the height of the observation point, the
subscript p denotes that the field component is evaluated assuming a perfectly-conducting ground, Fg; is the
attenuation function accounting for the propagation effects, and Zg, is the ground surface impedance.

It is seen that, similar to the original Cooray-Rubinstein formula ([51]-[52]), the first term in (6) is the
horizontal electric field at the observation point height above a perfectly conducting ground and the second term
is the horizontal magnetic field on the ground surface, multiplied by the surface impedance of the ground Z.
Note that the propagation effects of the magnetic field component ([53]-[54]) are considered in the calculation
of the horizontal electric field (Equation (6)) in the present study.

The expression for the attenuation function (Fstr) of a stratified ground is given by

Fy (jo) =1~ j\/”pstreipmerfc(j'\/ Py ) (8)

in which the numerical distance pg;, is defined as

Pgr = _O'SyodAitr (9)

A, is the normalized surface impedance of the two-layer ground considering frequency-dependent soil

parameters, given by
_ Z, (jo)

A tr
’ N (1o 1 &9) (10)

7. - ,iKl K, + K, tanh(u;h,)
Sr Hy K +K;tanh(uh) (11)

is the surface impedance of a two-layer soil, with

where

K o=—t

0, + Jo&Ey (12)
(o b

0, + J0&E, (13)

ulz\l712_7§ (14)

and

UZ:,\N/ZZ_)/S (15)

The propagation constants in each ground layer are given by

= \/ja’/”o(o'l + jos,g,,) (16)

and

7> :\/ja)ﬂo(o'z+ jwg,g,,) (17)



in which oy, 0, €4 and g, are the frequency-dependent conductivities and permittivities of the top and lower

layers. It is worth noting that the attenuation function F, given by (8) does not consider the curvature of the

earth since the considered observation points are within 100 km from the lightning channel.

2.4 Ground Parameters

The adopted values for water content used in the calculation of the electrical parameters of the ground are
given in Table Il. For the case of a constant-parameter soil model, the dielectric constants for the soil with 2.6%
and 11.6% water content are set to €. = 5 and &, = 40, respectively. As can be seen from the Table I, four

different cases are considered in the simulations:
- Case 1: homogeneous with 2.6% water content, corresponding to a DC conductivity of 0.001 S/m.
- Case 2: homogeneous with 11.6% water content, corresponding to a DC conductivity of 0.01 S/m.
- Case 3: two-layer soil with an upper layer of 2.6% and lower layer of 11.6% water content.

- Case 4: two-layer soil with an upper layer of 11.6% and lower layer of 2.6% water content.

3. Results and Analysis
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Fig.3 Vertical electric field (Ez) at 50 m (al, a2), 5 km (b1, b2), and 100 km (c1, c2). First return stroke. The depth of the top layer is h1=2
m in the first row (a1, b1 and c1) and h1=10 m in the second row (a2, b2 and c2).
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Fig.4 Vertical electric field (Ez) at 50 m (a1, a2), 5 km (b1, b2), and 100 km (c1, c2). Subsequent return stroke. The depth of the top layer is
h1=2 min the first row (a1, b1 and c1) and h1=10 m in the second row (a2, b2 and c2).
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Fig.5 Azimuthal magnetic field (Hphi) at 50 m (a1, a2), 5 km (b1, b2), and 100 km (c1, c2). First return stroke. The depth of the top layer is
h1=2 min the first row (al, b1 and c1) and h1=10 m in the second row (a2, b2 and c2).
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Fig.6 Azimuthal magnetic field (Hphi) at 50 m (a1, a2), 5 km (b1, b2), and 100 km (c1, c2). Subsquent return stroke. The depth of the top
layer is h1=2 m in the first row (al, b1 and c1) and h1=10 m in the second row (a2, b2 and c2).

3.1 Vertical Electric Field and Azimuthal Magnetic Field

Fig. 3 presents the numerical results for the vertical electric field radiated by a first return stroke at a distance
of 50 m, 5 km, and 100 km from the channel, considering two different depths of the top layer, namely h1 =2 m
(@1, bl and cl) and hl = 10 m (a2, b2 and c2). Simulations corresponding to a constant conductivity and
permittivity are presented in solid lines, while those obtained taking into account the frequency dependence of
the electrical parameters of the soil are presented in dashed lines. Similar results are presented in Fig. 4 for a
subsequent return stroke. In the same plots, we have also presented the results corresponding to the cases of a
homogeneous (non-stratified) ground by extending the soil parameters of the upper layer to the rest of the
ground under it. Figs. 5 and 6 present the corresponding results for the azimuthal magnetic fields.

It is shown that the vertical electric field and the azimuthal magnetic field at a close distance (al and a2 in
Fig. 3 and Fig. 5) are virtually unaffected by either the soil heterogeneity or the frequency-dependent
parameters. The simulated results are in agreement with [17] and [18], indicating that the assumption of a
perfectly conducting ground is suitable to reproduce these field components at the considered close distance
range. The impact of the soil on the considered field components becomes more significant at larger distances.
At intermediate and far distances, the vertical electric field and the azimuthal magnetic field appear to be more
markedly affected by the soil stratification than by its frequency dependence. Furthermore, compared to first
return stroke fields, subsequent return stroke fields are more significantly affected by the soil stratification and
frequency-dependence.

As discussed in [16], for the considered case of a two-layer ground with the top layer being characterized by a
lower conductivity, the magnitude of the attenuation function (8) can become more than unity, causing an
enhancement of the radiation field. The field peak, in this case, can even be larger than that corresponding to the

case of a perfect ground.



3.2 Horizontal Electric Field

Fig. 7 and Fig. 8 present the horizontal electric field at 50 m, 5 km and 100 km. The observation point is set
to 10 m above the ground surface, which is a typical height of overhead power distribution lines. The horizontal
field in the vicinity of the lightning channel (50 m), in agreement with previous results (e.g., [17]-[19]), is not
sensitive to the electrical characteristics of the ground. One can also see that, in agreement with Mimouni et al.
[17], when the upper layer is less conductive, the early-time response of the horizontal electric field at distances
of 5 km and 100 km is essentially determined by the upper layer, while its late-time response is governed by the
lower, more conductive layer.

Fig. 9 presents the simulated horizontal electric field at 50 m near ground level (0.5 m). Compared to the
simulated results at 10 m above the ground (al and a2 in Figs.7 and 8), it can be seen that the horizontal electric
field at close distance and near ground level (0.5 m) is markedly affected by the soil stratification. It can also be
seen from Fig. 9 that the horizontal field exhibits a noticeable negative excursion, as opposed to the field at the
same distance but for an observation point located at a 10-m height (Fig. 8a). As discussed in Shoory et al. [18],
the horizontal electric field (Equation (6)) consists of two terms. The first one is the contribution due to the
elevation of the observation point above a perfect ground. The second term is the correction term accounting for
the ground losses responsible for the conduction and displacement currents flowing into the ground. The former
is of positive polarity and it increases with increasing height of the observation point above the ground. The
latter, which is of negative polarity, on the other hand, is not dependent on the height of the observation point
above the ground, and its absolute peak increases with the ground resistivity. For an observation point 10 m
above the ground and at close range, the field is essentially dominated by the first term. When approaching the
ground surface, the effect of the second term becomes more significant. The contribution of the second term
becomes also dominant at intermediate and far distance ranges (i.e., 5 km and 100 km) regardless of the
observation point height, resulting in a horizontal electric field of negative polarity, as can be seen in Figs. 7 and
8, panels b1, b2, c1, c2. The horizontal electric field is also more significantly affected by the soil stratification
than by the frequency dependence of the soil’s parameters. In agreement with [20], compared to the case of a
homogeneous ground, the stratified ground results in significantly faster risetimes and falltimes for the
horizontal electric field, characterized by an oscillatory behavior (see Fig. 8, panels b2 and c2).

As can be seen from Fig. 1b, the soil conductivity features an increase at high frequency, which is more
pronounced for low-conducting soils. As a result of the frequency-dependence of the ground conductivity, the
negative peak of the horizontal electric field is reduced compared to the case of a constant-parameter model. It
can also be seen that the reduction in the negative field peak is more significant for subsequent return strokes
than for the first return stroke. This can be explained by the fact that the subsequent return stroke current
spectrum extends to higher frequencies compared to the first stroke.

In general, the simulation results reveal that the impact of the frequency-dependent soil on the
electromagnetic field components is noticeable in a poorly-conducting ground (conductivity of 10% S/m or

lower or, equivalently, for water content of 2 to 3%).



30 T
2 5% W (Homogeneousfrequency-dependents 2k 26% WC (Homogeneoustrequency-dependent 01 2 6% W (Homogeneousfrequency-dependent
25 ﬁl) 11.6% WE (Homogeneo usfrequency-dependant bl) 11.6% WC (Homegeneousfrequency-dependert) 11.6% WE (Homogensoustrequency-dependenh
— — —2.5%WC ttop) 11.6% WE (lowerfraque Endent = T T 28%WC ctep)11.6% W Clowenfrequency-dependent 005 F = = —Z2.5%WC (top) 11.6% W ¢ owen frequency-dependent
— = —11.6% WC (top) 2.6% WE () ouy ency-dependent ~ 11BW T (top)2.6% WC (lower) frequency-d — — —11.6% WC (top)2.6% WE (lower) frequencydependent
20
Esf E
z =
= -
Sot w
~
sk \ /
2 6% W (Homogeneous) 2.8% WC (Hemagenzous) \ —#——2.6% WC (Homogeneous)
11.8% WC (Homogeneous) B s 11.6% WE (Homogeneous) -0.25 \ Vs 11.6% W (Hemogenaous)
0 2 6% WE (top) 11.5% WC (lomer) V4 2.6% T (tap) 11.6% WC (lanwer) N 2.8% WC (top) 11.6% WC Clower)
1154 W ttop) 2.6% WC Clower) B 11.6% WC (top) 2.6% WC (lawer) 03 11.6% WE (top) 2.8% WE (lower)
5 gt -035
i 5 10 15 o s 1 15 0 5 10 15
Time { pis) Time ( jis) Time { ps)
30 I
2,64 WIC (Homogensous requency-dependen 2k 2.5% WE (Homogensousire quency-dependen 04 2.8% T (Homogeneous frequency-dependent)
25 11.6% WC (Homogeneous frequency-depende e 11 6% WC (Homogeneousfrequency-dependert) ) 11.8% WC (Homegeneous frequency-dependent)
a2) - - = 2.6% WG (top)11.6% WG (lowen) fre quenoy-dependent 005 F — — —2.8%WC ctap) 11.6% WE (lamenfrequency-dependant

=2.8% WE (top) 11.6% WC (lowen) r
—11.6% WC (top)2 6% WC fla

fequency-dependent = 1AW C (hop) 26% NNT (lower)fre quen gy = = —11.B% WC (tep)2.6% WE (lowen) frequency-dependent

n

Es E

:

g0 «
sb

2.5% WC (Homogeneous)

2.6% W (Homogeneous) 2.5% WC (Homogeneaus)

11.6% WC (Home gens ous) BF )y 11.6% WC (Homegeneous) -0.23 N p & 14.6% WC(Hemegeneous)
o 2.6% WC (top) 11.6% WE (lower) / 2.8% W (top) 11.6% W (lower) 2.6% WNC (top) 11.6% WC (lower)
———— 11.6% WE (o) 2.6% WC (lower) N A1EY% W (top) 2.5% WE (lowen) 3 A1E% WC (top) 2.5% W (lower)
8t 038
5 10 15 o 5 i 15 0 5 10 15
Time ( ps) Time ( jss) Time ( ps)
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ground surface.
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Fig. 8 Horizontal electric field (Er) at 50 m (al, a2), 5 km (b1, b2), and 100 km (c1, c2). Subsquent return stroke. The depth of the top layer
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ground surface.
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TABLE 11l ELETROMAGNETIC FIELD PEAK VALUE AT 100 KM FOR CONSTANT SOIL
PARAMETERS
h1=2m h1=10m h1=2m h1=10m hi1=2m h1=10m
Case 1 6.6 5.9 37.0 37.0 175 175
First RS Case 2 6.9 6.8 11.8 11.8 18.2 18.2
Case 3 7.0 7.6 12.7 17.1 18.4 20.0
Case 4 6.2 6.3 29.4 15.4 16.5 16.8
Case 1 25 21 8.6 8.6 6.6 6.6
Subsequent | Case 2 3.2 3.1 29 29 8.3 8.3
RS Case 3 35 34 38 3.3 8.9 10.2
Case 4 23 2.8 53 25 6.1 75
Vertical electric field (V/m) | Horizontal electric field (mV/m) | Azimuthal magnetic field (mA/m)

TABLE IV ELETROMAGNETIC FIELD 10-90% RISETIME AT 100 KM FOR CONSTANT SOIL

PARAMETERS
hl1=2m h1=10m h1=2m h1=10m hl1=2m h1=10m

Case 1 35 3.8 7.2 7.2 35 35
First RS Case 2 2.4 24 7.2 7.2 24 2.4
Case 3 2.2 2.6 6.9 6.0 23 2.2
Case 4 34 25 8.1 10.3 34 2.6
Case 1 23 2.0 21 21 22 2.2
Subsequent Case 2 0.9 0.9 2.0 2.0 1.0 1.0
RS Case 3 1.0 1.9 1.7 0.5 1.0 15
Case 4 1.7 0.8 7.4 11.2 1.8 0.8

Vertical electric field (ps) Horizontal electric field (us) Azimuthal magnetic field (us)




TABLE V

ELETROMAGNETIC FIELD PEAK VALUE AT 100 KM FOR FREQUENCY-DEPENDENT

SOIL
hl1=2m h1=10m hl1=2m h1=10m hl1=2m h1=10m

Case 1l 6.4 6.4 315 315 16.9 16.9
Case 2 6.8 6.8 11.3 11.3 18.1 18.1
FIrStRS Case 3 6.9 75 12.2 16.4 18.3 19.8
Case 4 6.1 6.3 25.3 134 16.3 16.8
Case 1l 2.4 24 5.7 5.7 6.3 6.3
Subsequent | Case 2 31 3.1 2.5 25 8.2 8.2
RS Case 3 3.3 3.6 3.3 22.1 8.9 9.6
Case 4 2.3 29 43 2.0 6.1 7.7

Vertical electric field (V/m) | Horizontal electric field (mV/m) | Azimuthal magnetic field (mA/m)

TABLE VI ELETROMAGNETIC FIELD 10-90% RISETIME AT 100 KM FOR FREQUENCY -

DEPENDENT SOIL
hi1=2m h1=10m hl1=2m h1=10m hl1=2m h1=10m

Case 1 3.4 3.4 7.6 7.6 34 34
First RS Case 2 25 25 7.3 7.3 24 24
Case 3 2.3 2.3 7.0 6.1 2.3 2.3
Case 4 3.2 25 85 10.6 3.2 2.5
Case 1 20 2.0 3.9 3.9 2.0 2.0
Subsequent Case 2 0.9 0.9 21 21 0.9 0.9
RS Case 3 1.0 15 1.8 05 1.0 15
Case 4 14 0.8 8.9 11.4 14 0.8

Vertical electric field (ps) Horizontal electric field (us) Azimuthal magnetic field (us)

Tables Ill and 1V summarize the obtained values for the magnitude and 10-90% risetime of the vertical
electric field, horizontal electric field and azimuthal magnetic field at 100 km for the different considered cases,
assuming frequency-independent soil parameters. Tables V and VI present similar results but taking into

account the frequency dependence of the soil parameters.

4. Comparison with Experimental Data

In this section, simultaneous measurements of current and distant vertical electric fields associated with
rocket-triggered lightning flashes are used to analyze the effect of the soil stratification and the frequency

dependence of the soil parameters.

4.1 Instrumentation and Data



24 — 1800
23.8 1 1600
23.6 1400
234 1200
23.2

[} 1000
S
£ 28
_‘3 800
22.8
600
226
400
22.4
200
22.2
0
22
112 1125 113 113.5 114

Longitude
Fig.10 The topographic map of the sensors belonging to Foshan Total Lightning Location System (FTLLS,

shown as black dots). The rocket-triggering lightning site is shown with a red dot. A picture of the sensor that

was used for the comparison (station CCZ) is shown in the figure inset.

Fig. 10 presents the geographical distribution of the sensors belonging to the Foshan Three-Dimensional
Lightning Location System (FTLLS). The rocket-triggering lightning site, located in Conghua, Guangdong, is
also shown in the figure. FTLLS started its operation during the Summer of 2013. The network consists of nine
stations. The shortest and farthest distances separating each station to the lightning triggering site are 69 km and
126 km. The propagation path is over land and mainly over flat ground. The topographic map of the region of
interest is based on data from the global digital elevation model (GDEM V2). We will use the electric field data
obtained at the station CCZ of the network, which is 85 km away from the triggering site. Detailed information
about the triggered-lightning site (GCOELD) is available in Zhang et al. [55].

Wideband electric field measuring systems with a 3 dB bandwidth from 160 Hz to 500 kHz are employed to
measure the lightning electromagnetic fields at each station. The systems are equipped with analog integrators
with a 1-ms decay time constant. Electric field signals produced by triggered lightning discharges were digitized
with a 10-MS/s sampling rate. Detailed information on the experimental setup can be found in [56]-[57].

Fig. 11 presents the measured current waveform associated with one of the return strokes of flash
F20140603 recorded on June 3, 2014, at 6:43 AM (local time). In the same figure, the analytical representation
of the measured current using Heidler’s functions is also shown. The values of the parameters were set to
Iy = 16.0 kA, 74, = 0.501 us, 7, = 9.6 us, ny =5, Iy, = 5.6 kA, 7, = 10.0 us, 7,, = 7 us and n, = 3.
The analytical current was used as an input in the numerical simulations. The return stroke model and the

adopted parameters are the same as in Section I1.A.
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Fig.11 Measured current waveform associated with a return stoke of the triggered-lightning flash F20140603
recorded on June 3, 2014, at 6:43 AM (local time) (solid red line) and its analytical representation using

Heidler’s functions (solid blue line).

4.2 Vertical Electric Field Simulation

The simulation results for different soil conditions are presented in Fig. 12. Since no information on the
characteristics of the soil was available, for each case (homogeneous, stratified, frequency-independent and
frequency-dependent), the soil parameters were chosen to obtain the best match with experimental results.

As discussed in [37], it can be seen that, compared to the homogeneous ground case, the computed electric
field waveform for the case of a two-layer soil follows to a much better extent the experimental waveform, with
the exception of the hump that appears some 10 ps after the onset of the return stroke field, which is not
reproduced by any of the models. The frequency-dependence of the soil affects slightly the early-time response
of the field. However, the late-time response of the field is essentially determined by the soil stratification.

A detailed comparison between calculated and measured waveforms of return strokes at seven stations can
be found in [37].

9 T
gl Homogeneous ( ¢=0.003 S/m) ]
Stratified( 0.001 S/m(top) and 4 S/m (lower))
7 + —— Homogemeous frequency-dependent( ¢=0.003 S/m) 4
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Fig.12 Vertical electric field associated with the return stroke current of Fig. 11, measured at station CCZ, at a
distance of 85 km from the lightning channel. Simulated results for different soil models are also presented in

the same plot.



5. Conclusions

We presented an analysis of lightning electromagnetic fields at different distances taking into account the
soil stratification and the frequency dependence of its electrical parameters. The return stroke channel was
modeled using the MTLE model, assuming a current decay constant A = 2 km and a return stroke speed v =
1.5x10® m/s. Two current waveforms corresponding to typical first and subsequent return strokes were
considered for the analysis. Different cases for the soil (homogeneous, 2-layer, frequency-dependent/constant
electrical parameters) were considered. The analysis was carried out considering different distance ranges: close
(50 m), intermediate (5 km) and distant (100 km). The obtained results confirm that the vertical electric field
and the azimuthal magnetic field at close range can be evaluated assuming the ground as a perfectly conducting
plane. On the other hand, the horizontal electric field is found to be very sensitive to the ground stratification for
all the considered distance ranges. However, at close range, the impact of the soil becomes less significant for
observation points that are located at heights of 10 m above ground or higher. It was shown that the three field
components, the vertical electric field, the horizontal electric field and the azimuthal magnetic field, are affected
more markedly by the soil stratification than by the frequency dependence of its electrical parameters, especially
for intermediate and distant ranges (i.e., 5 km and 100 km). Furthermore, the subsequent return stroke fields
were more significantly affected by the soil stratification and frequency-dependence compared to the first return
stroke fields. The impact of the frequency-dependent soil parameters on the considered field components was
more noticeable in a poorly conducting soil compared to a good conducting soil.

We presented also a comparison between simulation results with simultaneous measurements of current and
distant vertical electric fields associated with rocket-triggered lightning flashes. It was shown that the computed
vertical electric field waveform for the case of a two-layer soil (compared to the homogeneous ground model)
follows to a much better extent the corresponding experimental waveforms. The frequency-dependence of the
soil affects slightly the early-time response of the field. However, the late-time response of the field is

essentially determined by the soil stratification.
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