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ABSTRACT: Lightning electromagnetic fields are essential inputs for protection system design, electromagnetic compatibility analysis,
and lightning location system calibration. Although most computational studies rely on a single “typical” current waveform, real lightning
exhibits significant variation in peak current, rise time, and temporal characteristics. This paper presents a systematic investigation of
how return stroke current parameters influence radiated electromagnetic fields using the finite-difference time-domain (FDTD) method.
Five representative waveforms are examined: typical subsequent stroke (12 kA, 40 kA/us), first return stroke (28 kA, 12 kA/us), severe
subsequent stroke (25 kA, 80 kA/us), fast-rising subsequent stroke (20 kA, 120 kA/pus), and rocket-triggered lightning (16 kA, 20 kA/us).
Simulations are performed over homogeneous ground (¢ = 0.001 S/m, &, = 10). Electric and magnetic field components are computed
at near-field (r = 50m) and far-field (r = 5km) distances, both underground (d = 2m) and above ground (b = 10m). Results
show strongly distance-dependent behavior: at 50 m, current rise rate (di/dt) dominates, with fast-rising 16 kA strokes producing fields
comparable to slower 22 kA events. At 5km, peak current governs all components, with 28 kA first strokes producing fields 1.5-2x
higher than subsequent strokes. Field attenuation from 50 m to 5km varies from 130x to 3000x depending on waveform frequency
content. The azimuthal magnetic field exhibits uniform attenuation (225-350 ) and ground independence, supporting its use in lightning
location systems. Triggered lightning underestimates severe natural strokes by 40-60% at 50 m, narrowing to 20-30% at 5 km. These
findings indicate that worst-case protection scenarios must be distance-specific: fast-rising strokes govern buried infrastructure within
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100 m, while first strokes dominate overhead systems beyond 1 km.

1. INTRODUCTION

ightning discharges are among the most powerful natural
Lsources of electromagnetic transients, generating intense
electric and magnetic fields that can propagate over distances
exceeding hundreds of kilometers [1]. These electromagnetic
fields are critical inputs for multiple applications, serving as
the basis for lightning location systems (LLSs) used worldwide
for real-time lightning detection and warning [2]. They deter-
mine the severity of lightning-induced voltages on power and
telecommunication lines, and govern the electromagnetic stress
experienced by sensitive electronic equipment and protection
systems [3—7]. Consequently, the accurate prediction of light-
ning electromagnetic fields is essential for lightning protection
system design, electromagnetic compatibility (EMC) analysis,
and the risk assessment of electrical infrastructure [8—12].

The electromagnetic fields radiated by lightning return
strokes depend on two primary factors: the characteristics
of the lightning current and the electrical properties of the
propagation medium. Extensive research has been devoted
to understanding the influence of ground conductivity and
soil stratification on field propagation [13—15]. More recent
studies have demonstrated that vertical soil stratification [16],
mixed propagation paths, such as land-ocean interfaces [17],
and frequency-dependent soil parameters [ 18] can significantly
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alter electromagnetic field characteristics, particularly at
intermediate and far distances from lightning channels.

While soil and propagation effects have been extensively
studied, considerably less attention has been devoted to system-
atically investigating how variations in lightning current char-
acteristics influence the resulting electromagnetic fields. Most
computational studies employ a single “typical” current wave-
form, often a subsequent return stroke with a peak current of ap-
proximately 10-12 kA [19], without examining the sensitivity
of field predictions to current parameter variations. However,
natural lightning exhibits wide variability: first return strokes
typically feature peak currents of 25-30 kA with relatively slow
rise times (10—15 kA/us), while subsequent strokes show lower
peaks (10-15kA) but much faster rise rates (40-100kA/us
or higher) [20,21]. Furthermore, rocket-triggered lightning,
which is increasingly used for controlled experiments and pro-
tection system validation [18-22], displays distinctly different
temporal characteristics from those of natural lightning. Un-
derstanding how these variations in the current waveform af-
fect the severity of the electromagnetic field is crucial for sev-
eral reasons: protection standards must account for the range of
possible lightning characteristics, electromagnetic compatibil-
ity assessments require knowledge of worst-case field scenar-
ios, and the validity of using triggered lightning as a surrogate
for natural events must be quantified.
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FIGURE 1. The adopted problem geometry.

Although several studies have touched upon the effects of
current waveform, no comprehensive study has systematically
compared electromagnetic fields across the full spectrum of
lightning types under controlled conditions. This gap has crit-
ical implications for protection system design, as current stan-
dards often specify single “worst-case” scenarios without rec-
ognizing that different infrastructures at different distances may
experience peak stress from fundamentally different lightning
characteristics. Buried cables within 100 m may be most vul-
nerable to fast-rising strokes (extreme di/dt), whereas over-
head lines at kilometer distances may experience maximum
stress from the first return strokes (sustained high fields). With-
out a systematic distance-dependent comparison, protection de-
signs risk over-engineering (excessive cost) or under-protection
(safety hazards). This study addresses this gap through system-
atic FDTD simulations by examining five representative wave-
forms: typical subsequent stroke (12 kA, 40 kA/us baseline),
first stroke (28 kA, 12 kA/us high-energy), severe subsequent
stroke (25 kA, 80 kA/us), fast-rising subsequent stroke (20 kA,
120 kA/us worst-case EMI), and triggered lightning (16 kA,
20kA/us controlled experimental). Simulations over a homo-
geneous ground (o = 0.001 S/m, &,, = 10) compute three field
components at two critical distances: r = 50m (near-field,
maximum coupling to buried cables and nearby structures) and
r = b km (far-field, regional grounding networks and transmis-
sion corridors), with fields evaluated underground (p = 2m,
buried infrastructure) and above ground (h = 10 m, overhead
lines). This dual-distance approach enables the identification
of distance-dependent worst-case scenarios, which are essential
for developing cost-effective, risk-informed protection guide-
lines based on field exposure levels, ensuring safety without
unnecessary over-specification.

2. THE ADOPTED MODELS AND APPROACHES

2.1. The Problem Geometry and Simulation Setup

Figure 1 illustrates the computational geometry adopted in this
study. A wvertical lightning channel strikes a homogeneous
ground, and electromagnetic fields are computed at a horizon-
tal distance of » = 50 m from the channel base at two vertical
positions: & = 10 m above ground level, representing overhead
power lines and telecommunication cables, and p = 2 m below
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ground level, representing buried infrastructure such as under-
ground power cables, water pipes, and grounding systems.

The electromagnetic field components are computed using
the two-dimensional cylindrical finite-difference time-domain
(FDTD) method in the (r, z) plane, exploiting the axial sym-
metry of the problem. The computational domain extended
3km in both the horizontal and vertical directions above the
ground, with an additional 100 m below the ground to capture
the subsurface field behavior. A uniform spatial discretization
of Ar = Az = 1m was employed in both the radial and ver-
tical directions, with a time step of At = 1ns, satisfying the
Courant-Friedrichs-Lewy (CFL) stability condition [23].

First-order Mur absorbing boundary conditions [24] were
implemented at the outer boundaries of the computational do-
main to minimize non-physical reflections.

The ground is modeled as a homogeneous lossy dielectric
half-space with conductivity ¢ = 0.001 S/m and relative per-
mittivity €, = 10, which is representative of typical dry to
moderately dry soil conditions. These parameters correspond
to agricultural land or dry sandy soil with approximately 2—
3% water content [25]. The air above the ground is treated
as lossless (¢ = 0S/m, e, = 1). This homogeneous soil
configuration was deliberately chosen to isolate the influence
of lightning current characteristics on electromagnetic fields
without the confounding effects of soil stratification or mixed
propagation paths. It is also acknowledged that the soil pa-
rameters (0 = 0.001 S/m, ¢, = 10) are treated as frequency-
independent, which is a simplification of real soil behavior. In
practice, both conductivity and permittivity increase at high fre-
quencies as described by the Alipio-Visacro model [25].

This study focuses exclusively on radiated electromagnetic
fields and their associated induced effects; direct lightning
strikes and conducted current phenomena are outside the scope
of this work.

2.2. FDTD-Based Modeling of Lightning Electromagnetic Fields

In the FDTD framework, Maxwell’s curl equations are dis-
cretized on a staggered grid following the Yee algorithm [23].
In a two-dimensional cylindrical coordinate system, the three
non-zero field components are the radial electric field F,., ver-
tical electric field ., and azimuthal magnetic field H,. The
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FIGURE 2. The simulated triggered lightning waveform (Case 5) is
compared with the measured current from rocket-triggered lightning
flash F20140603 recorded at the GCOELD facility in Conghua, China,
on June 3, 2014 [18].

governing update equations are [14, 17].
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where the superscripts n denote the time step; the subscripts
(i,7) denote the spatial grid indices; ¢ is the permittivity; o is
the conductivity; and g is the permeability of the medium at
each grid point.

2.3. Lightning Source: Heidler Base Waveform and MTLE Chan-
nel Model

The lightning channel base current was modeled using a dou-
ble Heidler function [26], which provides an accurate analytical
representation of the measured lightning current waveforms:
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FIGURE 3. The Temporal evolution of the channel-base current i (t)
for the five examined lightning scenarios.

where Iy and Ijo are the peak current amplitudes of the first
and second Heidler components; 711 and 715 are the front time
constants; 751 and 79 are the decay time constants; n; and no
are exponents controlling the waveform steepness; and 7; and
79 are amplitude correction factors ensuring that the maximum
current equals the specified peak values.

To account for current propagation and attenuation along the
vertical lightning channel, a Modified Transmission Line with
Exponential decay (MTLE) model [27, 28] is employed:

i(z,t) =1 (t - %) exp (—;)

where z is the height above ground along the channel; v =
1.5 x 108 m/s is the return stroke velocity (0.5¢, where c is the
speed of light); and A = 2000 m is the current decay constant.
This combined Heidler-MTLE formulation provides a realistic
representation of both the temporal characteristics at the chan-
nel base and the spatial distribution of the current along the
channel.

The five waveforms selected for this study were chosen to
span the primary documented categories of natural and trig-
gered lightning, covering the full range from slow-rising first
return strokes to extremely fast-rising subsequent strokes, as
characterized in the literature [19, 20]. However, it is important
to acknowledge that lightning is inherently a stochastic phe-
nomenon, and the parameter space of natural lightning extends
beyond these five representative cases. Statistical distributions
of peak current and rise rate (such as those reported by CIGRE)
show significant variability, and rare outlier events with param-
eters outside the ranges examined here do occur.

)

2.4. Model Validation

To validate the implementation of the Heidler-MTLE current
model, the simulated triggered lightning waveform (Case 5)
was compared with the measured current from rocket-triggered
lightning flash F20140603 recorded at the GCOELD facility in
Conghua, China, on June 3, 2014 [18]. Figure 2 presents this
comparison, showing the measured current (red line) and sim-
ulated current using the Heidler function parameters specified
in Table 1 (green line).
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TABLE 1. The used parameters of the two Heidler’s functions [18, 28].

1o T T12 Nn 1o, 21 T22 N>
Subsequent stroke 10.7 (KA) | 0.25(us) | 2.5 (us) 2 6.5 (KA) 2 (us) 230 (ps) 2
First return stroke 28 (KA) 1.8 (us) 95 (us) 2 - - - -
Severe subsequent stroke 20 (KA) 0.25 (pus) | 2.0 (ps) 2 12 (KA) | 2.5(ps) 230 (us) 2
Fast-rising subsequent stroke 15 (KA) 0.1 (ps) 2.0 (ps) 2 8 (KA) 2.5 (ps) 230 (ps) 2
Rocket-triggered lightning 16 (KA) | 0.501 (us) | 9.6 (us) 5 56 (KA) | 10.0 (us) | 200.0 (us) | 3
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FIGURE 4. The underground (p = 2 m) horizontal electric field at (a) » = 50 m, and (b) » = 5km.

The simulated waveform exhibits excellent agreement with
the experimental measurement throughout the entire 25 ps time
window. Both curves show a peak current of approximately
16 KA occurring at t ~ 1 us, followed by a gradual decay. At
t = 5us, both the measured and simulated currents reached
approximately 12 kA, maintaining close agreement through the
intermediate time range. By ¢ = 25 pus, both waveforms de-
cay to approximately 7 kA. The root-mean-square deviation be-
tween the measured and simulated waveforms over the 0-25 ps
interval was less than 5%, confirming the accuracy of the ana-
lytical representation.

This validation demonstrates that the adopted Heidler func-
tion parameters accurately reproduce the temporal character-
istics of the measured triggered lightning currents, providing
confidence in the electromagnetic field predictions. The agree-
ment also validates the overall implementation of the current
source model in the FDTD code, as any errors in the Heidler
function evaluation or MTLE propagation would manifest as
discrepancies in this comparison.

3. RESULTS AND DISCUSSION

This section presents the computed electromagnetic field com-
ponents for all five lightning scenarios, organized by field type
and observation location.

Figure 3 presents the temporal evolution of the channel-base
current for all five scenarios over 12 ps, revealing distinct light-
ning type characteristics.

Case 2 (first stroke, red) dominates with a 28 kA peak at
t ~ 5us and a sustained plateau above 26 kA throughout the
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window, reflecting its long decay constant (730 = 95 us) and
high charge transfer characteristic of first strokes. Subsequent
stroke Cases (1, 3, 4) exhibit fast-rise and rapid-decay sig-
natures. Case 3 (severe subsequent, blue) reaches 22 kA in
0.3 us (80 kA/us di/dt) then decays to 13 kA by 12 us. Case 4
(fast-rising, green) shows the steepest initial slope, peaking at
16kA in < 0.2us (120kA/us di/dt) — critical for electro-
magnetic coupling, where induced voltages scale with di/dt —
then rapidly decay to 7 kA. Case 1 (baseline subsequent, black)
peaks at approximately 10kA at 0.5 us, exceeding the nomi-
nal 12 kA owing to the constructive superposition of dual Hei-
dler components, and then decays to 7 kA. Triggered lightning
(Case 5, magenta) displays intermediate behavior: 16 kA peak
at 1 us with moderate 20 kA/us rise, decaying to 9 kA — faster
than Case 1 despite its higher peak current, owing to shorter
decay constants that reflect the different physical mechanisms
governing upward-propagating triggered versus downward nat-
ural leaders.

3.1. The Horizontal Electric Field

Figure 4 presents the temporal evolution of the underground
radial electric field F, at p = 2m depth for two observation
distances: (a) 7 = 50 m representing near-field conditions, and
(b) r 5km representing far-field conditions. At both dis-
tances, all five cases exhibited strong negative polarity with dis-
tinct temporal characteristics reflecting the interplay between
the current magnitude, rise rate, and propagation distance.

At r = 50m (near-field), sharp initial peaks occurred within
the first 0.5 pus, followed by a rapid decay toward quasi-static
values. Case 2 (first stroke) produces the largest peak mag-
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nitude of approximately —1800V/m at ¢ ~ 4ps, reflect-
ing its highest peak current of 28 kA. The severe subsequent
stroke (Case 3) generated —2500 V/m, whereas the fast-rising
stroke (Case 4) produced —2100 V/m despite having 30% lower
than that of Case 3. This near-equivalence demonstrates that
the current rise rate (di/dt) dominates the initial underground
field transient: Case 4’s extremely fast rise (120 kA/us) nearly
compensates for its lower peak, producing 90% of Case 3’s
magnitude (80 kA/us). Triggered lightning (Case 5) generates
—1750 V/m, whereas the baseline subsequent stroke (Case 1)
produced —1300 V/m. Case 4 exhibits the fastest rise time
(~ 0.2 ps), directly reflecting its highest di/dt and making it
particularly critical for electromagnetic coupling to buried ca-
bles and grounding systems, where induced voltages scale with
the field variation rate. After approximately 2 us, the wave-
form behavior converged, and the late-time field levels were
governed primarily by the peak current magnitude rather than
the rise rate, with Case 2 maintaining the most negative steady
values.

At r = 5km (far-field), the field magnitudes attenuate dra-
matically, but the relative behavior among the cases shifts sig-
nificantly. Peak magnitudes decrease to approximately —11 to
—5 V/m — representing attenuation factors of 130-250x com-
pared to 50 m — with peaks occurring at substantially later
times (¢t ~ 16—18 us) due to propagation delay through lossy
soil. Notably, the ordering of peak magnitudes differs markedly
from the near-field: Case 3 (severe stroke, blue curve) now
dominates with approximately —11 V/m, substantially exceed-
ing all other cases which cluster between —6 to —8 V/m. This
reversal demonstrates that at far distances, the peak current
magnitude and charge transfer become the dominant factors,
whereas the influence of di/dt diminishes. Case 4 (fast-rising
stroke), which produced the second-largest near-field magni-
tude owing to its extreme 120 kA/us rise rate, now generates
the smallest far-field peaks (approximately —8 V/m), which
is approximately the same as Case 2’s magnitude. This dra-
matic shift occurs because lossy soil propagation acts as a
low-pass filter, preferentially attenuating the high-frequency
components associated with the fast rise times. The first re-
turn stroke (Case 2), with its slower rise (12 kA/us) but sus-
tained high current and long duration, produces field compo-
nents with lower frequency content that propagate more effi-
ciently through the lossy ground. Cases 1, 5, 4, and 3 produced
intermediate far-field peaks (—6 to —11 V/m), with their rela-
tive ordering now primarily reflecting the peak current rather
than di/dt. The temporal evolution at 5km is also markedly
different: rather than sharp sub-microsecond peaks, the wave-
forms exhibit a gradual rise over several microseconds, reach
peak values around ¢ = 18-20 ps, and then show a very slow
decay, with some cases maintaining nearly constant negative
values through ¢ = 26 us. This behavior reflects the dominance
of quasi-static and low-frequency radiation field components at
far distances, with near-field reactive components having de-
cayed completely.

Distance-dependent behavior has critical implications for the
protection of buried infrastructure. Near buried cables (within
~ 100 m of a strike), fast-rising subsequent strokes (Case 4)
represent the worst-case scenario because of their extreme di/dt,

127

which produce intense transient fields that couple efficiently to
conductors. However, for regional grounding systems or buried
networks extending to kilometer distances, first return strokes
(Case 2) become the critical design case because of their supe-
rior far-field propagation and sustained high field levels. The
40-60% lower near-field magnitudes from triggered lightning
(Case 5) compared to severe natural strokes suggest that lab-
oratory tests may underestimate worst-case local stresses, this
40-60% near-field underestimation carries direct implications
for lightning protection standards that were developed or cal-
ibrated using rocket-triggered lightning data. Surge immunity
test waveforms derived from triggered lightning experiments
may not represent the worst-case electromagnetic stress experi-
enced by buried infrastructure located within 100 m of a natural
lightning strike point. While safety factors embedded in exist-
ing standards, such as IEC 62305 and IEEE Std 1410, may par-
tially compensate for this discrepancy, the results suggest that
a dedicated re-evaluation of triggered-lightning-derived wave-
forms is warranted, particularly for near-field buried infrastruc-
ture applications. Standards bodies should consider whether
the current test waveforms adequately bound the electromag-
netic environment for this specific distance and infrastructure
category. Although the far-field differences reduce to 20-30%,
indicating better representativeness at distance. The attenua-
tion factors varied from 130x (Case 2) to 250x (Cases 4-5)
demonstrate that the field decay with distance is not uniform
across lightning types, with high-frequency-content waveforms
experiencing greater attenuation.

Figure 5 presents the above-ground radial electric field E,. at
h = 10m height for two observation distances: (a) r = 50m
and (b) » = 5km. At close distances, all cases exhibited posi-
tive polarity, representing systematic polarity reversal from un-
derground fields owing to electromagnetic boundary conditions
at the air-soil interface. The temporal evolution and relative
magnitudes differed significantly between the near-field and
far-field regions.

At r = 50m (near field), the fields show a gradual rise
to maximum values at ¢ = 0.81.5 us rather than sharp sub-
microsecond peaks, followed by slow decay or sustained quasi-
static levels. Case 2 (first stroke) dominates with an approxi-
mately +18 kV/m peak at ¢ ~ 10 us — substantially exceed-
ing all other cases — and maintains high levels (> 17kV/m)
through ¢ = 10 ps, reflecting the long-duration, high-charge-
transfer nature of first strokes. Subsequent stroke cases (1, 3,
and 4) and triggered lightning (5) produced significantly lower
peaks ranging from +4 to +8 kV/m. Notably, the ordering dif-
fers from underground: Case 3 (severe subsequent, +8 kV/m)
exceeds Cases 1 and 4 (+4 and +-5 kV/m), while triggered light-
ning (46 kV/m) produces fields comparable to natural subse-
quent strokes. Rise times vary from 0.4 us (Case 4) to 6 us
(Case 2), however this has less impact on overhead line cou-
pling than underground because 10 m elevation reduces sensi-
tivity to the fastest transients. Peak magnitude scaling demon-
strates that above-ground fields are dominated by peak current
and charge transfer rather than di/dt: Case 2’s 28 kA produces
2-3x higher fields than Cases 4-5 (16-20kA) despite 10x
slower rise rate.
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FIGURE 5. The above ground (A = 10 m) horizontal electric field at (a) » = 50 m, and (b) » = 5km.

At r = 5km (far-field), the field magnitudes attenuate, but
the behavior shifts dramatically. Peak values decrease to ap-
proximately —12 to —6 V/m — note the polarity reversal to
negative at this distance, representing attenuation factors of
1500-3000 % compared to 50 m above-ground values, substan-
tially greater than the 130-250x attenuation observed under-
ground. Peaks occur at significantly delayed times (¢ ~ 17—
18 us) owing to propagation through air and ground. The neg-
ative polarity at 5km indicates that at far distances above the
ground, the field behavior is dominated by ground-wave prop-
agation effects and quasi-static components that mirror the un-
derground field polarity. Case 3 (severe stroke) was dominant
with an approximately —12 V/m peak, but the margin over the
other cases was reduced compared to 50 m: Cases 2, 4, and 5
clustered around —7.5 to —8.5 V/m, while Case 1 produced the
smallest magnitude (—6 V/m). The convergence of Cases 1, 3,
and 4 in the far field suggests that for moderate- to high-peak
currents with typical subsequent stroke characteristics, the far-
field above-ground radiated fields become relatively insensitive
to the specific current waveform details. The dramatic polarity
shift from strong positive (+18kV/m) at 50 m to moderately
negative (—12 V/m) at 5 km reflects the transition from near-
field radiation and reactive components to far-field ground-
wave propagation dominated by lower-frequency components
that penetrate and propagate along the lossy ground surface.

Distance-dependent behavior provides several critical
insights. The order-of-magnitude difference between un-
derground (peak ~ 2.5kV/m) and above-ground (peak
~ 18kV/m) at r 50m demonstrates strong attenuation in
lossy soil, providing natural shielding for buried infrastructure.
However, the much greater attenuation from 50m to 5km
above ground (1500-3000x) than underground (130-250x)
indicates that above-ground fields experience more severe
distance-dependent decay, likely due to ground-wave prop-
agation losses. For overhead power line coupling at close
range (< 100m), sustained high fields from first strokes
(Case 2) represent the critical scenario, potentially inducing
voltages exceeding equipment withstand levels over millisec-
ond timescales. At far distances (> 1km), all lightning types
produce comparable above-ground field magnitudes except for
severe strokes, which maintained 1.52x higher levels. The po-
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larity reversal between underground and above-ground fields
must be considered in protection coordination: the induced
voltages on the buried and overhead portions of the same
conductor will have opposite polarities at 50m, potentially
creating differential stresses at the transition points, although
this effect diminishes at 5 km where the polarities align.

3.2. The Vertical Electric Field

Figure 6 presents the underground vertical electric field E, at
p = 2m depth for two observation distances: (a) 7 = 50 m and
(b) » = 5km. At both distances, all cases exhibited negative
polarity with sharp initial peaks, consistent with a radial field
behavior, although the relative magnitudes and temporal evo-
lution differed significantly between the near-field and far-field
regions.

At r = 50m (near field), all cases produce sharp negative
peaks within the first 0.5 ps. Cases 3 (severe subsequent stroke,
blue curve) and 4 (fast-rising subsequent, green curve) gener-
ate the largest peaks, both reaching approximately —600 V/m
att ~ 0.3 us, demonstrating their extremely high current rise
rates (80 and 120 kA/us respectively). This near-equivalence
despite Case 4’s lower peak current (22 kA vs 16 kA) confirms
that di/dt dominates the initial vertical field transients under-
ground. Case 5 (triggered lightning, magenta) produces ap-
proximately —400 V/m, whereas Case 1 (baseline subsequent,
black) generates —300 V/m. Notably, Case 2 (first stroke, red)
produced a more moderate peak of approximately —200 V/m
despite having the highest peak current (28 kA), reflecting its
much slower rise rate (12 kA/us). After the initial sharp tran-
sient (¢ < 1 ps), all waveforms rapidly converged toward quasi-
static values between 410 and +50 V/m — note with a polarity
reversal from negative to positive — by ¢ = 2 us. This late-
time positive plateau is sustained through ¢ = 10 ps with mini-
mal variation among cases, indicating that the quasi-static ver-
tical field component underground is relatively insensitive to
the specific current waveform characteristics and is governed
primarily by the charge distribution along the channel. The
ultra-fast rise times of Cases 3 and 4 (reaching peak within 0.5—
0.3 ps) make them particularly critical for coupling to vertically
oriented buried conductors, such as vertical grounding system
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FIGURE 6. The underground (p = 2 m) vertical electric field at (a) » = 50 m, and (b) » = 5km.

segments, where induced voltages are directly proportional to
dEz/dt.

At r = 5 km (far-field), the field magnitudes attenuate sub-
stantially to approximately —1.4 to 0.2 V/m — representing at-
tenuation factors of 200-3000x depending on the case, with
peaks occurring at delayed times (¢ =~ 17—18 ps). The order-
ing of peak magnitudes remained as near-field: Case 3 (se-
vere stroke) produced the largest peak magnitude of approx-
imately —1.4 V/m, followed by Cases 4 and 5 at approxi-
mately —1 V/m, and Cases 1 and 2 at approximately —0.7 to
—0.5V/m. This preservation of ordering from 50m to 5km
demonstrates that the vertical electric field component under-
ground maintains di/dt sensitivity even at far distances, unlike
the radial electric field which transitions to peak current domi-
nance. However, Case 2 (first stroke) exhibits unique temporal
behavior: after an initially weak peak, it undergoes a distinc-
tive delayed descent to approximately —0.4 V/m at ¢t ~ 20 us,
then maintains this sustained negative level through ¢ = 26 ps.
This late-time behavior reflects the long-duration, high-charge-
transfer nature of the first strokes, where the cumulative quasi-
static field contribution becomes significant at late times even
though the initial transient response remains weak owing to the
slow rise rate.

The temporal evolution at 5 km shows: rapid initial transients
from high di/dt cases (Cases 3 and 4) at ¢ ~ 17 us, followed
by Case 2’s delayed, sustained negative field developing over
longer timescales (t = 18-26 us). This indicates that for the
vertical electric field underground, di/dt governs the initial peak
at all distances, but the peak current and charge transfer deter-
mine the late-time sustained field levels at far distances.

The distance-dependent behavior reveals critical implica-
tions for buried infrastructure protection. At both close range
(50m) and far distances (5 km), the vertical electric field com-
ponent underground maintains strong di/dt sensitivity, with
Cases 3 and 4 (severe and fast-rising subsequent strokes, 80—
120 kA/us) consistently producing the highest peak magnitudes
at both distances. The induced voltages on vertically ori-
ented buried conductors, such as ground rods during these fast
transients (Cases 3—4 producing —600 V/m at 50 m, —1.4 to
—1.1 V/m at 5 km), can potentially exceed the voltage handling
capability of surge protective devices connected to the ground-
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ing system, particularly for close strikes where peak fields reach
several hundred volts per meter. However, first return strokes
(Case 2), despite producing the weakest initial transient peaks
due to slow rise rate (12 kA/us), exhibit unique late-time behav-
ior at both distances: a sustained negative field, substantially
exceeding the late-time levels from subsequent strokes. This
indicates that while fast-rising strokes determine peak transient
stress on grounding systems at all distances, first strokes cre-
ate prolonged quasi-static field exposure that may govern cu-
mulative energy dissipation and long-duration voltage stress on
buried infrastructure at regional scales. The highly nonuniform
attenuation, demonstrates that vertical field propagation effi-
ciency is strongly dependent on frequency content, with high
di/dt waveforms propagating their initial transients more ef-
ficiently than slow-rise waveforms. The rapid convergence
to quasi-static positive values at 50 m within 2 ps, contrasted
with sustained negative values at 5 km, indicates fundamentally
different quasi-static field distributions at near versus far dis-
tances. For protection system design, this dual-mechanism be-
havior requires consideration of both fast-front transient with-
stand (governed by Cases 3—4 at all distances) and sustained
field exposure (governed by Case 2 at far distances), as each
mechanism may stress different aspects of grounding system
performance — transient voltage rating versus energy absorp-
tion capacity.

Figure 7 presents the above-ground vertical electric field E,
at h = 10 m height for two observation distances: (a) r = 50 m
and (b) » = 5km. Unlike underground fields, all cases exhibit
positive polarity at both distances, representing a systematic
polarity reversal due to electromagnetic boundary conditions
at the air-soil interface. The temporal evolution and relative
magnitudes reveal fundamentally different behavior compared
to underground fields.

At r 50m (near-field), all cases show a rapid rise
within the first 2 us followed by sustained or slowly increas-
ing quasi-static levels through ¢t = 10 ps. Case 2 (first stroke,
red curve) dominates overwhelmingly, reaching approximately
+100kV/m by ¢ = 10 us with a continuously rising trajectory
that shows no signs of saturation. This sustained growth re-
flects the long-duration, high-charge-transfer nature of the first
strokes, where the cumulative vertical electric field continues
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FIGURE 7. The above ground (h = 10 m) vertical electric field at (a) » = 50 m, and (b) » = 5km.

building as charge accumulates along the channel. Cases 3 (se-
vere subsequent, blue) and 5 (triggered lightning, magenta) pro-
duce intermediate plateaus around +40kV/m and +30kV/m,
respectively, reaching their peak values within 2—3 ps and then
maintaining relatively constant levels. Case 1 (baseline sub-
sequent, black) and Case 4 (fast-rising, green) generate lower
quasi-static values around +25-28 kV/m. Notably, the order-
ing differs markedly from underground behavior: Case 2’s
dominance is far more pronounced (2-3x higher than other
cases), and the high-di/dt Cases 3—4 do not show the superior-
ity observed underground. Instead, peak current magnitude be-
comes the primary determinant of above-ground vertical field
amplitude. The rapid initial rise (within 0.5-1 us) followed
by sustained high levels indicates that above-ground vertical
fields are dominated by electrostatic and low-frequency radia-
tion components rather than the high-frequency transients that
characterize underground fields. This has critical implications
for coupling to overhead lines: the sustained high vertical fields
create prolonged electromagnetic stress on insulators and can
induce significant voltages in elevated conductors through both
direct coupling and via horizontal field components.

At r = 5km (far field), the magnitudes attenuate substan-
tially to +160 V/m (Case 2) and +65-120 V/m (others), with
attenuation factors of 625x (Case 2) to 800x (other cases).
Case 2 maintains dominance (4160 V/m at ¢ ~ 20 us), substan-
tially exceeding the others, with sustained +165 V/m through
26 ps. Cases 3 and 5 generate +90—-120 V/m at 17.5-18 ps, de-
caying to +60-80 V/m. Cases 1 and 4 produce +60-80 V/m
decaying to +40-50 V/m. The temporal evolution shows far-
field characteristics: rapid rise to the peak within microsec-
onds, followed by a slow decay reflecting the efficient prop-
agation of low-frequency content. The pronounced dominance
of Case 2 (2-3x higher even at 5km) demonstrates that first
strokes maintain an electromagnetic signature across all dis-
tances for above-ground vertical fields owing to the high peak
current (28 kA) and long duration. Peaks occur at later times
(17-20 ps) versus underground (16—18 us), reflecting different
propagation: primarily through air versus lossy soil.

Distance-dependent behavior provides critical insights. The
625-800x attenuation from 50 m to 5 km above ground is com-
parable to radial field attenuation, indicating a similar distance-
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dependent decay. For overhead systems, sustained high ver-
tical fields from the first strokes represent critical scenarios:
+100kV/m at 50m and 4160 V/m at 5km create prolonged
stress on insulators and can cause flashovers on transmission
lines with reduced insulation. The order-of-magnitude differ-
ence between underground (peak ~ —600 V/m at 50 m) and
above-ground (peak ~ 100kV/m at 50 m) — factor of ap-
proximately 170x — demonstrates dramatic field enhance-
ment above ground owing to the absence of lossy soil atten-
uation. The polarity reversal between underground (negative)
and above-ground (positive) must be considered for transition-
ing structures, although magnitude asymmetry (170x higher
above ground) means above-ground fields dominate differen-
tial stress effects.

3.3. The Azimuthal Magnetic Field

Having characterized the electric field components above and
below ground, we now turn to the azimuthal magnetic field
H, — the third field component computed in this study. Fig-
ure 8 presents the underground magnetic field at p = 2m for
both near-field and far-field distances. Unlike the electric field
components which exhibit polarity reversals, the magnetic field
maintains a consistent positive polarity at both distances, re-
flecting the fundamental relationship between magnetic field
circulation and current flow direction.

At r = 50m (near-field), all cases exhibit a rapid rise to
peak values within the first 0.5-1 ps, followed by gradual de-
cay toward sustained quasi-static levels through ¢ 10 ps.
Case 2 (first stroke, red curve) produces the dominant peak
of approximately 90 A/m at ¢ 8 pus, substantially exceed-
ing all other cases, and maintains the highest sustained level
around 85-90 A/m through ¢t = 10 us. This behavior reflects
the combination of high peak current (28 kA) and long-duration
characteristics of first strokes. Cases 3 (severe subsequent,
blue) and 5 (triggered lightning, magenta) generate intermedi-
ate peaks around 60 A/m and 45 A/m respectively, decaying to
sustained levels of approximately 35-40 A/m and 30-35 A/m.
Case 4 (fast-rising, green) produces a peak of approximately
40 A/m, while Case 1 (baseline, black) generates the lowest
peak around 30 A/m, with both decaying to approximately 20—

~
~
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FIGURE 8. The underground (p = 2 m) azimuthal magnetic field at (a) » = 50 m, and (b) » = 5 km.

25A/m by t = 10 us. Notably, the ordering of peak magni-
tudes correlates more strongly with peak current than with di/dt:
Case 2 (28 kA) > Case 3 (22kA) > Case 5 (16kA) ~ Case 4
(16kA) > Case 1 (12kA). This indicates that unlike electric
field components, which show strong di/dt dependence under-
ground, the magnetic field component is primarily governed
by peak current magnitude even at close range. The time-to-
peak also varies systematically: Case 2 reaches maximum at
t =~ 8 us (reflecting its slower rise), while Cases 3—4 peak ecar-
lier at ¢ ~ 0.51 pus (reflecting faster rise rates), and all cases
then exhibit slow decay, reflecting the quasi-static magnetic
field distribution around the current-carrying channel. The rel-
atively gradual temporal evolution compared to electric field
components makes the magnetic field less critical for fast tran-
sient coupling but more important for sustained electromag-
netic stress and heating effects in buried metallic structures.
At r = 5km (far-field), magnetic field magnitudes atten-
uate to approximately 0.4 to 0.15 A/m — representing atten-
uation factors of 225x (Case 2) to 300x (Case 1) — with
peaks occurring at delayed times (¢ &~ 18-22 us). The ordering
of peak magnitudes remains consistent with near-field behav-
ior: Case 2 (first stroke) maintains dominance with approxi-
mately 0.4 A/m, followed by Cases 3 and 5 at approximately
0.3 A/m and 0.22 A/m, and Cases 4 and 1 at approximately
0.2 and 0.18 A/m. This preservation of ordering from 50 m
to 5km — in contrast to the dramatic ordering reversals ob-
served for electric field components — demonstrates that mag-
netic field magnitudes remain primarily correlated with peak
current magnitude across all distance ranges, with di/dt play-
ing a secondary role. The temporal evolution at 5km shows
characteristic far-field behavior: gradual rise over several mi-
croseconds to peaks around ¢ = 18-20 us, followed by very
slow decay with Case 2 maintaining approximately 0.38 A/m
through ¢ = 26 pus. The attenuation factors (225-300x) are
notably more uniform across cases compared to electric field
components (which ranged from 130-3000x), indicating that
magnetic field propagation through lossy soil is less sensitive
to waveform frequency content. This occurs because the mag-
netic field is directly related to current magnitude through Am-
pére’s law, and the lower frequency content associated with cur-
rent magnitude variations experiences less attenuation than the
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higher frequency content associated with rapid current changes
(di/dt) that dominate electric field behavior.

Distance-dependent behavior reveals important characteris-
tics of the magnetic field. Uniform attenuation factors (225—
300x, 33% variation) compared to electric fields (130-3000x,
order-of-magnitude variation) demonstrate that the magnetic
field decay is more predictable and less dependent on waveform
specifics, enhancing the reliability of lightning current estima-
tion. The consistent ordering (Case 2 > Case 3 > Case 5 ~
Case 4 > Case 1) at both distances, correlating with the peak
current, validates the magnetic field measurements for peak
current estimation in lightning location systems. For buried in-
frastructure, magnetic fields primarily induce currents and heat-
ing rather than voltage stress. Sustained high fields from first
strokes (90 A/m at 50 m, 0.4 A/m at 5km) induce significant
circulating currents in buried metallic structures (pipelines, ca-
ble sheaths, and grounding grids), potentially causing localized
heating or electromagnetic interference. Magnetic fields prop-
agate more efficiently than electric fields for high-frequency
waveforms, making them valuable for characterizing fast- ris-
ing events at distances where electric fields are severely atten-
uated.

Figure 9 presents the above ground magnetic field at b =
10 m for both » = 50m (a) and » = 5 km (b).

At r = 50m (near field), all cases exhibit a rapid rise to
peak values within the first 0.5-1.5 us, followed by a grad-
ual decay toward sustained quasi-static levels through ¢ =
10 us. Case 2 (first stroke, red curve) produces the domi-
nant peak of approximately 95 A/m at ¢t ~ 5-6 pus, maintain-
ing the highest sustained level of approximately 90-95 A/m
through ¢t = 10 us — nearly identical to the underground value
(90 A/m), indicating minimal attenuation difference between
above-ground and underground magnetic field propagation at
close range. Cases 3 (severe subsequent, blue) and 5 (triggered
lightning, magenta) generated intermediate peaks of approxi-
mately 65 A/m and 50 A/m respectively, decaying to sustained
levels of approximately 45 A/m and 35 A/m. Case 4 (fast ris-
ing, green) produces a peak of approximately 45 A/m, whereas
Case 1 (baseline, black) generates the lowest peak of approx-
imately 35 A/m, with both decaying to approximately 30 A/m
by ¢ = 10us. The ordering remains consistent with the un-
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FIGURE 9. The above-ground (h = 10 m) azimuthal magnetic field at (a) » = 50 m, and (b) » = 5km.

derground behavior and correlates strongly with the peak cur-
rent magnitude: Case 2 (29kA) > Case 3 (22kA) > Case 5
(16kA) ~ Case 4 (16kA) > Case 1 (12kA). The remarkable
similarity between the above and underground magnetic field
magnitudes at 50 m (within 5-10%) demonstrates that the mag-
netic field component experiences minimal medium-dependent
attenuation at close range, unlike the electric field components
which show order-of-magnitude differences between the above
and underground values. This occurs because the magnetic
field is determined primarily by the current distribution in the
lightning channel itself, with the propagation medium playing a
secondary role at distances much smaller than the electromag-
netic wavelength.

At r = bkm (far field), the magnetic field magnitudes at-
tenuate to approximately 0.42 to 0.18 A/m — representing at-
tenuation factors of 226 x (Case 2) to 350x (Case 1) — with
peaks occurring at delayed times (¢ 17.518 us). The or-
dering of peak magnitudes remains perfectly consistent with
both underground far-field and near-field behaviors: Case 2
(first stroke) maintains dominance at approximately 0.42 A/m,
followed by Case 3 at approximately 0.32 A/m, Case 5 at ap-
proximately 0.25 A/m, Case 4 at approximately 0.22 A/m, and
Case 1 at approximately 0.18 A/m. Comparing with under-
ground values at Skm (Case 2: 0.4 A/m, Case 3: 0.3 A/m),
the above-ground magnitudes are nearly identical or slightly
higher (within 5-10%), confirming that magnetic field prop-
agation to far distances is relatively independent of whether the
observation point is above or below ground surface. The tem-
poral evolution shows characteristic far-field behavior: gradual
rise over several microseconds to peaks around ¢ = 18-20 us,
followed by very slow decay with Case 2 maintaining approx-
imately 0.40 A/m through ¢ 26 pus. The attenuation fac-
tors (226-350x) are slightly more variable than underground
(225-300x) but still demonstrate much greater uniformity than
the electric field components. The preservation of consistent
ordering across all observation locations (underground/above-
ground, near-field/far-field) and the strong correlation with
peak current magnitude validate the fundamental use of mag-
netic field measurements for lightning current characterization

~
~
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in location systems and electromagnetic compatibility assess-
ments.

Distance and medium-dependent behaviors reveal several
critical insights unique to the magnetic field component. The
near-equivalence of the above-ground and underground mag-
netic field magnitudes at both 50 m (within 5-10%) and 5 km
(within 5-10%) stands in stark contrast to the electric field com-
ponents, which show factors of 7-170x difference between
the above-ground and underground values. This medium in-
dependence makes magnetic field measurements more robust
and less sensitive to sensor placement height, simplifying the
installation requirements for lightning detection systems. The
uniform attenuation factors across Cases (226-350x, less than
2x variation) compared to electric fields (130-3000x, over
20 x variation) demonstrate superior predictability for magnetic
field propagation. For overhead power systems and communi-
cation lines, the sustained high magnetic fields from the first
strokes (Case 2: 95 A/m at 50 m, 0.42 A/m at 5 km) create sig-
nificant electromagnetic coupling concerns. These fields can
induce substantial voltages in elevated conductor loops through
magnetic flux linkage, particularly in large loop areas such as
distribution line spans or communication cable routes. The di-
rect relationship of the magnetic field to current (through Am-
pére’s law) means that peak magnetic field measurements can
provide reliable peak current estimates with typical uncertain-
ties of 15-25%, as demonstrated by the near-linear correlation
observed across all Cases (correlation coefficient r» > 0.95 be-
tween peak current and peak H,,). The consistency of the mag-
netic field behavior across medium boundaries (air-soil inter-
face) and distance ranges validates its use as the primary field
component for lightning location system operation, where ac-
curate current estimation and source location are critical for risk
assessment and protection coordination.

The protection zones in Table 2 can be related to the light-
ning protection levels (LPL I-1V) defined in IEC 62305. For
Zone A, fast-rising and severe subsequent strokes (Cases 3—4)
govern the design, producing underground electric fields 1.6—
2.0x higher than the baseline subsequent stroke. For Zone C,
first return strokes (Case 2) govern, consistent with the high
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TABLE 2. Recommended distance-dependent protection design guidelines for lightning electromagnetic fields.

Zone Distance Worst-Case Lightning Type Governing Parameter Infrastructure Focus
A <100m Fast-rising subsequent (Case 4) di/dt (80120 kA/j1s) Buriej'd cables,
& Severe subsequent (Case 3) grounding systems
Und d networks,
B 100 m—1 km Transition zone — both apply Mixed: di/dt and I peak " e.rgr.oun. ne.wor s
distribution lines
. Overhead transmission lines,
C > 1km First return stroke (Case 2) Peak current (28 kA) v .
regional networks

peak current criteria of IEEE Std 1410. In Zone B, both criteria
should be checked and the more conservative result adopted.

4. CONCLUSION

This paper presented a systematic FDTD-based investigation of
how lightning current waveform parameters influence radiated
electromagnetic fields, comparing five representative lightning
types — typical subsequent stroke, first return stroke, severe
subsequent stroke, fast-rising subsequent stroke, and rocket-
triggered lightning — at near-field (r 50m) and far-field
(r = 5km) distances, both underground (p = 2m) and above
ground (h = 10m). The main findings of this study can be
summarized as follows:

v’ Distance-dependent transition from di/dt to peak cur-
rent dominance. At close range (r 50m), cur-
rent rise rate (di/dt) dominates underground electric field
components: the fast-rising subsequent stroke (Case 4,
120 kA/us) produces underground fields comparable to
the severe subsequent stroke (Case 3, 80 kA/us) despite
30% lower peak current, while the first stroke (Case 2,
28 kA) generates moderate underground fields due to its
slow rise rate (12kA/us). At far distances (r = 5km),
peak current magnitude becomes the dominant factor for
most field components. Based on the observed behavior
between these two distances, the transition is estimated to
occur in the 200-500 m range, consistent with the electro-
magnetic skin depth at frequencies corresponding to the
di/dt bandwidth of fast-rising waveforms.

Medium-independence of the azimuthal magnetic
field. The azimuthal magnetic field exhibits unique
medium independence, with above-ground and under-
ground values differing by less than 5-10% at both
distances — in stark contrast to electric field compo-
nents that show factors of 7-170x difference between
observation heights. Combined with uniform attenuation
factors (225-350x) and consistent ordering correlated
with peak current across all distances and heights, this
medium-independent behavior confirms the suitability
of magnetic field measurements for lightning location
systems and peak current estimation.

Limitations of triggered lightning as a surrogate
for natural lightning. Triggered lightning (Case 5)
underestimates severe natural subsequent strokes by
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40-60% in near-field underground electric fields but
only 20-30% at far-field distances. This indicates that
laboratory experiments using triggered lightning provide
better electromagnetic stress representation at regional
scales than at close range, and raises an important concern
regarding protection standards calibrated on triggered
lightning data: such standards may under-represent the
worst-Case near-field electromagnetic environment for
buried infrastructure within approximately 100m of
a strike point. A reevaluation of triggered-lightning-
derived test waveforms for this distance and infrastructure
category is recommended.

Distance-zone-based protection design recommenda-
tions. These findings carry direct implications for light-
ning protection design, summarized in Table 2. Buried
infrastructure within approximately 100 m of a lightning
strike is most critically threatened by fast-rising and severe
subsequent strokes (Cases 3—4), for which di/dt governs
transient field coupling. Overhead systems and regional
networks at distances beyond 1 km are most critically ex-
posed to first return strokes (Case 2), which maintain
the highest above-ground field magnitudes and sustained
electromagnetic stress. Protection standards that spec-
ify a single worst-case lightning scenario may therefore
lead to over-engineering or under-protection depending
on infrastructure type and distance; a distance-dependent,
waveform-specific approach is necessary for economi-
cally optimized and safety-assured protection design.

Future work should prioritize extending the parametric scope of
this study to intermediate distances (200 m, 500 m, 1 km, 2 km)
to precisely locate the di/dt-to-peak-current transition zone, and
to multiple burial depths (0.5 m to 3 m) to cover the full range
of buried infrastructure encountered in practice.
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