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Fig. 1: Simulation of an intense electrical storm showcasing diverse lightning discharge types, including intra-cloud (left), cloud-to-
ground (middle), and cloud-to-cloud (right) discharges, generated using our multi-physics framework. Our model captures the emergent
formation lightning by coupling the processes of charge transport, cloud electrification, and bipolar discharges, all derived from a
minimal set of atmospheric parameters.

Abstract—Thunderstorms are multi-physics phenomena resulting from intricate charge transfer processes in the atmosphere, which
are driven by interactions between ice and water cloud particles. In this work, we present a physically-based model for simulating cloud
electrification and discharge processes, enabling the simulation of emergent lightning phenomena, i.e., our approach automatically
generates different types of discharges in response to dynamic atmospheric changes, relying solely on a minimal set of atmospheric
parameters without requiring additional user input. We model charge separation at the microphysical level using a statistical mechanics
approach to describe atmospheric electrification. Additionally, we introduce a gauge-invariant dielectric breakdown model capable of
describing multiple bipolar channels, dynamic electric fields, and the electrical resistance of air, offering a comprehensive representation
of lightning discharge processes. We validate our model through extensive comparisons with real data and prior state-of-the-art
methods, demonstrating its capability to simulate distinct lightning types and the complete life-cycle of thunderstorms. Furthermore, we
explore various applications of our framework, including real-time nowcasting, assessments in civil engineering, the generation of
virtual environments featuring thunder and lightning, and the simulation of complex dielectric breakdown across diverse domains.
Supplementary Video: https://youtu.be/JCr5NY1bs34

Index Terms—Forecasting and Nowcasting, Lightning and Thunder, Numerical Simulation, Thunderstorms, Weather and Climate.
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The interactive and physically-plausible simulation of thunderstorms
and lightning plays an important role in a number of application do-
mains. In visual computing, this includes computer games, movies,
and mixed reality applications, where realistic lightning is not only
important for story telling but also to enhance the overall visual realism
of scenes. Additionally, the principled simulation of thunderstorms is
highly relevant for many practical applications, e.g., the arrangement
of laser-guided lightning discharge protection systems [27].

Due to the intricate microphysics processes in the atmosphere and the
short temporal scales involved, simulating lightning and thunder is a
challenging and open research problem. In meteorology, mesoscale
simulations have been widely used to study charge separation mech-
anisms, lightning activity over large-scale regions, and the impact of
aerosols on thunderstorms [59]. In general, these approaches are de-
signed to study specific aspects of atmospheric discharges, but they
do not describe the emergence of lightning comprehensively within an
integrated scheme. Moreover, frameworks used in meteorology are far
from being interactive, as they usually require the use of supercomput-
ers and specialized hardware [45]. This renders the direct application of
these methods for visual computing applications infeasible. In contrast,
existing methods in visual computing have primarily focused on simu-
lating discharges within static positive potential fields [10,30,58], while
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relying on predefined endpoints to manually trigger and stop strikes.
Similar discharge models have been developed to simulate atmospheric
lightning [23,44], but they share the same limitations: requiring manual
input and preprocessing for each strike, and being confined to simple
positive potential field configurations. These constraints prevent such
models from automatically generating diverse types of lightning strikes
within a more realistic, dynamic, and bipolar atmospheric electric field.
Our contributions are as follows: (1) We develop a one-moment sta-
tistical mechanics formulation to compute charge separation resulting
from water and ice particle collisions at the microphysical level. (2)
We propose an extended dielectric breakdown model that incorporates
gauge invariance and material resistance, enabling the description of
multiple bipolar channels, electrical resistance, and dynamic electric
fields. (3) We couple our cloud electrification and discharge schemes
with a cloud dynamics model, generating a comprehensive simulation
framework capable of simulating emergent lightning from a minimal
set of canonical atmospheric parameters.

2 RELATED WORK

The modeling and simulation of lightning and other weather phenomena
is an ongoing research topic in different academic communities. While
this spans a breadth of work that we cannot conclusively discuss here,
we provide key pointers to the modeling and simulation of weather
phenomena and lightning.

Clouds and Weather Phenomena. Kajiya and Von Herzen [29] intro-
duced one of the first methods simulating clouds based on the underly-
ing atmospheric phenomena. Interactive cloud simulations have been
achieved by employing grid-based fluid solvers [24,39,42], particle-
based approaches [17] and methods based on GPU-parallelization [50].
Procedural techniques for cloud modeling enable artistic control [55].
Several representations have been explored in previous contribu-
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tions [4, 15, 40], also including position-based dynamics [13], layer-
based approaches [54], and adaptive grid structures [47]. Apart from
modeling and simulating clouds, recent work addresses other weather
effects such as large-eddy phenomena [18], rain [14] and snow [16],
supercells [21], complex weatherscapes [1], and cyclones [2]. The con-
tribution of vegetation on local weather variations resulting in diverse
microclimates has also been modeled to study the two-way interconnec-
tion of plant ecosystems and weather [43]. Furthermore, wildfires [34]
have been simulated including flammagenitus clouds [20].

Lightning. The modeling of lightning has mostly been realized by
employing physically-inspired and artistic approaches [12]. Dellera
and Garbagnati [10] originally introduced a model of lightning channel
progression. The first rendering-centered paper has been presented by
Reed and Wyvill [48]. Kim and Lin [30] devised a physically-based
lightning model that allows the lightning arch to take complex paths
while dodging obstacles. Later, their model has been improved, primar-
ily in terms of computational efficiency [32]. Yun et al. [58] developed
a physically-inspired technique that is suitable for interactively placing
lightnings. Lightning strikes are also hand-drawn and imported as
sprites or generated following a set of procedural rules [26]. Potential-
driven discharge schemes have also been coupled to mesoscale routines
for simulating atmospheric lightning [23,44].

3 OVERVIEW

The simulation of emergent lightning dynamically driven by atmo-
spheric changes presents a significant challenge due to the intricate
interplay of charge, heat, and fluid dynamics. These complex inter-
actions govern the atmospheric electric field, which is influenced by
charged water particles, including vapor, droplets, and ice. Moreover,
the discharge process is an additional dynamic mechanism that facili-
tates rapid charge transport across different regions of the atmospheric
domain. We address these challenges by proposing an integrated model
tailored for the multi-physics simulation of cloud electrification and
discharge, designed to balance physical complexity with user control,
thus enabling the interactive exploration of a wide range of lightning
phenomena.

We characterize the state of the atmosphere using six canonical
variables: the wind velocity u, the mass fraction of water content g,
(including vapor ¢,, cloud water g, cloud ice g;, rain g,, snow g,
and graupel g,) along with their associated charge Q,, the temperature
of humid air 0, and the atmospheric potential field ®. Our frame-
work, depicted schematically in Figure 2, is structured into three main
components: (I) a local weather scheme for modeling heat and water
continuity, (II) a statistical mechanics formulation for computing cloud
electrification, and (III) a gauge-invariant discharge model describing
dielectric breakdown within dynamic, bipolar electric fields.

4 METHODOLOGY

In this section, we present an overview of our physics-based model.
For reference, Appendix A provides a comprehensive list of symbols,
along with the corresponding values used in our simulations.

4.1 Atmospheric Model

Computing exact charge separation from collisions between water and
ice particles within a cloud would require modeling every particle
interaction, which is computationally unfeasible. Instead, we represent
the system macroscopically using the mass fraction of particles or
hydrometeors q,. Statistical ensembles are then employed to infer
bulk particle properties, enabling the efficient computation of charge
separation while bridging microphysical interactions with large-scale
cloud dynamics.

Using this macroscopic description, the dynamics of cloud forma-
tions is governed by the continuity of heat and water content during
phase transitions between different hydrometeor species. There are
various methods for modeling such processes. In our work, we adopt
the formulation of Amador Herrera et al. [1], which effectively captures
multiple cloud formations from a reduced set of atmospheric parameters.
The background atmosphere is described in terms of the wind velocity
u, ambient temperature 7" and pressure p. Then, a system of coupled

transport equations is used to express the interactions between particles:
snow melting into rain, vapor condensing into clouds, etc. In general,
the parametrization U, ,(T, p,qq,qp) of a particle in state a transition-
ing to state b is a function of local temperature, pressure, and mass
fractions. Using the material derivative D;¢ = d¢ /dr+v-V¢ [35], we
write the transport equations as

Digq = Z Uj,a - Z Ucu,ky (D
Jj#a k#a

where the sources Uj, and sinks U, represent phase transitions:
e.g. Uy, is the fraction of snow s melting into rain r. For the exact
parametrization of each transition we refer to [1].

4.2 One-Moment Electrification

Clouds acquire a net electrical charge due to the interaction between
ice particles colliding inside of them, as well from capturing free ions
in the atmosphere [49]. However, while ion capture has an important
effect within weakly electrified clouds, the net charge in thunderstorms
is mostly acquired from collisional charging between ice cloud parti-
cles [5,6]. Consequently, we model cloud electrification through two
collisional mechanisms: inductive and non-inductive.

Both charging processes, illustrated schematically in Figure 3, in-
volve charge separation through particle collisions. Instead of modeling
individual particles, our statistical scheme computes the bulk charges
Q. and Q,, for the ensembles representing the colliding particle masses
qa and gp. To achieve this efficiently, we implement a one-moment
integration approach, which enables rapid computation of net charge
generation. Note that while higher-moment statistical techniques are
usually applied in meteorology to study complex interactions, such as
aerosol effects [53] and comparisons with specific storm event data [37],
our one-moment method balances computational efficiency with accu-
racy, focusing on primary charge separation and electrification.

4.2.1

We model water and ice particles as spheres of diameter D with no
internal structure. Furthermore, we assume that the number density
nq(D) of particles of type a having a diameter D follows an exponential
distribution:

Statistical Ensembles

ngq(D) = nogexp (—2/p,), 2)

where the intercept ng, is calibrated to match the experimental data
of [9], and D, is the characteristic diameter for each particle type.
Then, any bulk quantity B, can be computed by multiplying n, with
the corresponding single-particle quantity b, and integrating over a
particle ensemble of all possible diameters within a given volume. This
procedure is exemplified in the supplementary material, where we
compute D, in terms of g, thus connecting the statistically described
number density with our micro-physics scheme, and obtaining

) 1/4
D, = (M) , 3)

8TTPan0q
where p,i; and p, are the densities of air and a, respectively.

4.2.2 Non-Inductive Charging

We focus on collisions between graupel g and smaller ice particles,
such as snow s and ice i, as these interactions have been identified as
the primary mechanism driving non-inductive electrification [56].
Then, following our one-moment scheme, we compute the total
charge transfer 0}, , from all the graupel-ice interactions! by integrating

the charge transfer per single particle-particle collision G};‘ g OVer two

exponentially distributed ensembles, one for b and one for graupel,
which yields

Opg = G;,,‘g (1=Cpg) ||[ve = vo| h1(Dp, Dy), “)

Here, b is a dummy index standing for ice i and snow s.
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Fig. 2: Schematic representation of our "Thunderstorm" framework for simulating emergent lightning phenomena. Our integrated scheme can be
divided into (I) a local weather model describing heat and water continuity (red) (ll) a one-moment statistical mechanics approach for computing
charge separation at the microphysical level (green), and (lll) a discharge model describing dielectric breakdown within bipolar, dynamic electric

fields (yellow).
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Fig. 3: Inductive and non-inductive collisional charging mechanisms: In
both cases, a large graupel particle collides with a small ice or droplet
while falling through the cloud droplets (small circles). Non-inductive
charging (a) consists of charge being transferred via friction during the
collision. In inductive charging (b), both hydrometeors are polarized by
an electric field, and a fraction of their charge is neutralized during the
collision, which creates a net charge difference.

where v, and v, are the terminal velocities of graupel and ice particles,
respectively, the collection efficiency Cp ¢ represents the probability of
particles sticking during the collision, and (D, D) is given by

T
1 (Dy, D) = 2 nopnog (Dg +DyDy +D§) .
Finally, we interpolate the experimental data of Takahashi [52] to
estimate the charge Gl,; g(lwc,T) transferred from b to graupel in a

single collision as a function of surrounding liquid water content lwc
and temperature 7.

423

Falling graupel particles with a net charge generate an electric field
of the opposite polarity behind them, polarizing subsequent particles

Inductive Charging

and provoking a positive induction feedback. As before, we compute
bulk charge transfer during inductive charging by integrating the single
collision charge transfer vav’g for graupel-water droplet interactions
across two statistical ensembles, yielding

2 !
Tw,g = ZVgCW,gntwnongrwyg, (®)]

with total water number density n,,, and collision efficiency C,, ;. Fi-
nally, we estimate the single collision charge transfer based on the
experimental findings from Ziegler et al. [60], which read

Tyo = 10.44C,€E.D2 cos (8) —0.29Qc/n,,, (6)

where € is the permittivity of air, 0 is the average angle of rebounding
collisions, and C; is the rebound probability. In particular, based on
the ranges of mass fraction that we encountered in our simulations, we
set C, = 0.007 and 6 = 0.2, which correspond to the average values
encountered for those mass fractions in the thunderstorm soundings of
MacGorman et al. [36].

4.2.4 Net Atmospheric Field

The charge generated through collisional charging is subsequently
transported and redistributed among particles via phase transitions and
hydrometeor motion within the atmosphere. To capture this process,
we introduce an additional set of charge transport equations, given by

Uia
DQ.=Y, 0~}

i#a i k#a da

Uk
- Qa7

where Q, is the charge being carried by a, and the source and sink
terms represent the charge fraction that has been transported via phase
transitions. Inductive and non-inductive charging are incorporated
explicitly into the coupled system by adding the corresponding terms



into the equations for graupel g, cloud water w, cloud ice i, and snow s.
Our final system is then given by

D1 Qg =S¢ + Gig + O g + Tusg (7
DtQS = S? — 05,5 DtQi = S,Q —Oig, DIQW = Sg —Twg

where we merged the phase-transition terms into the variable Sg to keep
the notation concise. Note that total charge conservation is automati-
cally satisfied in our model, since 0}, , + 6, , = 0 and T, + Tz y = 0
for non-inductive and inductive charging, respectively, and all the phase
transition terms describe charge continuity. Moreover, the net charge
Qr is the sum of all the particle charge contributions, so that

Or = ZQJ‘, (8)
J

where the sum iterates over all particle species. The electric potential
& associated to this charge distribution is obtained using Poisson’s
equation

V2P = —po/e, &)

where pg is the volumetric charge density. Finally, the corresponding
electric field is calculated as

E=-Vo. (10)

4.3 Lightning Discharge

Free ions in the ionosphere produce the so-called fair weather field
Eo = —3002Vm~! [25], which grows in magnitude due to cloud
electrification until it reaches the breakdown field Epeqax () and is neu-
tralized via lightning. Unlike other forms of dielectric breakdown,
lightning is characterized by two oppositely charged propagation chan-
nels [46], with the discharge typically terminating within clouds or at
mid-air due to the electrical resistance of the medium.

Multiple extensions of the dielectric breakdown model (DBM) by
Niemeyer et al [41] have been developed to account for inhomogeneous
domains [30], enhance computational efficiency [32], and improve
artistic control [58]. However, all of these methods remain potential-
driven schemes (PDS), as they rely on the same core growth algorithm
for discharge propagation, where the probability of propagation p is
given by p ~ ®", with 1 as a weighting factor. This formulation
introduces significant limitations for simulating realistic lightning for-
mation: negative potentials yield ill-defined probabilities, growth is
indiscriminately favored in regions of positive ® without accounting for
medium resistance, and charge conservation is not enforced, leading to
self-intersections, particularly in dynamic electric fields, where points
within the discharge channel often satisfy & > 0.

To address these limitations, we propose EDS: an electrical field-
driven scheme that is gauge-invariant and incorporates material resis-
tance along with multipolar channels. In the following, we outline our
breakdown formulation. Moreover, a comprehensive algorithmic com-
parison between PDS and EDS is provided as supplemental material.

4.3.1 Stochastic Growth

Given a time-dependent field E (x,¢), we start the discharge at x( such
that ||E(xp,t) > Ep||, where E}, is a medium-dependent breakdown
field. The propagation of a discharge from xg is modeled as a step-by-
step process in which we add a point to the channel by considering the
magnitude of the electric field at this position in space instead of the
potential. Specifically, let .Z be the set of points that are adjacent to
the discharge path. We model the probability of adding k € . to the
channel as

pilk,ke) = N [E(ke, k) — Ecrilic}n (11)

if E (ke k) > Egritic and p;(ke, k) = 0 otherwise, where k. is the adja-
cency point in the channel, .4 is a normalization constant, E¢jc iS a
critical field that accounts for the electrical resistance of the discharge
medium, 1 is a weighting factor, and E (kc, k) is the magnitude of the
electric field in the direction from k. to k. After having selected a

ALGORITHM 1: Thunderstruck Algorithm.

Input: Current system state (u, 6, g4, Q. D, E).
Output: Updated system state.
Procedure:
for each x € Q do
Update atmospheric parameters (temperature, pressure, etc.).
Adbvect, diffuse, and pressure project the wind field u.
Update microphysics processes of g, following Eq. (1).
Compute charge from cloud electrification according to Eqgs. (4)
and (5).
Update charge continuity system given by Eq. (7).
Sum total charge contributions as described in Eq. (8).
10 Compute atmospheric potential and electric fields
1 following Egs. (9) and (10).
12 end
3 if ||E|| exceeds the breakdown field Ej,(z) then
14 | Initiate lightning discharge and update electric quantities
15 according to Algorithm 2.
16 | Redistribute total charge using Eq. (14).
17 end
18 end

1
2
3
4
5
6
7
8
9

connection pair (k¢, k), we add k, to the discharge path, and update
the electric potential ¢ at the corresponding position as

Dy, =Dy —sd (ke,kn) Eing, (12)
where d (kc, k) is the point distance, s is the sign of the carried polarity,
and Ej, is the internal field resistance of the channel. Finally, we
update the electric potential in the rest of the domain using Poisson’s

Eq. (9) while treating the channel as a Dirichlet boundary condition.
This process is iterated until all growth probabilities become zero.

4.3.2 Atmospheric Discharges

We parametrize a height-varying atmospheric breakdown field as

Epreak (z) = 201.74 exp (—7/8.4) , (13)
where z is based on the thunderstorm soundings of Marshall et al. [38].
When the field at a point xq reaches the threshold £, we identify the
closest adjacent point X in the direction of E and start two discharge
channels, one positive and one negative, that propagate from xy and .
Then, we enforce charge conservation by monitoring the total charge
of each channel: when the charge magnitude of one discharge is larger
than the one with opposite polarity, its propagation is stopped until
the growth of the other channel compensates the charge difference.
Moreover, when a channel reaches the ground, it effectively transfers
charge from the atmosphere into the Earth, so we stop the propagation
of the path connected to the ground and set the charge to zero on all the
points in the corresponding channel, while the path of opposite polarity
is allowed to grow as a unipolar discharge until it stops.

4.3.3 Charge Redistribution

When both discharge channels terminate, the charge Q; released by
lightning is redistributed into the particles in the atmosphere. In our
spherical particle model, Qy is distributed in proportion to the surface
area of each particle, so the charge §Q, gained by a is set to

8Qq = [Pi/(x;03)] Or, (14)
where, for a sphere, the surface area is proportional to DZ, SO we use
the characteristic diameters directly.

5 ALGORITHMICS

In the following, we detail our numerical integration procedure, cover-
ing the discretization scheme, boundary conditions, and the numerical
solver employed. Our complete Thunderstruck framework, as well as
our EDS sub-routine, are summarized in Algorithms 1 and 2.



ALGORITHM 2: EDS Routine.
Input: Electric system (Q,, @, E).
Output: Updated system state.
Procedure:
| Identify point x4 where ||E(x4)|| > Ep(2).

1
2
3 | Find closest adjacent point xz in the direction of E.
4 | Create a negative channel starting at x4
5 and a positive channel starting at xz.
6  while true do

7 for each discharge channel D do

8 | Compute probability distribution of points .# adjacent to D
9 following Eq. (11).

10 if all adjacent points have zero probability then

1 | Finish lightning discharge.

12 end

13 | Sample a point k € .#, add it to D, and update its potential
14 according to Eq. (12).

15 | Update the mesh potential and charge in the channel

16 following Eq. (9).

17 if charge conservation error is greater than 3% then

18 | Stop the propagation of the channel with greater charge
19 magnitude until the difference is below 3%.

20 end

21 if channel D reached the ground then

22 | Finish lightning discharge and set its charge to 0

23 due to charge transfer to the ground.

24 end

25 end

26 end while
27 | Redistribute charge released by lightning into hydrometeors
28 following Eq. (14)

5.1 Numerical Integration

We set up a staggered 3D voxel space using an uniform grid scale
Ax, to store the current state of our atmospheric system: the wind
field i is stored at the faces, while the potential temperature 8, mass
fractions g, and their associated charges Q,, potential ®, and elec-
tric field E are stored at the center. Moreover, we allow for non-flat
ground terrains by introducing a height map 2 : (x1,x,) — 2 (x1,x2)
such that the ground grid is embedded in the 3D space as dQpoiom =
(x1,x2,.72(x1,x2)) € Q. Using this mesh, we discretize all the deriva-
tive operators using centered finite differences, and update the terms
involving material derivatives via a semi-Lagrangian scheme, while
quantities that are updated directly, e.g., charge redistribution and char-
acteristic diameters, are computed on the fly.

Numerical integration starts by updating the atmospheric conditions,
which, in our semi-Lagrangian scheme, include the advection, diffusion,
and pressure projection of the wind field u, the update of temperature 6,
and the transport of water described by Eq. (1). During this procedure,
we set O to the ambient temperature at the boundary, while, for all
water species g, and wind field u, we set Dirichlet boundaries at the
bottom, Neumann conditions at the sides, and a free-slip boundary at
the top. Afterwards, we compute the total charge from inductive and
non-inductive electrification using Egs. (4) and (5), from which we
update the charge continuity system described by Eq. (7). Note that
the boundary conditions for charge Q, are the same as those for mass
fractions g,. Then, we compute the potential field generated by this
charge distribution using Eq. (9), as well as the corresponding electric
field by computing the numerical gradient, according to Eq. (10). We
impose Neumann boundary conditions for ® at the sides and top walls,
and set @ = 0 at the ground.

Finally, if the breakdown field Ej(z) is reached, a bipolar dielectric
breakdown discharge (lightning) takes place. Since the time step sizes
used for our general procedure are on the order of minutes, we consider
lightning to be instantaneous.

Both the projection step of our fluid scheme and the electric potential
update of EDS require the solution of a sparse Poisson problem. We
use the AMGCL solver proposed by Demidov [11], which is able to
efficiently solve large sparse linear systems.

Fig. 4: Visualization of dielectric breakdown using an uniform brightness
(top) and our technique (bottom). We enhance the appearance of light-
ning by setting the brightness proportional to the charge propagated by
the channel.

Table 1: Overview of the parameters used in the scenes presented in
this paper. Parameters are listed in [Tg] = 1°C, [g,] = Lkgkg ™", [Eint] =
1KVmM™!, [Egritic] = 1kVm~1, and [Ar] = 1 min. Resolution (R) and runtime
(T) in seconds per frame are listed.

Fig.  Scene Te Gy At Eing  Eciiic R T
1 Electrical Storm 6 081 5 500 Ep(z) 1283 0.07
5 Electrification 10 081 5 50.0 Ep(z) 1283 0.07
6 Discharge Schemes 22 085 5 50.0 Ep(z) 1283 0.08
11 HP. Cumulonimbus 23 088 5 50.0 E,(z) 128x228x128 0.09
14 SEET Thunderstorm - - 5 500 Ep(z) 128x228x128 0.10
8  Parameter Space 18 083 5 500 Ep(z) 1283 0.06
9 Multi-Layer 19 053 5 500 Eyz) 283 0.11
15 CG 20 082 5 50.0 Ep(z) 1283 0.04
15 IC 22095 8 50.0 Ep(z) 2283 0.14
15 CC 22 085 6 50.0 Ep(z) 2283 0.13
15 CA 15 080 3 500 Eyz) 1283 0.03
15 Bolt from the blue 23 089 3 500 Ep(z) S512x256x512 0.16
15 Anvil-Crawler 15 090 2 500 Ep(z) S512x128x512 0.15
16 Cerro de la Silla - - 5 500 Ep(z) 228x128x228 0.10
17 Lightning Conductor 5 085 6 500 Ep(z) 256x128x256 0.09

5.2 Two-Grid Scheme

In order to increase the visual quality of lightning, we implement a
secondary grid Q' with 2x resolution for EDS computations, and use
trilinear interpolation to transfer variable values from the atmospheric
grid Q into Q'. We found that the impact on performance using this
approach is negligible. Moreover, using an adaptive grid similar to Kim
and Lin [32] would enable higher resolutions.

5.3 Channel Intensity

In general, the luminosity and apparent width of lightning decreases
from the initiation point and main discharge path to the periphery
because there is an increased flow of charge through the main part of
the channel [8]. We reproduce this in our framework by setting the
brightness By, of each strike to be proportional to the charge propagated
by the channel. Specifically, after the discharge, we use Poisson’s
equation to compute the charge distribution py of the channel from its
potential. Note that this process is inverse to solving for the potential,
and it only requires the computation of the Laplacian, which can be
performed efficiently using finite differences. Then, we simply set
Br = appr, where ¢ is a proportionality constant to enable artistic
control over the brightness while preserving a physically plausible
visualization of the discharge channel. In Figure 4 we show an example
of our technique for lightning visualization compared to a visualization
without varying channel intensity.



6 RESULTS

In this section, we present a variety of results simulated with our
C++/CUDA framework, implemented as described in the previous
section. Table 1 provides an overview of the different scenes presented
throughout this section, including relevant parameters. Computation
times listed in Table 1 are measured using an NVIDIA®GTX 3080 Ti,
with double precision floating point arithmetic.

6.1 Model Evaluation

First, we performed diverse experiments to evaluate both the individual
components of our model as well as our overall framework, focusing
on direct comparisons to previous state-of-the-art.

6.1.1

As shown in Figure 5, we assess our charging scheme by simulating
an electrical storm using both our electrification model and prescribed
potential conditions, as employed in previous works [23,31, 33,44,
57,58]. The prescribed potential approach fails to capture different
discharge types, such as cloud-to-air (CA) and cloud-to-cloud (CC), due
to its reliance on pre-defined conditions and manual triggering for each
strike. Moreover, such methods require specifying static charge arrays,
initiation points, charge locations, magnitudes, and triggering times for
each individual strike, which significantly increases modeling effort and
makes simulating dynamic scenes with tens or even hundreds of strikes
impractical. In contrast, our cloud electrification model automatically
simulates the emergence of various lightning types as the environment
evolves, eliminating the need for manual input and allowing for more
scalable and realistic simulations.

Cloud Electrification

Fig. 5: Electrical storm simulated with prescribed charges (top) and
dynamic cloud electrification (bottom). Previous methods require manual
definitions for each strike, including static charge arrays, initiation points,
charge locations, magnitudes, and triggering times, which significantly
increases the modeling effort. In contrast, our cloud electrification model
automatically captures the emergence of various lightning types (from
left to right: cloud-to-ground, cloud-to-air, and cloud-to-cloud) driven by
dynamic environmental changes.

6.1.2 Breakdown Model

Next, we evaluate our discharge model by simulating CG and intra-
cloud (IC) lightning using both PDS and our approach, as shown in
Figure 6. The unipolar, zero-resistance and gauge constraints in PDS
lead to incomplete CG strikes, with no channels propagating through
the cloud, since the growth probability becomes negative as @ < 0.
There is also significant overgrowth beneath the cloud as channels
propagate toward all positive potential regions, ignoring the electrical
resistance of the medium, which leads to an overestimation of channel
extension. Additionally, IC discharges become trapped at local maxima

of the potential field. In contrast, our model successfully captures both
lightning types.

Furthermore, Figure 7 demonstrates that PDS requires pre-
processing of the potential field to prevent regions of negative prob-
abilities, which would cause growth algorithm to fail. Our scheme,
however, consistently generates non-negative probability distributions
for arbitrary fields and multiple channel polarities. Note that, for an
evolving electrical field, pre-processing in PDS must be performed
per-frame, as negative potential regions change over time, rendering it
impractical for dynamic simulations.

Fig. 6: Cloud-to-ground and intracloud lightning simulations shown in a
cloud cross-section, using PDS (top) and EDS (bottom). In PDS, CG
strikes present no growth inside the cloud and overgrowth below it (left),
while IC discharges become trapped at local maxima of the potential
(right). In contrast, EDS simulates realistic lightning types for the same
electric field conditions.

6.1.3

Finally, we assess the overall behavior of our fully integrated system
by conducting a parameter space exploration. As shown in Figure 8,
we analyze the impact of graupel content g, and collection efficiency
Cy,¢ on the average lightning activity within a storm at a fixed altitude.

Although our model incorporates numerous fixed parameters (e.g.,
breakdown field, hydrometeor intercepts, etc.) to ensure physical con-
sistency, graupel content and collection efficiency provide intuitive and
effective controls over thunderstorm activity.

Moreover, since clouds at higher altitudes contain a greater con-
centration of ice particles, lightning activity can also be influenced
by adjusting relative humidity and temperature. These adjustments
control storm altitude and, indirectly, the total ice fraction, enabling the
simulation of complex, multi-layered thunderstorm formations such as
cirrocumulus and nimbostratus clouds, as illustrated in Figure 9.

To quantitatively evaluate our framework, we performed simulations
of thunderstorms with increasing ice fractions and measured the re-
sulting lightning activity within the simulation domain. The results,
shown in Figure 10, demonstrate that our framework captures the corre-
lation between these parameters, consistent with the modified gamma
function identified in the extensive analysis by Han et al. [22] using
data collected by the Optical Transient Detector (OTD) and Lightning
Imaging Sensor (LIS) instruments.

Integrated System
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Fig. 7: Cross section (left) of the potential field of the storm shown in Figure 6 at 7 =~ 3.2hr, and the corresponding (non-normalized) probability
distributions computed using PDS (middle) and EDS (right). For a discharge triggered at the core of the storm (red marker), a substantial portion of
the propagation domain corresponds to negative probabilities in PDS (blank spaces), while our scheme always produces non-negative distributions.
The potential gauge must be adjusted per-frame in PDS to avoid negative probabilities, but this is not always guaranteed to work, as demonstrated in

the supplemental material.
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Fig. 8: Parameter space exploration showing the dependence of lightning
activity on graupel mixing ratio g, and collection efficiency Cp, .. With
increased graupel content and collection efficiency the likelihood of light-
ning formation increases.

Fig. 9: Simulation of a multi-layered cirrocumulus and nimbostratus cloud
system. As the cirrocumulus contain mostly graupel particles but no
water or smaller ice crystals, there is little charge separation and almost
no lightning activity. However, the nimbostratus cloud contains a large
concentration of both graupel and smaller particles, which enhances
cloud electrification and, thus, lightning activity.
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Fig. 10: Average lightning activity in clouds of increasing ice fractions. We
show our simulation results (black markers), the fitted modified gamma
function L(qy) = aq} exp <—bq_‘;> (purple) with the corresponding opti-
mum parameters, and representative clouds for each region of the plot.
Our framework is able to capture the functional form of the correlation
between ice fraction and lightning activity [22]

6.2 Validation Experiments

We evaluate the validity of our approach through a series of qualitative
and quantitative comparison experiments with real thunderstorm data.

6.2.1

As shown in Figure 11, our multi-physics framework effectively simu-
lates the various stages of a thunderstorm within a high-precipitation
cumulonimbus cloud, capturing its development, maturation, and dis-
sipation. By setting the temperature, pressure, and wind conditions
that define the cumulonimbus, lightning emerges naturally as a result
of cloud electrification and the bipolar breakdown of the surrounding
air, without requiring any additional user input. This is demonstrated
quantitatively in Figure 12.

Storm Life-Cycle

6.2.2 Historical Storm

We integrated temperature, humidity, and wind velocity profiles from
the SEET measurements [7], obtained through weather balloons and
meteorological radars, of a historic thunderstorm into our simulation
framework to virtually reconstruct the storm event, as shown in Fig-
ure 14. The intensity of inductive and non-inductive charging was
then measured for three storm intensities, classified based on their tem-
perature and graupel content profiles, and quantitatively compared to
the analysis conducted by [51] using the same dataset, as shown in
Figure 13. The agreement between our results and those of the previ-



Fig. 11: Two visualizations from a high-precipitation cumulonimbus cloud simulation, captured at different stages during the storm evolution,

showcasing significant lightning activity.
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Fig. 12: Atmospheric profiles of temperature and cloud fraction (left)
used in our framework to simulate a high-precipitation cumulonimbus
cloud. As the storm evolves, charge separation at the microphysical level
generates an increasing electric field (right), leading to the emergence
of lightning without the need for predefined initiation points or charge
arrays.

ous study emphasizes the robustness of our framework in accurately
reproducing real-world thunderstorm phenomena.

6.2.3 Lightning Types

In Figure 15 we demonstrate the capabilities of our framework to
generate diverse types of atmospheric lightning that result from the
complex interplay of microphysical dynamics, cloud electrification,
and bipolar breakdown: (a) Cloud-to-ground lightning typically occurs
when a mature thunderstorm has developed a tripole structure due to
charge separation of ice particles, and one leader of the discharge path
reaches the ground or a structure above it. (b) The most common type
of atmospheric discharge is intracloud lightning, which consists of
a bipolar channel that develops entirely within the cloud formation,
connecting regions of distinct charge polarities, and generating flashes
that illuminate the interior of the cloud. (c¢) When charge separation
forms differentially charged regions on clouds at different altitudes,
cloud-to-cloud lightning occurs, which travels from one cloud into
another. (d) Due to the stochastic nature of dielectric breakdown, some
intra-cloud discharges travel outside of the cloud and stop in mid-air,
forming cloud-to-air channels, which can be encountered more often at
the base of clouds. (e) In extensive cloud formations that cover greater
regions, lightning that generates in one region can travel horizontally
and reach a section of the cloud that has minimal charge separation,
resulting in a bolt from the blue discharge. (f) When the storm has a
precipitation core that spans large regions, CA discharges at the base
of the cloud can travel great horizontal distances, generating so-called
anvil-crawlers.

6.3 Applications

Finally, we present several use cases of our framework, including
scientific and engineering applications, as well as artistic endeavors.
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Fig. 13: We simulate three variants of the SEET storm event: weak,
moderate, and severe, based on the overall storm graupel content (color
plots). Then, we measure the average charging rate in each case, and
compare our results to the extensive studies of [51]. Our framework
produces electrification rates that lie within the value ranges obtained
from highly specialized schemes.

Fig. 14: Simulation of a real thunderstorm event based on the SEET
measurements of [7] using meteorological radars. Our framework is
capable of reproducing the intense lightning activity that results from the
given humidity, temperature, and wind conditions.
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Fig. 15: Diverse types of lightning simulated using our framework, including photo comparisons. From left to right, top to bottom: Cloud-to-ground,
intracloud, cloud-to-cloud, cloud-to-air, bolt from the blue, and anvil-crawler.

6.3.1 Weather Nowcasting

We streamed atmospheric profiles of wind speed, humidity, and tem-
perature from different weather services? into our solver to simulate a
thunderstorm formation in real-time, enabling a combination of fore-
casting and nowcasting. In Figure 16, we show the result of such a
simulation for the Cerro de la Silla, within the metropolitan area of
Monterrey, in northeastern Mexico on April 25, 2022 starting at 0:00h
local time. Our framework can provide an immersive experience for
exploring real thunderstorm events virtually.

6.3.2 Lightning Conductors

We use our framework to measure the effectiveness of a lightning
conductor by simulating a thunderstorm with high lightning activity
in a domain with a lightning conductor mounted at the center. Our
simulation is illustrated in Figure 17, while a quantitative comparison
to the methodology used in [28] is shown in Figure 18. The results
obtained with our model are comparable to those computed using
specialized approaches.

6.3.3 Thunderstorm

The different physical mechanisms that we take into account in our
model enable us to measure multiple atmospheric and discharge vari-
ables that can be used as input for subsequent models and applica-
tions. For instance, we input the time-series of the atmospheric state

Zhttps://www.globalsolaratlas.info/ and https://www.ventusky.com/

Fig. 16: We enable a nowcasting application by streaming different
atmospheric profiles into our framework to simulate thunderstorms in
real-time. In this example, we simulate the development of the storm at
the Cerro de la Silla on april 25, 2022.



Fig. 17: Simulation of a storm with intense electrical activity in a domain
with a lightning conductor mounted at the center of the grid.

As = (#,0,94,04, P, E) produced by our framework into an approxi-
mative acoustic model to generate a thunder simulation, as shown in
the supplemental video. The parametrization of our acoustic model is
included as supplemental material.

6.3.4 Complex Discharges

The primary motivation of our approach is to achieve a realistic mod-
eling and simulation of emergent lightning phenomena. In this sense,
we proposed EDS to generate discharge channels under realistic atmo-
spheric conditions, including dynamic electric fields, multiple polarities
with total charge preservation through gauge invariance, and the consid-
eration of air and channel resistance. However, such conditions are not
limited to lightning but also arise in other complex breakdown systems,
where EDS can enhance the visual simulation of discharges. Several
examples illustrating this capability are provided as supplemental mate-
rial.

7 DiscussION

We have assessed the necessity of our cloud electrification scheme,
discharge model, and integrated framework for producing consistent
and realistic lightning phenomena within a dynamic domain, where en-
vironmental conditions evolve significantly over time. The evaluations
in Section 6.1 demonstrate that simulating lightning cannot be achieved
simply by connecting the output from a cloud solver as input for an
existing discharge scheme. Instead, it is essential to account for the
underlying physical mechanisms that generate a dynamic atmospheric
electrical field, as well as the rapid transport of charge (lightning) driven
by the electric field itself, rather than relying solely on a hypothetical
positive potential. Addressing these factors is crucial for ensuring a
robust and accurate simulation.

Through extensive validation experiments, we have demonstrated
the ability of our model to realistically simulate a wide range of dis-
charge phenomena, including the emergence of atmospheric lightning
driven by cloud electrification and the dielectric breakdown of air.
We employ a statistical mechanics approach to model charge separa-
tion within clouds at the microphysical level, calculating one-moment
averages for particle ensembles in the atmosphere. This approach al-
lows us to accurately capture the influence of key factors such as ice
content, cloud altitude, and collection efficiency on the overall light-
ning activity of a storm, as illustrated in Figures 10-13. Furthermore,
our discharge model, EDS, effectively simulates complex dielectric
breakdown processes, incorporating features such as bipolar branching
channels, dynamic electric fields, and the electrical resistance of both
the medium and the channels. This capability enables the generation of
diverse lightning phenomena without requiring additional user input or
preprocessing, in contrast to potential-driven methods, as illustrated in
Figure 5.

Our framework captures the interplay of fluid-mechanics, thermo-
dynamics, and electrodynamic processes to simulate the life cycle of
thunderstorms and the emergent formation of lightning (Figure 11). It
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Fig. 18: Probability that a CG discharge will hit the lightning conductor in
the simulation shown at 17. We measure the probability for increasing x
distances between the initiation point and the conductor, as well as for
increasing conductor heights 2. We compare our results (markers) with
the simulations of [28] (solid curves).

also allows us to reproduce diverse types of complex atmospheric light-
ning, as shown in Figure 15. Our integrated multi-physics approach can
be used in multiple applications, including weather nowcasting (Fig-
ure 16), measuring protection zones generated by lightning conductors
(Figure 17), and producing a virtual thunderstorm that can be explored
interactively, including acoustic effects, as shown in the supplemental
video.

Furthermore, while our main motivation is the comprehensive sim-
ulation of atmospheric lightning, our discharge scheme EDS can be
applied to simulate breakdowns within other complex domains, in-
cluding dielectric materials, dynamic fields produced between charged
diodes and in plasma balls, and labyrinth-like spaces, as shown in
supplemental material.

Finally, our visually realistic simulations of electric thunderstorms
can serve as a synthetic dataset generator to train image-based Al
models. Due to the hazardous environment of thunderstorms obtaining
real data is extremely challenging.

Limitations and Future Work  Our framework can be extended in
multiple directions. First, we currently neglect the role of ion capture,
aerosol particles, and other ice-ice collisions in the atmosphere. Model-
ing their microphysical effects would enable the simulation of weakly
electrified clouds [19] and additional atmospheric discharges like St.
Elmo’s fire, as well as more precise measurements of ice nucleation and
its impact on electrification, see Figure 10. Additionally, we assume
that heat energy released by lightning is quickly dissipated in the atmo-
sphere because of the spatio-temporal scales used in our simulations,
and the fact that air is a poor heat conductor [3]. However, considering
the thermodynamic coupling between lightning and air would open the
possibility to study other breakdown phenomena e.g., Jacob’s Ladder.
Finally, it would be interesting to consider additional interactions with
the ground, like the impact of lightning on wildfires through CG strikes,
and the role of local charge induction, which generates a net charge at
the ground that can trigger ground-to-cloud (GC) strikes.

8 CONCLUSION

We have introduced a novel physically-based model for the efficient
and comprehensive simulation of emergent atmospheric lightning. Our
multi-physics approach explicitly models and integrates cloud electri-
fication at the microphysical level and the dielectric breakdown of air
by parametrizing and coupling the underlying fluid-mechanics, thermo-
dynamics, and electrodynamics responsible for atmospheric lightning.
Our method represents a compromise between efficiency and physical
complexity, which enables the interactive control and modeling over a
large set of lightning phenomena which have not been simulated before.

Our scheme has been evaluated and validated by performing multiple
experiments to compare to state-of-the-art and real data obtained from
optical and radar technologies as well as local weather soundings. The



results of these experiments demonstrate that our framework improves
the visual simulation of lightning and is able to reproduce results ob-
tained from highly specialized engineering and atmospheric models.
Moreover, we have simulated diverse types of complex atmospheric
lightning as well as the life cycle of a thunderstorm, showing the capa-
bilities of our framework to simulate and control emergent lightning
from a reduced set of parameters. We have also explored diverse ap-
plications of our integrated framework, from real-time nowcasting and
civil engineering measurements to generating virtual environments to-
gether with acoustic effects. Finally, we have shown additional uses
of our discharge module EDS for simulating dielectric breakdown
within complex domains while considering dynamic electric fields and
electrical resistance.

Future work includes the modeling of additional phenomena, like ion
capture and the presence of aerosol particles, as well as the thermody-
namic coupling of lightning with the surrounding air. Finally, including
more advanced ground interactions would also be an interesting path
for future research.
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APPENDIX

A LIST OF SYmBoOLS

We present a list of the symbols used in our model, and their corre-
sponding values and units, in Table 2.
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1 STATISTICAL ENSEMBLES

Using our one-moment statistical approach for microphysics, we are
able to compute bulk or average quantities associated to ice and water
particles via integration over statistical ensembles. We show, as an
example, the detailed computation of characteristic diameters.

Since we assume spherical particles for each species a, the mass
mq (D) of a single particle with diameter D is given by

4
mq(D) = gﬂpaDS ,

where p, is the density of a. Then, we integrate over an statistical
ensemble of particles with diameters D to compute the bulk density p,
of the ensemble as

ﬁ:/ ng(D)mg (D) dD,
0
4 e 3
= gnpa”Oa/ D’ exp(—D/p,) dD,
0
= Sﬂpan()aDi .

Moreover, by definition, the mass fraction or mixing ratio g, is the
mass of a per unit mass of dry air, so we have

M./v Pa
qa = = / _&

- - 9
Mair Mair/v Pair

where V is the volume where the particles are contained. Combining
these two results we have

_ SﬂpanoaDﬁ
Pair

Solving for the characteristic diameter D, we arrive at

1/4
D, — ( Pairqa ) /
a — O~ ’
8TPanga
which is Eq. 3 of our model. We are then able to compute additional
bulk quantities in terms of the mass fraction g, via integration.

9a

2 DISCHARGE SCHEME COMPARISON

A detailed algorithmic comparison of PDS and our formulation with
gauge-invariance and electrical resistance is presented in Table 1. In
particular, note that we explicitly consider the electric resistance of both

the material and the channel in the probability and potential update.

Furthermore, since PDS uses the potential for promoting discharge
growth, multiple polarities and negative potentials result in negative
probabilities.
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o W. Patubicki is with AMU. E-mail: wp06 @amu.edu.pl
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Table 1: Main algorithmic differences between PDS and our formulation
EDS.

Feature | PDS EDS
Probability Update NN N [E (keyk) — Ecritic)"
Potential Update Dy, =D, =0 @, = ¢, — [y (ke,kn) Eind
Channel Resistance - Eint
Medium Resistance - Eritic
Polarity Always Negative K
Grid Size - d(ke,kn)

Additionally, the discharge channel must start at zero potential and
be fixed at that value to avoid having a positive probability of self-
intersection. For general fields, where discharges are usually trig-
gered at points of ® # 0, a gauge-transformation & — ® + C with
constant C can be applied to the potential so that all probabilities be-
come non-negative. This approach, however, does not always work,
as demonstrated in Figure 1, and becomes more problematic when
dealing with dynamic fields, as the particular gauge C that produces a
non-negative potential should be adjusted per-frame. Note that, since
we compute the probabilities using the electric field, which transforms
as E=—V® — E = —V(®+C) = —V® = E under a gauge chance,
our approach is automatically gauge-invariant i.e., it produces non-
negative probabilities regardless of the chosen gauge C or dynamic
changes in the field.

Potential (V)

0 2 4 6 8 10
Length (cm)

Fig. 1: Example of a discharge in a 1D potential ¢; using PDS. For a
discharge triggered at x = 5 cm, all probabilities would be negative. We
can adjust the gauge to ¢{' so that lightning starts at zero potential, but
half of the probabilities are still negative, and the other half are zero.
A third gauge can be used to get a positive potential ¢} that produces
positive probabilities, but now lightning can self-intersect.

3 CoOMPLEX DISCHARGES

We present several use cases of our discharge framework EDS for sim-
ulating channels under complex domains, including dynamic electric
fields, multiple polarities, as well as medium and channel resistance.
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Fig. 2: Simulation of dielectric breakdown in plastic based on the exper-
imental setup of Williams et. al. [6] (top corner) using PDS (left) and
EDS (right). Considering the field intensity and material resistance in our
scheme enables us to reproduce the correlation between charge density
and propagation distance of each discharge.

3.1

We reproduce the experiment of Williams et. al. [6] for dielectric
breakdown of charged plastic slabs, as demonstrated in Figure 2. Since
we take into account the material resistance and field intensity, the
correlation between charge density and propagation distance to capture
correctly the dielectric breakdown with different charge density values.
In contrast, PDS promotes lightning channel growth to all zones of
positive potential, so all channels reach the end of the slab regardless of
the field intensity - which does not conform to observations of reality.

Dielectric Materials

3.2 Dynamical Fields

In Figure 3 we show the simulation of dielectric breakdown between
charged diodes using PDS and our approach. In our model, changes in
the dynamical electric field are reflected on the automatic trigger and
termination of the discharge with varying diode distances. In contrast,
PDS generates a single channel between fixed prescribed points which
incorrectly does not terminate with increasing diode distance.

Furthermore, we simulate a plasma ball using both methods, as
demonstrated in Figure 5. The multiple channel and dynamical field
considerations of our extended scheme enable us to reproduce the
emergence of characteristic electric filaments from the center electrode
towards the glass exterior (Fig. 5, top left). EDS correctly describes
the arrest of the filaments when a conductor touches the boundary of
the domain (Fig. 5, bottom left). In contrast, PDS can only produce a
single sustained arc by prescribing the end-points of the discharge, but
is not able to capture the filaments.

3.3 Local Maxima

One important challenge in PDS is that this scheme tends to promote
lightning channel growth towards local maxima of the potential, which
results in overgrowth within complex geometries. This is usually ad-
dressed by adding intermediate way-points that are positively charged
and guide the channel towards its final destination [7], but such an
approach requires additional user input, and can become impractical
for more complex thunderstorm scenarios.

In comparison, EDS inherently prevents overgrowth. Specifically,
EDS discards points for which the field intensity does not exceed the
threshold imposed by the material resistance. PDS considers these
points, leading to unrealistic overgrowth towards local maxima. This
is demonstrated in Figure 4, where we compare the discharge within a
complex domain using PDS and our scheme.

4 THUNDER SIMULATION

Each time a discharge is triggered, we extract the relevant physical
quantities from our simulator and use them as input for computing the
associated thunder.

Fig. 3: Sustained arc between two diodes simulated using EDS (top) and
PDS (bottom). Both diodes are increasingly charged until a sustained
electric arc is established between them (left). When the diodes are
moved apart, the strength of the field decreases (right). EDS reflects
dynamical changes on the underlying electric field, while PDS produces
only one channel between fixed prescribed points.

Fig. 4: Discharges within a complex domain simulated using PDS (left)
and EDS (right). Overgrowth is automatically prevented in our formula-
tion because we discard points (based on field intensity and material
resistance) that would be considered in PDS to promote channel growth.
In this case, PDS took 93,237 steps to reach the end of the domain due
to overgrowing, while EDS took only 20,636 steps.

4.1

First, we reduce the lightning to a single point audio source by integrat-
ing over the volume of the channel V' to retrieve the average point

-1
(L) Lol o
vev Iy —xol| vev [ly —xoll

where Q = fer Qydy is the net charge, and xp the observer posi-
tion. Then, we average the atmospheric quantities along the con-
nection path L between x and xp, and obtain the temperature 7' =
Joer Tvdv/||L|, pressure p = [,.; pydv/||L]||, and the relative humid-
ity hr = [,z hydv/||L||, where ||L|| = ||x — xo|| measures the distance
to the observer.

Point Audio Source Center

4.2 Delay

The delay 7o = crp ||L|| between lightning and thunder is computed
from the distance to the observer and the speed of sound, which, in
general, depends on the temperature and pressure of the air [5] and is
computed along the connection path according to

erp =20.05 \/ 1+0.41n(351.557/p) /VT . 2)

4.3 Volume

We determine the volume « of the thunder by considering both the
net lightning charge and the distance to the listener. Therefore, we
compute ¢ as the sum of the power attenuation o, = 10log (2/0,),
and the distance attenuation oy = —61og, (IILIl/||L],), where ||L]|, is the
estimated distance of the sample lightning.



Fig. 5: Plasma ball simulated using EDS (top) and PDS (bottom). Our scheme is able to produce multiple electric filaments when the central
electrode is charged (left) as well as the dynamical change produced when a conductor is moved towards the boundary (right), while PDS can
produce the sustained arc by prescribing the end-points of the channel, but not the filaments as it does not support multiple channels nor dynamical
fields.

4.4 Panning

Unequally distributing the sound across the left and right speaker
creates a 3D panning effect. We compute the panning value x =
(m/2 — arctan2 (y,x)) / (27) as the angle between the view direction of
the observer and the connection to the lightning position by mapping a
45° angle to the extreme left/right values; which effectively distributes
the signal between the left (y = —1) and right (¥ = 1) speaker.

4.5 Frequency Adjustment

As the thunder travels through the air, its sound is affected by local
atmospheric conditions; in particular, different frequencies of the sound
are attenuated in different degrees [1-4]. We consider the saturation

vapor pressure py = —6.83 - (Tor/7) 126! -+ 4.62, the molar concentration
of water vapor h = h,ps/p, the relaxation frequency of molecular oxygen
fo = ps(24 4404004 (0.02 + 1) (0.391 + k) 1) [2], and the relaxation
frequency of molecular nitrogen

fv = po/To/T {9+ 280hexp (—4.17 ((TO/T)W _ 1)) ] G
The attenuation for each frequency f (in dB) is then computed as

ap = (ffp)?k(IL] —IIL/]) [1.84- 1071 (7/1) 2 4 (1/15) 2

. (0.01278 exp(—2239.1/7)  0.10680 exp (~3352.0/7) )]
folpo+ (F/p)* / (ofp) — Fv/p+(H/p) / (/o)

with & = 8.69 adapted from Eq. (3) of Bass et al. [3].
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