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Data-Driven Simulations of the Lightning Return
Stroke Channel Properties

Michael C. Taylor*, Caitano L. da Silva

Abstract—Accurate estimates of the lightning channel plasma
properties are crucial for quantifying the impacts of lightning in
the atmosphere and on man-made structures. Gas dynamics models
of the return stroke help provide a fundamental understanding of
the transformation that occurs in an air parcel subject to the light-
ning current, yielding quantitative estimates of important channel
properties, such as its radius, temperature, and energy deposition.
However, until very recently, there was no dataset available in the
literature that permitted proper validation of such simulation tech-
niques. This knowledge gap was closed recently when high-speed
optical spectra of triggered lightning were made available. In this
article, we use measurements to drive and constrain simulations
with a gas dynamic model. The model employs a number of param-
eterizations that allow us to rewrite the hydrodynamic problem as a
set of ordinary differential equations. Comparisons with measured
temperature and electron density yield errors of the order of tens of
percent. The use of more accurate air-plasma transport coefficients
helps improve the agreement with measurements. Additionally, we
estimate key channel parameters that are not easily measured. The
calculated channel radius, resistance, and deposited energy agree
well with what has been previously reported in the literature.

Index Terms—Lightning electromagnetic pulse (LEMP),

lightning, lightning measurement, modeling.

1. INTRODUCTION

HEN lightning leader channels connect to a ground
W structure, a powerful surge travels upward into the cloud.
Lightning leaders are filamentary plasma channels that carve
the way for lightning to come from cloud to ground. The return
stroke is an intense nonlinear ionization wave, which transforms
the leader channel into a hot and highly-conducting plasma [1],
with temperatures and electron densities in excess of 30 000 K
and 10%* m—3, respectively [2], [3]. The return stroke is the glare
on the horizon one sees with the naked eye when a lightning flash
occurs nearby. The glareis evidence of electrical energy stored in
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the clouds being converted into optical radiation as the lightning
channel current excites, ionizes, and dissociates air molecules.
The return stroke also converts electrical energy into radiation in
other bands of the optical spectrum, acoustic radiation (making
thunder), and radio waves (which allow long-distance detection
and location of lightning flashes).

The lightning return stroke is the most widely studied aspect
of alightning flash due to its impacts on the atmosphere and dele-
terious effects to man-made structures [4]. Accurate estimates
of the lightning return stroke channel properties, such as tem-
perature, conductivity, radius, resistance, and energy deposition
(magnitude and rate), are critical for quantifying the impacts of
lightning. For instance, temperature and radius are crucial for
estimating nitrogen oxide yields by lightning [5]. Similarly, re-
sistance is crucial for determining the height-dependent current
flow in the channel, which in its turn determines the radiated
electric fields [6]. These electric fields should be calculated
with precision to quantify lightning-induced voltages in power
transmission and distribution systems [7]. As a final example,
accurate understanding of energy deposition rates can help quan-
tify thermal and mechanical impacts of lightning on aircrafts [8].

Computational models that aim to simulate the lightning
return stroke and shed some light on the observed features
can be divided into four different categories: 1) gas dynamic,
2) electromagnetic, 3) distributed-circuit, and 4) engineering
models [9]. The first category contains the models devised to
calculate the return stroke channel properties, such as the one
employed in this article. We will not review the other categories
as they are beyond the scope of this article. Gas dynamic models
describe the evolution of key parameters in a short segment of the
lightning channel by solving hydrodynamic equations associ-
ated with the conservation of energy, mass, and momentum [10],
[11]. The seminal work of Plooster [10] attempted to compare
their calculations with experimental measurements available at
the time [12]-[14]. Plooster’s calculations provided reasonable
agreement with the temperature measured by Orville [13], and
consequently, that work has served as a benchmark for all other
gas dynamic models that have been published since. The caveat
is that no other information about the return stroke was known
to allow the author to constrain the calculations. This issue has
persisted for nearly 50 years until Walker and Christian [2], [3]
published the first high-speed optical spectra of lightning ac-
companied by channel base current measurements. Addressing
this issue is the primary goal of this article.

The objective of this work is to simulate the lightning return
stroke channel plasma constrained by the measurements made
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Fig. 1.
as their corresponding atmospheric pressures.

by Walker and Christian [3]. The model, described in da Silva
et al. [1], is driven by the actual channel base current and
the initial conditions are adjusted to best match the measured
electron density and temperature. This dataset allows, for the
first time, for a gas dynamic model to be properly tested. After
obtaining reasonable agreement between the model and obser-
vations, we proceed to use the model to estimate key return
stroke channel parameters that cannot be easily measured, such
as radius, resistance, energy deposition, electric field, and more.

II. METHODS

A. Model for the Lightning Return Stroke Channel Properties

In this work, we simulate the lightning return stroke channel
properties with the model proposed by da Silva et al. [1]. It is
based on the gas dynamic or physical models of the lightning
return stroke [9]. The model assumes that the lightning channel
is axially symmetric and that its (axial) length is much larger
than the radius. This allows the relevant problem to be written
as a series of ordinary differential equations. Some of the key as-
sumptions that describe the model’s underlying physics include
the following.

1) The current is determined externally and simply imposed
on the channel section of interest.

2) The radial profile of the relevant plasma properties (e.g.,

temperature) may be represented by two parameters only,
the average value inside of the channel and its radius.

(a) LTE electronic conductivity and (b) electron density as a function of temperature. The legend specifies three model cases used in this article, as well

3) Rates of thermal ionization are parameterized in such a
way that at very high temperatures (210 kK), the model
must converge to the well-known local thermodynamic
equilibrium (LTE) properties of an air plasma.

The latter is done by imposing that the rate of associative
ionization must be proportional to the LTE electron density 7,
at the temperature of interest. In this model, the radial profile of
the channel’s plasma density and temperature has the shape of a
top-hat function, as shown in [1, Fig. 1(c)]. The channel expands
mostly driven by ambipolar diffusion, and the calculated radial
growth as a function of time can be seen in [1, Fig. 6(d)], for a
typical return stroke simulation.

In [1], the LTE coefficients from Boulos et al. [15] are
used. The corresponding LTE conductivity o i8S shown in
Fig. 1(a). Boulos ef al. [15] do not provide calculations of the
LTE electron density, and for this reason, the electron density
was approximated as nyrg = oyre/€fte, Where e and p. are the

electronic charge and mobility, respectively. This approximation
ensures that at high temperatures, the correct conductivity is
obtained. The resulting 7,y is shown in Fig. 1(b). In this work,
we extend the model [1] to use a more comprehensive set of
LTE coefficients provided by D’Angola ef al. [16] as a series
of interpolation formulas to their first-principles calculations.
D’ Angola et al.’s coefficients agree very well with independent
calculations by Cressault et al. [17], as can be seen in Fig. 1.
However, it is easy to see that the LTE electron density used
in [1] is about 3 orders of magnitude lower than the other two
references [see Fig. 1(b)]. Another advantage of using D’ Angola
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et al.’s coefficients is that their calculations were made for a
number of different pressures. It can be seen from Fig. 1 that
increasing the channel pressure from 1 to 5 atm increases the
electron density [see Fig. 1(b)], but it does not change the
conductivity very much [see Fig. 1(a)]. Hereafter, we refer to
three different model cases, which correspond to the usage of
the different coefficients shown in Fig. 1. They are as follows.
DI: An identical replica of the model used in da Silva
et al. [1], with the LTE conductivity from the work
in [15].

T1: The primary improvement proposed in this work, which
replaces the LTE electron density with the calculations
of D’ Angola et al. [16].

T5: SameasT1, but the average pressure inside of the channel

is increased from 1 to 5 atm.

The electronic mobility given above is defined as
te = €/me(Ven + Vei), Where ven and ve; are the frequency
of collisions between electrons and neutral species and between
electrons and ions, respectively, and m. is the electron mass. The
2019 version of the model simply assumed that the collisions
with neutral particles are dominant and, thus, had v.; = 0 and
ven given according to Cho and Rycroft [18]. In this work,
we include electron—ion collisions with v.; o n/Te3 /2 given
according to Chernyi et al. [19], where T, is the electronic
temperature and n is the plasma density (the population of
electrons and ions is assumed to be approximately balanced).
The inclusion of v.; helps ensure that at high temperatures,
the conductivity is only a function of temperature, and not of
electron density (as it is at low temperatures) [20].

B. Constraining Simulations With Observations

In this article, we use data from a triggered lightning flash
collected at the International Center for Lightning Research and
Testing (ICLRT) in Camp Blanding, FL, USA. The triggered
flash took place on August 1, 2013, at 19:25:35 UTC. It is
designated as UF 13-27 in the ICLRT archives [21], [22]. A
total of five return strokes were observed with an average rise
time of 3.2 us. Measured peak currents were 15.3, 9.3, 13.5,
17.3, and 8.1 kA, in this order. The interstroke intervals were
88, 29, 107, and 186 ms, respectively.

Simultaneously to the channel-base current measurements,
Walker and Christian [2], [3] recorded the discharges’ opti-
cal spectrum with 1.5-us temporal resolution. These authors
achieved high temporal resolution by mounting a grism in front
of aPhantom V710 high-speed camera. A grism is acombination
of a diffraction grating and a prism. Particularly in this case, the
system consisted of a set of volume-phase holographic grisms,
constructed using dichromated gel, encapsulated between two
prisms [2]. The Phantom V710 camera imaged a 1-m chan-
nel segment located around 50 m above ground level. The
recorded spectra consisted of two major regions of interest: soft
ultraviolet to visible (320—620 nm) and visible to near-infrared
(620-870 nm). Using the relative magnitude of neutral and
singly-ionized lines of nitrogen and hydrogen, these authors
infer the temporal evolution of electron density and temperature
for the five return strokes listed above [3].

In this article, we drive our simulations with the precise
channel-base current reported by Walker and Christian [3], and
then, we compare the calculated temperature (1) and electron
density (n) with Walker and Christian’s estimates. The initial
conditions of the model, namely the initial channel radius and
temperature, are adjusted until the best match between simula-
tions and measurements is obtained. The temperature error (61)
between simulation and measurements is calculated in % as

sim _Tgiata
o7 = (| i |) M)

Tidata
where T; are evaluated for all points in the measurement time
series. A similar expression defines the error in electron density
calculations (6n). A combined error (CE) can give an idea of
how the model can capture the evolution of both 7" and n
simultaneously. The CE is given as

CE = 6Tn = /T2 + on2. )

In Section II, we discuss how it is typically more difficult to
match the measured electron density, rather than the tempera-
ture. Therefore, dn typically dominates the error estimates in
equation (2). For this reason, when finding the set of initial
conditions that yields the best agreement between simulations
and model, we use a normalized CE (NCE) defined according
to the following expression:

ST —min(sT) 1?
max(07") — min(éT)]

[ on — min(én){sn)] 2 '

NCE? = [

max(on) — min( )

We perform a series of simulations varying the initial channel
radius between 0.1 and 10 mm, and the initial temperature
between 300 and 1300 K. The maximum and minimum errors
are determined, max(7") and min(7"), respectively. These errors
are fed into (3) for normalization purposes. Fig. 2 illustrates,
among other things, how the best fit is found. The top and
bottom rows in the figure show information about temperature
and electron density calculations, respectively. All panels are
given as a function of the initial channel radius. The different
curves indicate different initial temperatures. Fig. 2(a) and (d)
shows the average temperature and electron density, according
to (1), respectively. It can be seen from these figures that, for
the fifth stroke in this flash, the minimal average temperature
error is 22% while the lowest average electron density error is
69%, over three times larger. The simulations shown in Fig. 2
were performed with the T1 variation of the model. The best
fit, marked with a circle in the figure, is selected by minimizing
the results of (3). An initial set of simulations is performed by
varying the initial channel radius between 0.1 and 10 mm in
increments of 1 mm, and the initial temperature between 300
and 1300 K in increments of 200 K. After the best fit is found,
we reduce the extent of the parametric space by centering in the
best fit found £1 mm and +200 K. This refinement is repeated
a second time (now reducing the increments of initial radius and
temperature to 0.1 mm and 50 K, respectively) until we find the
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Fig.2. Parametric search to determine the set of initial conditions that allows the model to best fit the data. Panels (a), (b), (d), and (e) show different error metrics

between the simulation and data with (a)—(c) corresponding to the temperature and (d)—(f) to the electron density. The six panels show (a) average temperature
error, (b) difference in peak temperature, (c) simulated peak temperature, (d) average electron density error, (e) difference in peak electron density, and (f) simulated
peak electron density. The set of initial parameters that yields minimal NCE is marked with a yellow circle.

initial conditions that make model and measurements agree with
minimal NCE.

We would like to conclude this section by emphasizing that
the deviation between model and measurements, of the order of
tens of percent, is obtained when driving the simulations with the
actual current flowing through the triggered lightning channel.
This level of constraint yields higher confidence in the model
results, something that Plooster [10] and all subsequent works
could not provide, simply due to the lack of proper ground truth
data in the literature for comparison.

III. RESULTS

In the previous section, we outlined the method to match sim-
ulations and measurements. The technique is illustrated in Fig. 2
for the fifth stroke of the flash under consideration and for model
case T1. Figs. 2(a) and (d) show the calculated fit error, given
as in (1), for several initial conditions. Fig. 2(b) and (e) show
that the model underestimates both the measured peak electron
density and peak temperature (note the negative % difference in
both figures). This is actually consistent across all simulations
reported in this article. Fig. 2(c) shows that the calculated peak
temperature is inversely proportional to the initial radius and
initial temperature. This proportionality rule also applies to the
calculated peak electron density, as shown in Fig. 2(f). All panels
in Fig. 2 show that the calculations are more sensitive to the
initial radius, rather than the temperature. All five strokes in the
triggered lightning flash UF 13-27 were matched to the three

different variations of the model used, cases D1, T1, and T5.
The initial conditions that best fit all cases are listed in Section
A of Table I, as well as the resulting fitting errors (see Section B).

Fig. 3 shows the temporal dynamics of the primary return
stroke channel properties of interest, corresponding to the first
[top row, Fig. 3(a)—(c)] and fifth [bottom row, Fig. 3(d)—(f)]
strokes in the triggered flash. Figs. 3(a) and (d) show the mea-
sured channel-base current that drives the simulations. Fig. 3(b)
and (e) show the simulated temperature using the three different
model variations and comparison to measurements. Figs. 3(c)
and (f) show the same for the electron density. It can be seen
that the original model from the work in [1], marked as DI,
can capture very well the high temperatures measured (middle
column in the figure). It can also be seen that the proposed
improvement in this work, of replacing the LTE coefficients from
Boulos er al. [15] with the ones given by D’ Angola et al. [16],
labeled as case T1, increases the calculated electron density by
more than one order of magnitude, improving the agreement
with measurements (rightmost column). The best agreement
with the electron density inferred by Walker and Christian [3] is
obtained when we increase the atmospheric pressure inside of the
channel to 5 atm, as can be seen in Figs. 3(c) and (f) (model case
T5). This new model feature (TS in the figure) is only possible
because D’ Angola et al. [16] provide the LTE electron density
calculated at several different pressures. All model variations
capture well the rate of channel cooling right after the return
stroke peak current, which is 1.6 kK/us averaged over the five
strikes.
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Fig. 3. Simulation of the first (a)—(c) and fifth (d)—(f) return strokes in the UF 13-27 triggered lightning flash. (a) and (d) Channel-base current that drives the

simulations. (b) and (e) Comparison between simulated and measured temperature. (c) and (f) Comparison between simulated and measured electron density. The

different curves show simulation results from the three model cases employed.

Fig. 3 illustrates the fundamental physical limitations of the
model. For all different configurations used, it is essentially
impossible to capture high temperatures and plasma densi-
ties simultaneously. This happens because these two quantities
are essentially inversely proportional in a computer simulation
driven by an external current. This happens because the heating
rate (9T /0t) is proportional to I%/n, where I is the imposed
electrical current. Nonetheless, the results in Fig. 3 present,
for the first time, reasonable quantitative agreement between
a computer simulation and measured lightning channel plasma
properties. Table I shows that the simulations capture very well
the high temperatures measured, with typical reproduction errors
between 10% and 29% across the three model cases. On the
other hand, the three model cases struggle to yield the high
electron densities measured. The values derived from cases T1
and T5 are, nonetheless, comparable to what has been previously
reported in the literature, of the order of 102*~10%* m~3 [13].

Table I shows detailed simulation results for all five strikes.
For each of the five strikes, results are presented for the three
different model cases. The table has four main sections. Section
A shows the main stroke properties extracted from the current
waveform, as well as the initial conditions (radius and tempera-
ture) that lead to the best fit between the model and observations.
Section B lists the key error metrics and parameters involved in
error calculation. Section C reports on inferred channel prop-
erties at the instant of peak electrical power (or peak current),
whereas Section D shows similar properties extracted 100 us
after peak current.

The last six columns in Table I show average and standard
deviation across the five strikes for the three different model
cases. At the instant of peak current, the mean values for peak
dissipated power vary between 7.9 and 150 MW/m. Similarly,
the calculated channel resistance for this same instant varies
between 0.07 and 1.1 ©/m. These values are about one order of
magnitude lower than the ones provided by Jayakumar et al. [23],
who reported 220-2510 MW/m and 0.67-31 2/m. On the other
hand, our radius estimates at the instant of peak power, 1.4—
3.3 mm, produce better agreement with Jayakumar et al. [23],
who reported values in the range of 1.0-6.9 mm. The dissipated
energy up to 100 ps, amounting to 0.7-5.1 kJ/m also agrees
well with estimates available in the literature. Typical numbers
are of the order of 1-10 kJ/m, as reported in Table I of Rakov
and Uman [9]. For specific comparison, Jayakumar et al. [23]
report values in the range of 0.9-6.4 kJ/m. It should be noted
that the measurements that constrain our calculations [2], [3]
correspond to a 1-m section of the channel about 50 m above
ground level, but for the sake of simplicity, we have used the
current measured at the channel base to drive the simulations.
The current attenuation as it travels upward through the channel
should somehow affect the energy estimates reported here, as
discussed by Cooray [24]. In order to alleviate these uncertain-
ties, we report below parameter estimates for a range of current
values.

There are two primary sources of variation in the parameter es-
timates givenin Sections C and D of Table I: 1) the choice among
the three model cases used, and 2) the stroke peak current. Fig. 4
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Fig. 4.

(a) Normalized current waveforms, and (b)—(i) calculated return stroke channel properties as a function of peak current. (b) and (c) Peak electron density

and temperature, (d)—(f) key extracted properties at the instant of peak power, and (g)—(i) 100 us later. Simulations are driven with the average current waveform
shown in panel (a) and with average initial conditions for radius (= 0.27 mm) and temperature (= 437 K). The only varying quantity is peak current. The curves
show simulations with the three different model cases used while the symbols show the results reported in Table I (with unique initial conditions). Error bars
correspond to the standard deviation across the five strikes. Note that plots with log scale distort the error bars.

is constructed to provide a correction for the latter dependence.
Fig. 4(a) shows that the current waveform for the five return
strokes studied is relatively similar to each other. We proceed
to average the current waveform [black curve in Fig. 4(a)] and
the initial conditions that best match the simulations (radius =
0.27 mm and temperature = 437 K) and to perform a number
of simulations varying only the return stroke peak current. The
results are shown in the subsequent panels in Fig. 4. The curves

show the calculations for the three different model cases while
the symbols show the actual values reported in Table 1. It can
be seen that peak electron density [see Fig. 4(b)] does not in-
crease with peak current. This happens because the LTE electron
density has little dependence on temperature beyond 20 kK, as
shown in Fig. 1(b). This result indicates that electron density
may not be an ideal quantity to use as a means of retrieving other
parameters from the lightning return stroke channel, because it is
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fairly insensitive to the driving conditions. Contrastingly, peak
temperature [see Fig. 4(c)] has a clear correlation with peak
current.

The next two rows show parameters extracted at the in-
stant of peak power [see Fig. 4(d)—(f)], and 100 ps later [see
Fig. 4(g)—(1)]. All parameters reported have a clear dependence
on peak current. Nonetheless, the primary source of variation
in the estimates arises from the different model case selections.
When using the results reported in Fig. 4, we recommend the
reader proceeds in the following manner. First, use the results
from the T1 case as data-constrained estimates of the return
stroke channel properties, since this case does the best job of
simultaneously reproducing the measured electron density and
temperature. Second, use the results of D1 and TS model vari-
ations as an order-of-magnitude confidence interval around the
estimate. For instance, one could say that the data-constrained
calculations predict that a 10-kA return stroke dissipates 800 J/m
in the first 100 ps of its lifetime, and with greater confidence,
one could say that the energy dissipated lies in between the 500
and 4000 J/m figures.

Finally, we conclude this section with a discussion of memory
effects. If we look exclusively at the measured data, the peak
temperature and electron density do not show any evidence of
memory effects, i.e., they do not correlate with stroke order, or
with interstroke interval. They do not even correlate with peak
current very well for that matter. Strokes 1, 2, 3, and 5 all have
comparable temperatures and electron densities, of about 34 kK
and 7.2x 10%* m~3, respectively. However, stroke 4 stands out as
having the highest peak current (50% larger), temperature (25%
larger), and electron density (8 times larger). The only evidence
of memory effects arises when we cross-reference the return
stroke peak current with the interstroke interval that follows it.
The four interstroke intervals reported can be approximately
predicted according to the formula At = 171, — 133, where
At is given in milliseconds and the peak current I, is given
in kiloamperes. The coefficient of determination between At
and I, is R? = 0.8. The typical error arising from using this
fit formula is about 20%. The peak temperature and electron
density of a stroke, on the other hand, are not good predictors of
the interstroke interval that follows.

Additional evidence for the lack of memory effects arises
from the fact that all five return strokes were fitted with similar
initial conditions resembling a prebreakdown channel, i.e., with
a narrow radius (of about 3 mm) and with a low temperature
(of about 400 K). This result suggests that interstroke intervals
as low as 30 ms are sufficient for the channel to substantially
cool down to near-ambient conditions. Even though the channel
cools down, it remains a more favorable path for dart leaders to
create subsequent return strokes. Beyond high-temperature and
plasma density, channel conditioning can manifest itself in a
number of other ways, such as reduced air density and increased
ion concentration (inside of the channel with respect to ambient
atmospheric air), for example. Our conclusions that the inferred
initial conditions resemble a prebreakdown channel may seem to
contradict available experimental evidence [25], which suggests
that dart leaders increase the channel temperature up to about
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20 000 K before a subsequent return stroke ensues. However,
in the limit that the simulation corresponds to a cross section
of the channel very close to the ground, dart leader and return
stroke fuse together. In other words, in this limit, the dart leader
signature is seen as the initial portion of the return stroke current
rise. Therefore, the simulations shown here should be interpreted
as the channel transformation from the pre-dart leader channel
to the return stroke. Walker and Christian [2] report that the
dart leader and return stroke signature happen one frame (or
1.5 ps) apartin their recordings. Additionally, it should be noted
that the data-driven conclusions in this article are biased by the
small dataset used, i.e., only a single triggered flash with five
return strokes. For this particular flash, the first return stroke
does not seem to be very different from the subsequent ones,
and the subsequent strokes do not seem to differ from one
another. Additional work is required to refine the computational
model [1], but the results presented here already show that
carefully choosing the transport coefficients can help improve
the agreement between calculations and measurements. The
subsequent efforts should include the collection of more data,
and extended comparisons between model and observations.

IV. CONCLUSION

In this work, we presented results of data-constrained simu-
lations of the lightning return stroke channel plasma properties
using the model proposed by da Silva et al. [1]. The simulations
are constrained by the data collected by Walker and Christian [2],
[3]. The model is driven by the measured channel-base current
and the calculated temperature and electron density are com-
pared to the respective measurements. Typical errors found are
of the order of tens of percent. We discuss how replacing the
transport coefficients from Boulos ef al. [15] with the ones from
D’Angola er al. [16] improves the agreement between model
and data. The upgrade allows the model to approach the high
electron densities measured. However, the highest electron den-
sities calculated with the model are still one order of magnitude
lower than the values derived from the experiment.

Upon establishing confidence in the model, we proceeded to
tabulate important return stroke channel parameters that cannot
be easily measured, such as radius, resistance, electric field,
energy deposition (rate and magnitude), and more. Estimates
on radius, resistance, and deposited energy are comparable to
whathas been previously published in the literature. The primary
issue with comparing to what is available in the literature is
that all plasma properties have an inherent dependence on the
history of electrical current flowing through the channel. We
circumvent this issue by reporting important parameters as a
function of return stroke peak current and also at two different
instants (or regimes): 1) at the instant of peak power and 2)
100 ps later (when the channel is fully established). These
calculations are provided with the hope that they may be useful
for applications aimed at quantifying the impacts of lightning
in the atmosphere and, perhaps, to contribute to the validation
of lightning discharge models aimed at the protection of our
society’s infrastructure.
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