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Figure 1: Impressive phenomena arise from the interaction between the plume of explosive volcanoes and the atmosphere. Our framework
is able to capture (from left to right): embedded skirt clouds, cap clouds, ash rain, and volcanic lightning.

Abstract

Explosive volcanic eruptions rank among the most terrifying natural phenomena, and are thus frequently depicted in films,
games, and other media, usually with a bespoke once-off solution. In this paper, we introduce the first general-purpose model
for bi-directional interaction between the atmosphere and a volcano plume. In line with recent interactive volcano models, we
approximate the plume dynamics with Lagrangian disks and spheres and the atmosphere with sparse layers of 2D Eulerian
grids, enabling us to focus on the transfer of physical quantities such as temperature, ash, moisture, and wind velocity between
these sub-models. We subsequently generate volumetric animations by noise-based procedural upsampling keyed to aspects of
advection, convection, moisture, and ash content to generate a fully-realized volcanic skyscape. Our model captures most of
the visually salient features emerging from volcano-sky interaction, such as windswept plumes, enmeshed cap, bell and skirt
clouds, shockwave effects, ash rain, and sheathes of lightning visible in the dark.

CCS Concepts

e Computer Graphics — Physical simulation; Procedural animation,

1. Introduction

The portrayal of volcanic eruptions using computer graphics has
taken centre stage in a range of digital media, including films and
games. From a storytelling perspective, the catastrophic power of
volcanoes has been embedded in collective myth from the time of
the eruption of Vesuvius in 79 AD and before. There is also a place
for animating and rendering volcanic eruptions in both public ed-
ucation and risk forecasting. The challenge in depicting this phe-
nomenon lies in the multifaceted interaction between the eruption

plume and the atmosphere on the one hand, and between lava flows
and the terrain on the other. For instance, the force of the explo-
sion alone can deform the landscape (as happened with the caldera
breach of Mt St. Helens in 1980) and the flow of lava and lahar
(a slurry of water, ice, mud, ash, and rock fragments) can reshape
terrain through erosion and accretion.

In this paper, we set aside effusive eruptions to focus on ex-
plosive (so called Plinian) eruptions dominated by the ejection of
rock fragments, gas, and ash. Here the short to medium term bi-
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directional interaction between the eruption plume and the sur-
rounding atmosphere is key and gives rise to effects such as entrain-
ment of the surrounding air and moisture that combines with con-
vective uplift to form transitory clouds enmeshed with the plume
(see Figure 2 and 3), lightning caused by the convective friction
of ash particulates (see Figure 4), and the transport of fine ash
around which moisture accumulates leading to ash rain downwind
(see Figure 5).

Figure 2: Convective uplift can create embedded lenticular cap
clouds. Sarychev Peak eruption, Russia, in 2009. ©NASA.

Figure 3: Skirt clouds are formed by the uplift and condensation
of air layers ahead of and around the plume. Eruption of Hunga
Tonga—Hunga Ha’apai, Tonga, in 2022, courtesy of the Tonga Ge-
ological Services.

Existing eruption simulations [MDNO02, LRC*22] focus on
plume dynamics and treat the atmosphere as a static boundary con-
dition. For example, a constant wind velocity at discrete altitudes
is assumed. This neglects bi-directional effects where the plume
influences the atmosphere through heat, moisture, and ash transfer

Figure 4: A net of lighting encases the volcanic plume, an effect
that is more visible during a night-time eruption. Eyjafjallajokull
eruption, Iceland, in 2010. ©Terje Sgrgjerd.

Figure S: Ash is transported from the plume, mixes with water, and
falls as ash rain. Eruption of Shinmoedake, Japan, in 2011, cour-
tesy of the U.S. Geological Survey.

and the atmosphere acts on the plume in turn through advective and
convective forces.

On the other hand, atmospheric models devoted primarily to
cloud simulation [VGL*20, HMP*20] are also insufficient because
they are not configured to handle the extremes of heat at the ejec-
tion site, do not account for ash content in the atmosphere, and
generally update too slowly to capture fine plume detail.

To address the specific challenges of plume-atmosphere inter-
action, we propose a two-component coupled model, based on a
hybridisation of Lagrangian plume dynamics [LRC*22] and atmo-
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spheric Eulerian advection and procedural convection [VGL*20].
Specifically, we approximate the plume as an evolving stack of
cylinders whose motion is determined primarily by ejection and
air entrainment forces and secondarily by temperature, moisture,
and wind velocity from the atmosphere. These cylinders spawn
Lagrangian spheres which provide both a coarse visual hull for
the plume and also transfer heat, moisture, and ash to the at-
mosphere. For computational efficiency, our atmospheric model
is structured as a stack of Eulerian grids containing pertinent at-
mospheric quantities (temperature, water vapour, condensed mois-
ture, ash, and advective and convective velocity). Horizontal wind
is simulated through Eulerian advection, while vertical convec-
tion due to heat imbalance and uplift from terrain slope is han-
dled pseudo-physically using parcel transport and pressure adjust-
ment. Heat, moisture and ash from the plume are transferred to
this layered model and induce convection, cloud formation, and,
ultimately, ash fall. Finally, from this coupled simulation outputs
are fed to a procedural upsampling process. This provides a finely-
sampled 3D density grid for the atmosphere and a collection of
ellipsoids of varying density for the plume, suitable for direct volu-
metric rendering or export to external applications for use in games,
film, or education.

Such an upsampling approach enables relatively coarse-scale
simulation with attendant efficiency benefits, while generating a
plausible fine-scale final animation. However, it does mean sacri-
ficing some of the complex turbulence detail, which is replaced by
noise processes.

In developing our framework we build on existing models in
computer graphics for plume dynamics [LRC*22] and skyscape
simulation [VGL*20]. In doing so, it is necessary to extend them
to handle extreme temperatures, encompass a variety of previously
unsupported phenomena, and enable effective coupling between
Eulerian and Lagrangian strategies.

In summary, our contribution is an efficient hybrid model
adapted to high-temperature physics that guides plume dynam-
ics using advective and convective atmospheric velocity; transfers
heat, moisture and ash from plume to atmosphere; and supports
procedurally amplified volumetric rendering, thereby enabling for
the first time a variety of attendant phenomena, including enmeshed
clouds, ash rain, and plume lightning.

2. Related work

While significant effort within computer graphics has been de-
voted to the simulation of clouds [WCGG18, HMP*20, VGL*20,
HHP*21], smoke [FSJO1, WXCT19] and lava flow [SAC*99,
NKL*07,ZKL*17], there has to date been relatively little focus on
volcanic plumes. While plumes share some characteristics with re-
lated phenomena, such as the convective velocity of cumulonimbus
clouds, they are unique in regard to the extremes of temperature
and vertical scale.

In terms of plume simulation, Mizuno et al. [MDNO2] em-
ploy a fully three-dimensional Eulerian grid combined with semi-
lagrangian advection. Despite efforts to accelerate this through a
coupled map lattice approach, for memory and computation rea-
sons the resolution is limited to 100 x 100 x 100 cells. To over-

come this, Lastic e al. [LRC*22] adopt a coarse-grained strategy
using Lagrangian cylinders that extend like a spinal column along
the core line of the eruption to model the dynamics. The ascending
cylinders are refined into a hierarchy of rotating spheres, and pro-
cedural noise-based upsampling is used to introduce rendering de-
tail. Although our model is partly inspired by this proxy-geometry
approach, none of these models address the two-way interaction
between the plume and the atmosphere.

Another source of inspiration is the recent work in hybrid atmo-
spheric simulation. For example, Fire in Paradise [HBP*21] cou-
ples a module-based ecosystem with fluid solvers for the spread of
fire, smoke, and clouds in the service of capturing wildfire dynam-
ics. This enables complex feedback effects, such as flammagenitus
clouds that arise from smoke and convective uplift and can subse-
quently lead to condensation and rain capable of extinguishing fires
at other sources. EcoClimates [PMG™*22] captures the feedback cy-
cles between the atmosphere and biosphere that give rise to micro-
climates and vegetation patterning. This is achieved by using tem-
perature and moisture maps as an exchange mechanism between
soil, vegetation, and atmospheric sub-models. As in our case, these
simulations are tailored to the requirements of specific phenomena.

Unsurprisingly, simulation-based studies of volcanic eruption
are common in the geosciences. Typically, these model the vol-
canic column as a multiphasic flow and discretize the domain us-
ing a regular three-dimensional grid [DR06, NEOdAMVC22]. These
simulations are capable of capturing a wide-range of effects, in-
cluding volcanic jets, convective plumes, collapsing columns, and
ballistic ejecta. In addition, geophysicists have explored related
emergent phenomena in detail. This includes the transport of water
vapour from ejection and ambient sources to ultimate condensa-
tion and cloud formation at higher altitudes [GBW97]; the entrain-
ment of surrounding air into the column [MTT56, SK10]; the ac-
cretion of ash, ice and other particulates within the plume [GL94],
and mechanisms for electrical charging that lead to volcanic light-
ning [JWL*08,SGVE*21].

Unfortunately, transplanting these techniques directly to Com-
puter Graphics is not viable. First, the CFD models involved are
accurate but heavyweight, and often require days to execute. Sec-
ond, due to the size of the domain (around 60 x 60 km horizontally
and 20 km vertically) and simulated timespan (in the range of sev-
eral hours), a coarse resolution of around 100 x 100 x 100 m per
grid cell is often employed. This suffices for meso-scale studies
of thermodynamics and chemical composition [TGL*05,SCC*16]
but cannot convey the fine-scale turbulence necessary for visual ap-
plications. Nevertheless, these studies do provide a rich source for
validation of emergent properties, such as the temporal evolution
of plume shape, vertical velocity, and ash deposition.

3. Overview
3.1. A primer on explosive volcanic eruption

It is worth briefly explaining the physics of explosive volcanic erup-
tions, as illustrated in Figure 6. Here, we concentrate on the evolu-
tion of the plume and de-emphasise surface and subsurface effects,
such as the formation of magma chambers and calderas, and the
flow of pyrochlastic clouds, lava, and lahar mudslides. For a more
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complete treatment of volcanology, the reader is referred to works
by Parfitt and Wilson [PW09] and Cas et al. [CGW18].
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Figure 6: The progression of a Plinian eruption through the jet,

convective, and umbrella phases, including the formation of skirt
clouds and ashfall from the downwind plume.

Volcanic eruptions that follow the so-called Plinian or ultra-
Plinian regime, as contrasted with Peléan, Hawaiian, and other
forms, are caused by pressure from sources such as the separation
out of solubles or the melting and expansion of rock during the for-
mation of magma. This builds behind a plug sealing the volcanic
vent. The eventual eruption is an expulsion of a mixture of gas,
lava, and tephra at high velocities (50-200 m/s) and high densities
(several hundred kg/m3).

The column emitted from the vent progresses through three
stages. In the initial low-altitude jet phase it is lifted by the primary
momentum of the explosion. Next, in the convective phase ash sed-
iments out and the surrounding air is entrained and heated, thereby
making the plume more buoyant than the surrounding atmosphere.
If the ejection velocity is insufficient to lift the plume to a level
where entrainment can occur then a Peléan regime applies and the
plume will collapse and spread across the terrain as a pyroclastic
flow. Otherwise, the plume reaches the umbrella phase where buoy-
ancy is neutral with respect to the atmosphere, and spreads out in
the direction of the prevailing wind.

Depending on the force of the eruption this may be at an altitude
as high as 45km, making it one of the few natural phenomena capa-
ble of significantly breaching the tropopause - i.e., the atmospheric
boundary at about 12-17km high that demarcates the troposphere
below, where temperature decreases with altitude, from the strato-
sphere, where it increases again. In fact, it is this breaching and the
injection of sulphur and other particulates into the stratosphere that
can lead to long-term consequences, such as a volcanic winter.

The most striking visual consequences of the explosion are:

o Embedded clouds (see Figures 2 and 3): Apart from air entrained
from the sides, air layers can also be driven upwards ahead of the
advancing plume, until eventually the uplifted layers and plume
intermingle. Given sufficient lift the water vapour in these layers
condenses to form clouds. Depending on the structure of the at-

mosphere and plume these can present as layered "skirt clouds"
that overhang the plume [Bar82] or saucer-like cap clouds.

o Transient condensation clouds: In common with nuclear explo-
sions, the rarefaction phase of a volcanic shockwave causes a
drop in pressure and temperature that can lead to a transient and
spherical imprint of condensation [YI07].

o Ashfall (see Figure 5): One effect of an eruption is to transport
pyroclasts consisting of ash, cinders, and blocks from the vent
into the atmosphere. The heavier fragments tend to fall close to
the vent, contributing to formation of a volcano cone, but finer
ash can be carried far and wide, to later rain down as ashfall.

e Lightning (see Figure 4): The circulation within a volcanic
plume leads to friction of ash, ice, and tephra particles and of-
ten leads to discharges within and around the plume in the form
of volcanic lightning. Although fleeting, this phenomenon can be
spatially extensive, sometimes taking the appearance of a web or
sheath that encloses the plume.

3.2. Framework

Our strategy, summarised in Figure 7, is to combine three sub-
models to achieve a balance between computational efficiency and
plausible fine-scale detail. The volcanic plume is captured through
cylinder-and-sphere proxy geometry driven by Lagrangian dynam-
ics, the atmosphere is represented by discrete layers subject to
within-layer semi-Lagrangian advection and between layer proce-
dural transfer, and lastly a noise-based amplification process pro-
vides detail prior to volumetric rendering.

Despite their structural differences, these sub-models share the
same physical quantities (see Table 1), which makes their com-
bination possible through transportation and state transformation
during the simulation. These physical quantities include: tempera-
ture 7' , which peaks at the volcano vent and is spread through the
agency of the plume to the atmosphere; water vapour W present
in both the atmosphere and erupting column, which with cooling
due to vertical transport forms condensed water C visible as clouds;
ash content A contained in the plume parcels, transferred to the at-
mosphere, and precipitating as ashfall, and 3D velocity (or wind),
which is separated in the atmospheric model into horizontal ad-
vective H and vertical convective U components and transports the
other quantities.

These quantities induce bi-directional feedback in the sub-
models, with the exception of ash, which is uni-directionally trans-
ferred from plume to atmosphere. For example, atmospheric tem-
perature, water vapour, moisture and wind directly affect the evolv-
ing shape of the plume, and at the same time the plume in its jet
phase acts to block the wind, and throughout heat, water vapour,
moisture, and ash transfer induce convection, cloud formation, and
ashfall in the atmosphere.

To summarise, our framework builds on the work of Vimont et
al. [VGL*20] and Lastic et al. [LRC*22] to combine a layered
atmospheric model reworked to handle high-temperature physics
and to include ashfall and transient condensation clouds (Section 4)
with a plume dynamics model that, for the first time, represents em-
bedded clouds and lightning (Section 5). The physical interaction
between these sub-models is managed using a transfer mechanism
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Figure 7: Overview: a layered atmospheric model is coupled to a proxy-geometry plume model with two-way flow of temperature, moisture,
ash, and velocity components. Both coupled models feed data to a procedural upsampling process for final detailed off-line animation.

| Notation | Quantity | Units |

0 altitude m

T temperature K

A ash kg/m?

w water vapour kg/m?

Cc condensed water | kg/m’

L static charge unit-less
A\ velocity m/s (3D)
H horizontal velocity | m/s (2D)
U vertical velocity | m/s (1D)

Table 1: A summary of quantities, notation and units used in this
paper. Subscripts are used to indicate attribution to atmospheric
layers (£), grid cells (i), plume spheres (p), or vapour sheet samples

(s)-

(Section 6) that accounts for air entrainment and ash transfer at
inherently different update rates. Lastly, a new procedural amplifi-
cation mechanism is introduced to provide sub-cell detail suited to
volumetric rendering of the plume, clouds and ash-rain, and proce-
dural wire structures for lightning (Section 7).

4. Atmospheric model

We utilise an improved version of the hybrid modelling system cre-
ated by Vimont et al. [VGL*20] to model the weather and gener-
ate a consistent skyscape. The atmosphere is divided into several
horizontal layered grids at a mesoscale (roughly 60 metres by 60
metres horizontal resolution per 2D grid cell). Each layer is simu-
lated separately in terms of horizontal transport, phase transitions,
and radiative temperature changes, followed by a more procedu-
ral coupling between layers to model convection and ash and rain
precipitation. Using layers limits the memory requirements of the
simulation. It also improves efficiency by allowing 2D rather than
3D solves of the Poisson equation. The number of layers and their
altitudes are specified to conform to particular meteorological fea-
tures (see Table 2 for the layer structure used in our scenarios).

Each atmospheric layer consists of a grid of cells i, containing
the following parameters (see Table 1): temperature T; in Kelvin
(K) reflecting the mean temperature in the cell; absolute humidity
W;in kg - m™3 as the quantity of water vapour present in the cell;
water content C; indicating the quantity of condensed (liquid) wa-
terin kg - m™>; the particulate content A; in kg - m ™ as the quantity
of solid matter, such as volcanic ash in the cell; and the 2D veloc-
ity H;, which is the local planar wind driving horizontal transport
(advection).

We alter the phase change system of Vimont et al. [VGL*20]
to one more suited to the environment in and around a volcanic
plume. In addition to the standard evaporation-condensation cycle,
we allow for evaporation by boiling of condensed water if the sat-
uration vapour pressure exceeds atmospheric pressure. To support
this, we change the saturation vapour pressure equation from the
Tetens to Arden Buck formulation [Buc96] because the latter is
implemented as curves fitted to empirical data over a wider range
of temperatures [RLB19].

We also upgrade the treatment of fluid dynamics inside the lay-
ers. We retain a combination of Semi-Lagrangian advection and
pressure projection [Sta99], but incorporate a staggered grid, where
the velocities are separated, offset, and stored on the edges of the
cells, while scalar values (such as temperature, pressure, and mois-
ture) remain within the cell. For example, the x-velocity component
is stored on the left edge of cell i, and the y-component on the top
edge. The split is required for accurate solves of the pressure up-
date equation, for which we use a Jacobi-preconditioned Conjugate
Gradient solver. This solution is very accurate, especially with re-
gard to obstacles such as terrain — a notable shortcoming of the
previous approach [VGL*20]. An additional benefit is that it can
be used for grids of arbitrary dimension, in contrast to Vimont et
al.’s method [VGL*20] that requires a square grid with sides of a
power of 2.

As in Vimont et al. [VGL*20], inter-layer exchange is modelled
as a procedural, vertical velocity. This modifies the 2D velocity
fields of the horizontal layers to account for convection and they
are, therefore, no longer divergence free. The updated advection
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scheme is more sensitive to instabilities, which can be overcome
by running vertical transport at a lower frequency than horizontal
advection. In practice, we found that a ratio of 1 vertical coupling
step per 3 advection steps is sufficient to sustain stability indefi-
nitely.

4.1. Precipitation

We add precipitation to the inter-layer exchange mechanism, suit-
able for both rain and ash particles. The rain is modelled with a
physical approximation of coalescence, rather than the probabilis-
tic models common in meteorology [RLW*21, SEH*20]. This is
needed to accurately transfer physical quantities between the dis-
crete layers using our procedural approach to inter-layer exchange.

First, potential precipitation ppo is calculated using the current
density p; of precipitable matter in the cell scaled by a coalescence
factor C,,;, according to:

Ppot = Pi XCwalz (1)
Ceoal = min(|Hi| XFhor+|Ui| X Frer, 1~0)- 2

The coalescence depends on the magnitude of velocity in the cell
(see Table 1 for relevant notation). We separate horizontal Fj,,, and
vertical Frer scaling factors, since the vertical velocity is a proce-
dural rather than physical value.

Second, if this potential precipitation exceeds a calculated re-
sistance Qy, a portion of the precipitation Ap falls to the layer
below, with scaling factors from the timestep (Af) and the height
between the layers (/) to prevent instantaneous transport:

o = [omr B o >0
0 otherwise
Q'fall = Qbase +U; X CL (4)

If the precipitation reaches the ground, it is removed from the
atmospheric system and added to the terrain.

4.2. Transient condensation clouds

In explosions, such as bomb blasts and volcanic eruptions, the ini-
tial shock wave can be powerful enough to cause transient conden-
sation clouds to form in humid conditions during pressure wave
propagation. The condensation cloud is formed by an adiabatic
drop in air temperature as the pressure wave passes. This causes
the moisture in the humid air to condense out and form a cloud of
droplets. After a few seconds the air temperature returns to normal
and the droplets evaporate again.

One way to account for this would be to directly decrease and
then restore pressure in the atmospheric system for the affected
cells. However, as was the case for Vimont et al. [VGL*20],
there is no direct conversion from dimensionless pressure values
to kilo-Pascal (kPa) units, which renders this approach unsuited
to the phase transition equations. Instead, we apply a temporary
downward adjustment in temperature used during phase transi-
tion (with pressure values sourced from standard barometric equa-
tions [BC09]). This is realized by simulating a pressure wave cen-
tred on the volcano vent Q with initial non-dimensional strength N.

Once initiated, the pressure wave propagates outward at the speed
of sound. For each cell C; that is within the spherical domain de-
fined by the pressure wave, we calculate the distance D; between C;
and Q. The strength decays as the square of the radius, and the in-
fluence on a cell’s temperature calculated for use in the phase tran-
sition equations is N/ D,Z. Some seconds after the wave first passes
cell i, its effect on temperature is removed and adiabatically con-
densed water in cell i is allowed to evaporate.

5. Plume model

To represent the evolving volcanic plume we adapt the proxy-
geometry approach of Lastic et al. [LRC*22], in which the core
dynamics of the eruption are approximated using cylindrical slices,
with temperature, ash density and moisture attributes, simulated as
Lagrangian particles subject to gravity, buoyancy and global wind
forces. The acceleration of each slice is computed by applying all
contributing forces, and then integrated to update velocity and po-
sition.

We also simulate air entrainment, which is vital to the sustained
rise of the plume in a Plinian regime. Due to the turbulence of the
column, the surrounding air is incorporated, rapidly decreasing the
plumes density and increasing its buoyancy. We consider the en-
trainment velocity U,, which is the velocity of the air gathered in-
wards and upwards as a function of prevailing horizontal wind ve-
locity, vertical plume velocity and plume orientation, and use this
to compute the volume of entrained air. This leads to a revision of
the temperature, volume, and density of slices.

Next, a two-layers hierarchy of primary and secondary spheres
is attached to the slices, both to delineate the plume’s shape for ren-
dering purposes and to model local convection. The latter harnesses
the angular velocity of primary spheres €, to rotate the attached
secondary spheres in an orbital fashion, with Q, = (Up/rp)Tp,
where U) is the vertical velocity of the sphere, r its radius, and T)
is the unit vector tangent to the sphere. Primary spheres are origi-
nally emitted by the slices, and then move freely, using the velocity
of the closest slice.

‘We make two significant alterations to this plume model, detailed
next: First, we enhance the proxy spheres so that they both accu-
mulate electrical charge and transport and deposit ash, elements
necessary for lightning and ashfall effects, respectively. Second,
we add deformable water vapour sheets, initially anchored to their
source atmospheric layers, but which are subsequently uplifted by
the plume to form skirt, bell and cap clouds.

5.1. Sphere enhancement

We promote the primary and secondary spheres to a more central
role by having them track the local quantities necessary to render
lightning and ash-fall, as well as for more accurate atmospheric
transfer during simulation.

To be precise, in addition to the slice temperature present in
the prior model, we now track ash A, water vapour W and elec-
trical charge L for both cylindrical slices and spheres. Simulation
updates for temperature, ash and water vapour are vested in the
slices, copied to the spheres and then transferred to the atmosphere
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(Section 6). Primary spheres handle temperature and water vapour,
where precision is not needed, while secondary spheres are used for
ash loss, which requires a precise spatial location. Electrical charge
is a special case and is simulated entirely within the spheres with
no transfers to or from slices or the atmosphere (Section 5.2).

In addition, during the umbrella phase, once the plume reaches
neutral buoyancy, spheres gradually shrink vertically as a function
of time and wind speed to replicate the vertical thinning and elon-
gation of the plume as it moves downwind away from the vent. This
effect is known as a gravity current intrusion [WK94] and is caused
by movement along the plane of neutral buoyancy in a stratified en-
vironment.

This enhanced sphere model has two benefits: first, it allows cap-
ture, transport and dispersion of atmospheric quantities at a finer
resolution than possible with slices, thereby improving simulation
accuracy and, second, it enables a better visual depiction of the
variation between individual spheres during rendering.

5.2. Lightning

The occurrence and causes of volcanic lightning have been studied
both through radio-frequency measurement of live volcanoes and
shock-tube and current-impulse laboratory experiments [CG22].
This has lead to a number of working hypotheses as to the dom-
inant electrification mechanisms in volcanic plumes, including:

e Fracto-electrification: This charge accumulates during tephra
formation as hardened magma shatters in the conduit and on exit
from the vent. We approximate this by providing slices with an
initial constant charge at vent altitude.

e Tribo-electrification: In the jet and convective phases, friction
between heterogeneous materials with differing chemical com-
position (glass, minerals, and rock fragments) and granularity
(size, density and shape), leads to a build-up of charge. In-
terestingly, laboratory experiments [SCG* 19, MHCDM20] have
shown that in the absence of ice, water vapour has a significant
dampening effect on this charge. We factor this in by adding an
exponential decay based on water vapour content for charging
below the —20C isotherm.

e Water and hydro-meteors: Friction between supercooled water
droplets and ice flakes occurs at higher altitudes typical of the
umbrella phase in a similar fashion to electrification in thunder-
storms, except that the effect is magnified by the accretion of
ice around ash particles. Evidence points to this charging effects
being quite a bit stronger than tribo-electrification [CG22].

To account for these sources of friction, we represent electrical
charge using an accumulated dimensionless charge value tracked
for all sphere centres p and updated by 8L, on each plume timestep,
as follows:

kA (ki) - TV | Ry ) - e~ 1O ®a0) i T 5 253.15K
"\ ko -Cplke)-Hy+Uplkev) otherwise

(&)

This distinguishes between tribo-electrification below and
hydro-meteor electrification above the —20C (253.15K) isotherm.
The former includes terms for ash density, sphere velocity, and

an exponential decrease with water vapour, while the latter ac-
counts for atmospheric velocity, ice and ash (with notation de-
fined in Table 1). The bar function denotes a capped normaliza-
tion f(k) = min(f,k)/k. We use the following coefficients in prac-
tice: k| = 0.1, ky = 0.5, kpa = 100, kg =5, kpy = 400, key = 20,
kw =50, kc = 50.

The actual discharge in the form of lightning is managed through
procedural amplification (see Section 7).

5.3. Skirt, bell, and cap clouds

While the horizontal layers used in our atmospheric model (Sec-
tion 4), positioned at appropriate altitudes, are set to capture the
stratification of typical weather conditions, they are poorly suited
for modeling air parcels in the immediate vicinity of the plume,
which can be subject to significant uplift and distortion.

Instead, we represent these structurally as deformable sheet sur-
faces sampled vertex-wise at a much finer resolution than the at-
mospheric grid. Sheets are instantiated as horizontal discs centered
on the vent and spaced to represent naturally occurring alternating
layers of moist and dry air prior to eruption. This represents finer
detail than is present in the atmosphere stack, with up to 3 or 4
sheets per atmosphere layer.

Each sheet vertex s is initialised with water vapour Wy and con-
densed water C; taken from the closest atmospheric grid cell. Dur-
ing simulation sheet vertices are subject to vertical uplift forces
from the plume spheres. On each plume step, a sphere p has its ver-
tical velocity V), transferred to a sheet vertex s, weighted according
to the distance between them ¢(s — p). This weighting function is
set to unity within the inner radius of the sphere rs and tails off dif-
ferently within an outer horizontal r;, and vertical r, offset region,
according to:

1 if ||v]] <=rs
0(v) =< Si(1—d) if [l > rs & d = ||(5x/rn, Vy /i, Ve /1) | < 1
0 otherwise,
(6)

where S (r) = 3r> — 23 is the smoothstep function and v = v —
v/||v|| - rs is the vector from the sphere surface to the sheet sample.
The ellipsoidal outer weighting region (rj,,r,) allows us to proce-
durally model the difference between air parcels pushed ahead of
the plume and those dragged alongside it, which do not rise as fast.
This process continues until the sheet reaches a preset neutral buoy-
ancy altitude.

During uplift the sheet vertices are subject to adiabatic cooling
and potential condensation of their water vapour content. Their de-
formation then leads to the formation of characteristic skirt, bell
and cap clouds.

6. Plume-atmosphere transfers

Effectively coupling the atmosphere and plume sub-models re-
quires a transfer of physical quantities (temperature, moisture,
wind, and ash) to replicate the processes that take place in nature.

Our first challenge is handling differences in simulation fre-
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quency. The volcanic plume involves higher velocities that neces-
sitate smaller timesteps. In our framework, we employ a ratio of 50
to 150 plume timesteps (dt = 0.02s) for every atmospheric timestep
(dt = 1 to 3s). We synchronise based on the lower frequency, trans-
ferring data from plume to atmosphere immediately before each
atmosphere update step and in reverse from atmosphere to plume
immediately thereafter.

The second challenge lies in the differences in spatial structure:
a collection of cylindrical slices and spheres versus stacked grids.

To transfer data from plume to atmosphere, for each air layer ¢,
we consider the plume slices that intersect the layer’s altitude range
and select the one that lies closest to the layer’s central altitude ®,.
Then grid cells i intersecting the plume slice s obtain values (for
T ,C, W) from s. The adjustments made to a given cell i’s values
are a linear function of the distance from the slice centre to the cell
centre, with the adjustment equal to the relevant value of s if the
distance is zero and no adjustment if the distance is greater than the
radius of s. Note that this transfer relies only on plume slices and
not plume spheres.

Ash is a special case, in that there needs to be a close visual cor-
respondence between plume spheres and the source of the ashfall in
the atmosphere. Between atmosphere updates, each plume sphere
p keeps an accumulated count of ash loss Ap , which is transferred
to the closest grid cell i during the plume to atmosphere transfer
stage. This ash is then subject to precipitation in a similar fashion
to rain once sufficient coalescence has occurred (see Section 4.1).

To transfer data from atmosphere to plume, we consider an an-
nular region in the air layers, corresponding roughly to the region
where air is entrained by the plume. This region has an inner radius
equal to the extent of the plume 7, and an external radius of
3 7plume- For each air layer, we compute a mean value (for H , T,
C, W) over the cells in this annulus and use linear interpolation to
deduce values for altitudes that lie inbetween the layer centers @,
before assigning the averaged and interpolated values to a slice.

In summary the following quantities are transferred:

e Temperature (in both directions) to recreate the mixing of plume
and atmosphere that gives rise to plume buoyancy and localised
atmospheric convection.

e Water vapour and condensed water (in both directions) so that
the entrainment and release of moist air can be modelled.

e Horizontal wind velocity (from atmosphere to plume) so that the
plume is subject to the appropriate downwind push.

e Ash (from plume to atmosphere) so that ash can mix with water
vapour in the atmosphere and fall subject to wind advection.

7. Procedural amplification

The simulation models are run at a level of detail sufficient to
capture the key dynamics of plumes, embedded clouds and atmo-
spheric layers, while ensuring manageable execution times. It is,
however, necessary to incorporate finer-scale detail for rendering
purposes, which we do by procedurally upsampling the simulation
data. Fortunately, beyond ash and cloud density, this process can
be supported by a rich set of ancillary data (altitude, charge, water

vapour, advective and convective velocities). Moreover, temporal
consistency can be ensured by backtracking the velocity field.

Plume: Solid spheres do not combine well with volumetric ren-
dering, since a naive rasterization would require an impractically
dense voxel sampling. Instead, we combine a distance field, flow
noise [PNO1], and vector backtracking to achieve plausible and
consistent animation at reasonable voxel resolutions (100m on a
voxel side). This requires storing, per voxel: (1) the distance dj to
the closest plume sphere p; (2) sphere density A, , and (3) a vector
displacement from the current to initial sphere position B.

During rendering, we use ray-tracing on the distance values in
the voxel grid to estimate the location of hard transitions between
the plume and surrounding air. This opacity is then modulated ac-
cording to sphere density. To introduce high frequency detail we
subtract flow noise with a period of 50/4 simulation steps from the
distance value. This choice of noise function provides the necessary
undulating billowy character. For temporal consistency, the noise is
seeded based on the original position of the sphere, obtained using
an interpolation of B.

Clouds: We create a full volumetric cloud density field by lin-
early interpolating condensed water between atmospheric layers.
Specific cloud types (cirrus, stratus, and cumulus) are then assigned
for values above a visibility threshold on the basis of layer altitude
and per cell convection [VGL*20]. One issue with computing the
rendered atmospheric volume using such linear upsampling is that
the vertical density gradients are much weaker than the lateral ones.
To compensate, we laterally blur the layers prior to upsampling.

Detail is introduced by warping density with flow noise, based on
a combination of density values and cloud type: high frequencies
and turbulence for cumulus, lower turbulence for stratus, and lower
frequencies for stratus clouds. Density is scaled up for cumulus and
down for stratus, to sharpen and smooth them, respectively.

Finally, We use wind velocity V(¢) to recursively backtrack a
displacement displ(t)[x] at voxel position x to the cloud source,
using: displ(t + dt)|x] = displ(t)|x — dtV(¢)] — dt V().

Over time, this backtracking can lead to discontinuities in the
displacement and consequent rendering artefacts. This is overcome
by relaxing the displacement — we linearly interpolate between
displ(t 4 dt)[x] and the identity. This interpolation depends on the
cloud type: cumulus and stratus clouds are biased towards the iden-
tity because their billowy appearance depends primarily on local
turbulent phenomena, while cirrus clouds are wind swept, with a
low relaxation.

Ash rain: We reproduce the characteristic striated appearance of
ash fall by introducing noise with a high horizontal (1 — 3m period)
and low vertical frequency (1 — 3km period). To ensure temporal
consistency we advect the noise as before, except that the veloc-
ity is now predominantly vertical, with an horizontal component
matched to the prevailing wind.

Lightning: Drawing inspiration from Reed et al.’s work [RW94],
we model lightning as a branching wire structure comprising a pri-
mary central branch with multiple radiating secondary branches.
These secondary branches exhibit random angles (below 45 de-
grees) with respect to the main branch. Originating within the
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plume, each lightning strike randomly connects two highly charged
particles. The presence of such a connection is probabilistic, oc-
curring with probability of 0.1 at each time step. To enhance the
realism of our visual simulation, we introduce fractional Brownian
motion noise [MVNG68] as a function of spatial position and time to
perturb the line segments composing the wire structure.

8. Results

The simulation sub-models are coded in C++ 20. OpenGL is used
for pre-visualization. The procedural upsampling and volumetric
rendering are implemented in Houdini 19.5. To aid replication, our
code and test scenarios are available at: https://github.com/
jgain/VolcanicSkies.git.

Results show that our model is able to capture the most salient
visual effects induced by the interaction of a volcanic eruption with
the ambient weather, including: volcanic lightning (Figure 12),
skirt clouds (Figure 13), a cap cloud (Figure 14), transient conden-
sation clouds (Figure 15), and, finally, an eruption whose duration
extends to the umbrella phase leading to ash rain (Figure 16). Note
that in the earlier phases ash fall is usually hidden within the plume.

1.6cm

0

(Vent) 10km

Figure 8: Ash deposition on the terrain 20 minutes after eruption.
[right] Ash accumulation and colour-coded transects overlaid on
the terrain. [left] Graphs of ash deposition along the transects as a
function of distance from the volcano vent.

8.1. Validation

In terms of validation we consider: ash transmission through the
atmosphere and deposition on the landscape, the incremental build
up of electrical charge in the plume, and an ablation of the effect of
the advected windfield as compared to a uniform wind vector.

Ashfall: We performed qualitative validation of ash precipitation
by investigating the behaviour of ash subsequent to atmospheric
transfer both within atmospheric layers and after deposition onto
the terrain (see Figure 8 and Figure 9). By recording the accumu-
lation of ash on the terrain, we see that ash fall takes place sur-
rounding the vent from early in the ash rain scenario (Figure 9 a),
t =204s). As is to be expected, the intense uplift directly above the
vent prevents ash from accumulating there. In its umbrella phase,
the plume evolves more gradually and ash saturates the atmosphere
to the extent that it becomes visible in the air. On settling out of the
plume, ash movement is dictated by atmospheric convection and
advection. This is illustrated by Figure 9 - right, which show ash
density at the same timestep ¢ = 477s, for two layers in elevation

t=477s b)

\

t=477s @)

Figure 9: Ash fall density in the atmosphere under a wind from left
to right, with darker red indicating greater density. a) Ash accumu-
lated on the terrain before the formation of the umbrella; b) Ash in
the top most layer below the umbrella, where most of the ash trans-
fer takes place; c) Ash in the layer immediately below b).

sequence, b) at 17.5km and c) below it at 16.2km. Swept by the
wind the ash in c) is less dense and further away from the plume.

In terms of ash deposition over the landscape, Figure 8§ shows a
map and transects for the depth of ash in centimetres accumulated
during the first 20 minutes of a volcanic eruption. In the longer
term, ash depth can peak at a few metres for major eruptions, but
this involves volcanic activity that can continue for days or even
weeks. Unsurprisingly, the deposition profile depends on wind di-
rection. In our case, the peak is some distance from the vent along
the wind axis because we only model fine-shard ash as opposed to
coarser grains, much of which is born aloft by the convection of the
plume. However, the overall deposition does follow an exponential
thinning pattern that accords with field studies [PyI89].

Lightning: Figure 10 depicts both the incremental and accumu-
lated charge in a medium stage plume. Two aspects are particu-
larly worth noting. First, the charge increment per timestep (Fig-
ure 10[left]) increases by about an order of magnitude above the
—20C isotherm, indicated by the black rectangle frame in the fig-
ure. This is because of the significant increase in charge due to su-
percooling at this altitude and above (see Equation 5). Second, there
are discontinuous patches within the accumulated charge. This is
due to discharge as a result of lightning strikes, which we model by
zeroing the charge in a spherical region around the anchor points,
before resuming charge accumulation.

Windfield ablation: The atmospheric sub-model introduces con-
siderable implementation complexity and so it is worth assessing
whether it adds commensurate value to the rendered results. We in-


https://github.com/jgain/VolcanicSkies.git

100of 13 P. C. Pretorius et. al. / Volcanic Skies
Scene Timestep computation (in s)
Scenario Dimensions Grid size Layers Plume Skirt | Atmosphere | Total
Skirt 60 x 60 x 20km 512 x 512 20{0.4,1.2,2,2.7,3,3.5, 0.44s x50 | 1.53s x50 8.7s 92.2s
Cap and condensation | 60 x 60 x 20km 512 x 512 4.1,4.7,5.5,6.5 km, then 0.11s x50 0.7s x50 19.1s 59.6s
Ash rain 60 x 60 x 20km | 1024 x 1024 | evenly spaced up to 20km } | 0.53s x50 No skirts 52.9s 72.9s

Table 2: Parameters for 3 scenarios. The average performance per timestep (dt = 1s) is reported, with a breakdown by sub-model.

Figure 10: A visualization of charge accumulation in plume particles, using a colour scale from yellow (low charge) to red (high charge).
The outlined frame positioned at 4100m roughly indicates the —20C isotherm. [left] The change in charge over a single timestep, which is
approximately an order of magnitude greater above the isotherm. [right] Total accumulated charge. Interspersed lighter regions are a result
of discharge due to lightning.

Resolution
2562 5122 10242
10 | 0.86s | 3.65s | 21.64s
20 | 1.66s | 8.51s | 51.83s
30 | 3.12s | 15.23s | 98.5s

Layers

Table 3: Total performance cost per timestep (dt = 1s) as a func-
tion of the number of atmospheric layers and layer resolution for
the ash rain scenario.

vestigate this through an ablation study comparing the impact of
our advected windfield against a single uniform wind direction per
layer. Figure 11 shows the effect this choice has on the ash dis-
tribution, with complex eddies and currents evident in the case of
advection that are simply absent in the case of uniform wind.

8.2. Performance

Timing tests were conducted on an Intel® Core™ i9-9900K CPU
@ 5GHz and an NVidia® RTX 2080M (8GB). Table 2 shows the
computational performance of the sub-models in our simulation.
We found that for a single step, the atmosphere model takes much
longer than the plume or skirt models, but is run at a much lower
frequency, which partially mitigates the issue.

Component-wise, computation of the atmospheric model is dom-
inated (70%) by the pressure solve. Adding layers linearly increases
computation time, as does increasing grid resolution (see Table 3).
From a quality perspective we have found that around 20 layers and
a cell size of 60 — 100m per side is sufficient to capture relevant at-
mospheric behaviour.

The atmosphere model is more expensive in the cap and conden-
sation scenario than the skirt scenario despite the grid size remain-
ing constant. This is because the phase transition (see Section 4.2)
and cloud classification subsystems must be run with a smaller

timestep (dt = 0.1s) to adequately capture the transient nature of
condensation clouds. In comparison, the rest of the atmospheric
model runs at a timestep of dt = 2s, and in the other scenarios, all
parts of the atmosphere model run at the same timestep (dt = 2s for
the skirts scenario and dt = 3s for the ash rain scenario).

The computation cost for the plume increases linearly with the
number of slices and spheres added as part of plume expansion.
The cost of this sub-model, negligible to begin with, can require
as much as a second of computation per timestep Ar = 0.02s when
the simulation reaches ¢t = 600s. The total number of timesteps in
a scenario in Table 2 thus accounts for differences in this average
computational time per timestep. Deforming skirt surfaces is par-
ticularly expensive because it requires subsampling the plume tra-
jectory. A more sophisticated scheme for calculating per timestep
intersection of skirt and plume would compensate for this. How-
ever, once the skirt reaches neutral buoyancy this component of the
computation falls away.

8.3. Limitations

While our solution for coupling explosive eruptions with the atmo-
sphere represents a reasonable compromise between accuracy and
computation cost, it remains far slower than real time. The reso-
lution of the atmospheric model is also coarse, with cell sizes of
60 or 100m on a side, which can cause some inaccuracies around
the plume. Finer resolutions are possible, but come at a significant
computation cost. This is infeasible for simulation times of t = 60s
or more. Both a GPU implementation and multiresolution atmo-
spheric grids are possible given the nature of the algorithms, and
would speed up computation significantly.

In our plume model, we do not differentiate between positive and
negative charge and simply connect highly charged regions. While
visually acceptable, this is not physically accurate. In the atmo-
spheric model, the inter-layer exchange is procedural and could be
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Figure 11: An ablation study contrasting the pattern of ash in the
atmosphere under constant wind [left] and using an advection field
[right] over a time span of 180s. Advection introduces downwind
turbulence and variation in ash concentration.

improved by using a more accurate, 3D model of the atmosphere,
again at the cost of more computation time.

Lastly, as with many simulation methods involving fluid dynam-
ics, there is an overhead associated with setting up and tuning the
initial conditions and parameters. This process may require some
experimentation and adaptation. In particular, the air layers need to
be situated at altitudes that best match atmospheric features, such
as inversion layers.

9. Conclusion

In this paper, we have developed an integrated framework for the
animation of explosive volcanic eruptions that combines efficient,
interacting models for plume and atmosphere simulation with pro-
cedural amplification. For the first time, this enables the graphical
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Figure 12: Volcanic lightning.

portrayal of salient secondary effects, including ashfall, enmeshed
clouds, and lightning. Furthermore, the inclusion of a windfield al-
lows the plume to more realistically track crosswinds and eddies.
Performance-wise, the atmospheric simulation is stable, despite the
high energy dynamics. Computation times depend on the number
of layers and their resolution, but are generally under 2 minutes per
second of simulation. Since execution is dominated by advection
this would be improved by a GPU implementation [CLT07].

An exciting future extension would be to integrate sub-models
for lava flow and topographic deformation to our system, in order to
create a unifying framework that incorporates all the visual aspects
of volcanic eruption, across the range of eruption types. In partic-
ular, while lava flows have been previously modeled in computer
graphics [SAC*99, ZKL*17], this is not the case for lahar flows,
which are challenging because they combine pyroclasts, water, and
debris, with significant variations in temperature and viscosity.
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