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ABSTRACT

From Stormscapes to Wildfires:

On the Physically-based Modeling and Simulation of Complex Natural

Phenomena

Torsten Hädrich

We propose a new atmospheric model based on first-principles for the simulation of

clouds. Our approach is able to simulate the realistic formation of various cloud types,

such as cumulus, stratus, stratocumulus, their temporal evolution, and transitions

between cloud types. Moreover, we are able to model strongly rotating thunderstorms

known as supercells. Our method allows us to simulate cloud formations of up to

about 20 km×20 km at interactive rates. For the intuitive exploration, we identified a

light-weight parameter set to interactively explore cloud formations. We demonstrate

that our model can be coupled with data from real-time weather services to simulate

cloud formations in the now.

Moreover, we present a novel approach for the simulation of wildfires. Our model

is able to realistically capture the combustion process of trees, heat transfer with the

environment and fire propagation between trees. We demonstrate that our approach

is capable of realistically simulating the propagation of fire through entire ecosystems

with varying vegetation occupancy. We integrated our atmospheric model which

allows us to simulated clouds emerging from the evaporation of water from burning

trees leading to complex so called flammagenitus patterns which are usually observed

over wildfires. Our system runs at interactive rates which enables the exploration of

wildfires in different environments.
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MOTIVATION

It is the prevailing opinion in scientific literature that the world is heading towards a

climate abyss. Climate projections predict drastic changes in temperature that will

affect the global ecosystem and consequently lead to an increase of natural disasters.

In the coming decades a strong upward trend for the occurrence of heat waves is to be

expected, which will likely increase the number of droughts and the risk of wildfires.

Moreover, increasing temperatures will lead a to rise in atmospheric moisture due to

evaporated water. As a result, more rainfall-induced flooding is to be expected. Also

climatic factors are linked to the occurrence of destructive storms, for which evidence

suggests an upcoming increase in frequency and severity. While there is criticism

with regards to the quality of available temperature data, validity of temperature

adjustments and their impact on trend estimations, the importance of research to

increase our knowledge about the Earth’s climate is universally recognized. Since

there is no past experience with rapid changing climate conditions on Earth, novel

technologies are required to act in time: simulating the predicted change as well

as potential measures, and automating the action partially trained or tested on the

simulation.

In my dissertation, I aim to contribute to the simulation of climate change related

phenomena on a mesoscale level. In this context, I am specifically focusing on wildfires

which have become an existential threat across various countries around the world.

The complex dynamics paired with their often rapid progression renders wildfires an

often disastrous natural phenomenon that is difficult to predict and to counteract.

The goal is to jointly simulate fire and the combustion of large collections of

plants by simultaneously addressing their impact of local weather and vice versa. To

capture the spread of fire across the entire ecosystem a volumetric grid-based fluid

solver is used that enables heat transfer from the environment to individual plants. A
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burning plant – in turn – releases heat to its environment, which triggers a feedback

loop that maintains the combustion and that may cause the spread of fire from one

plant to another. A key advantage of the wildfire model is that the combustion of

plant tissue and the simulation of fire are decoupled: trees can be represented with a

varying number of modules based on a state-of-the-art modeling approach for large-

scale ecosystems that enables to represent each plant as a detailed 3D geometric

model, while fire can be computed with more or less detailed volumetric grids. This

allows to manage the complexity required for wildfire simulations, while maintaining

the realistic and physically-plausible interaction of trees and fire.

A state-of-the-art model for cloud dynamics has been developed to simulate differ-

ent types of clouds including so called flammagenitus clouds that emerge from large-

scale wildfires. Moreover, large-scale cloud super cells, which are commonly present

during thunderstorms, can be computed. The capabilities of physically accurate and

yet interactive cloud simulations are explored by showing numerous examples and by

coupling the model with atmosphere measurements of real-time weather services to

simulate cloud formations in the now. Finally, the model is quantitatively assessed

with cloud fraction profiles, a common measure for comparing cloud types.
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Chapter 1

Stormscapes: Simulating Cloud Dynamics in the Now

The complex interplay of a number of physical and meteorological phenomena makes

simulating clouds a challenging and open research problem. We explore a physically

accurate model for simulating clouds and the dynamics of their transitions. We

propose first-principle formulations for computing buoyancy and air pressure that

allow us to simulate the variations of atmospheric density and varying temperature

gradients. Our simulation allows us to model various cloud types, such as cumulus,

stratus, and stratoscumulus, and their realistic formations caused by changes in the

atmosphere. Moreover, we are able to simulate large-scale cloud super cells – clusters

of cumulonimbus formations – that are commonly present during thunderstorms.

To enable the efficient exploration of these stormscapes, we propose a lightweight

set of high-level parameters that allow us to intuitively explore cloud formations

and dynamics. Our method allows us to simulate cloud formations of up to about

20 km × 20 km extents at interactive rates. We explore the capabilities of physically

accurate and yet interactive cloud simulations by showing numerous examples and

by coupling our model with atmosphere measurements of real-time weather services

to simulate cloud formations in the now. Finally, we quantitatively assess our model

with cloud fraction profiles, a common measure for comparing cloud types.
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1.1 Introduction

Clouds are among the most common weather phenomena that one can observe. Rang-

ing from dense layers of ground fog or during overcast skies, to the well known ‘cotton-

like’ appearance at lower altitudes, and even their absence during blue skies, clouds

are the result of the complex interplay of various physical and meteorological phe-

nomena that define the atmosphere. Due to their enthralling visual appearance, cloud

formations evoke fascination and fear alike, which makes clouds an important visual

asset for the content creation in visual media, such as games or movies.

In computer graphics, existing methods for clouds either focus on simulating spe-

cific cloud types [Harris et al. 2003; Goswami and Neyret 2017], their interactive

generation [Dobashi et al. 2008], representations to enable cloud formations [Vimont

et al. 2020], or the realistic rendering [Bitterli et al. 2018; Novák et al. 2018]. More-

over, it has even been recognized that clouds and other weather phenomena can be

used as a means for modeling urban landscapes [Garcia-Dorado et al. 2017]. However,

despite these advances the degree of realism and the variety of simulated clouds is

still limited and the physically accurate simulation of cloud dynamics has only been

partially covered by the visual computing community.

Due to their presence in our daily lives and due to their importance for weather

prediction, the motivation to understand clouds and their dynamics also extends far

beyond common applications in visual computing. Existing methods in meteorology,

engineering, and environmental sciences, aim to realistically simulate atmospheric

conditions to enable more reliable predictions of weather phenomena – often over large

spatial extents and based on complex and physically accurate models [Yau and Rogers

1996; Houze 1994]. Most of these models are computationally demanding and there-

fore prevent the interactive exploration of cloud dynamics. We argue that fast and yet

realistic simulations of clouds play a significant role for further understanding weather

phenomena, also for the data generation of learning-based approaches [Wiewel et al.
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Figure 1.1: Three types of thunderstorm supercells simulated with our framework: low
precipitation supercell (left), a classical supercell (middle), and a high-precipitation
supercell (right).

2019; Kim et al. 2019; Ummenhofer et al. 2020].

In this chapter, we advance simulations of clouds by introducing a new physical

model that allows expressing various cloud types and their transitions, as well as

more dynamic phenomena such as the formation of thunderheads, mesocyclones, and

super-cell thunderstorms, that we refer to as stormscapes. We enable these simula-

tions by introducing novel formulations for buoyancy and temperature distributions

based on first-principles. Buoyancy is defined so as to consider variations of density

in the atmosphere, while our formulation for temperature profiles allows for varying

temperature gradients, including temperature inversion profiles. Unlike existing mod-

els, this enables us to create conditions necessary to simulate cumulonimbus cloud

formations and even more complex phenomena like the Kelvin-Helmholtz instability.

Figure 1.1 shows three supercell thunderstorms simulation with our framework.

To provide users with an intuitive way to interact with cloud formations, we

identify a lightweight set of high-level physical parameters that determine a weather

scenario. Specifically, we find that ground humidity controls the cloud base altitude,

while the atmospheric temperature lapse rate independently controls the cloud top

altitude. Our model is implemented as a grid-based fluid solver to allow for the ef-

ficient simulation of complex cloud formations over large spatial extents. To further

increase the realism of our simulations we couple the fluid dynamics with detailed rep-

resentations of terrain obtained from real map data. Together this enables physically

accurate simulations and the interactive exploration of large-scale stormscapes.
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In summary, our key contributions are:

1. We propose novel first-principle formulations for computing buoyancy and air

pressure that allow us to simulate the variations of atmospheric density and

varying temperature gradients;

2. We incorporate these formulations into a grid-based fluid dynamics model allow-

ing for the physically accurate simulation of various cloud types and transitions

between them, including cumulus, stratus, fog, stratocumulus, and cumulonim-

bus.

3. We introduce a lightweight set of parameters that allow us to intuitively explore

and model cloud formations.

4. We successfully address the simulation of several complex weather phenomena,

such as thunderheads, mesocyclones, and various types of super-cell thunder-

storms.

5. We quantitatively assess our model using cloud fraction profiles, a common

measure for comparing cloud types.

6. Finally, we couple our model with data of real-time weather services to interac-

tively explore cloud formations in the now.
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1.2 Related Work

Modeling and rendering complex natural phenomena such as fog [Blinn 1982], flu-

ids [Kass and Miller 1990; Stam 1999], or clouds [Kajiya and Von Herzen 1984], has

a long tradition in computer graphics. Today, a large body of work exists to model

and simulate fluid dynamics with their many intricate details [Bridson 2008]. While

this spans a breadth of work that we cannot conclusively discuss, here we provide an

overview of fluid dynamics, weather phenomena, and cloud simulation models related

to our work.

Fluid Dynamics. Since the seminal work of Stam [1999] many methods have

been introduced to improve solvers for two way coupling [Zhu and Bridson 2005;

Teng et al. 2016; Lu et al. 2016], based on reduced order methods [Treuille et al.

2006; Gupta and Narasimhan 2007; Jones et al. 2016], Smoothed Particle Hydrody-

namics [Koschier et al. 2019; Ihmsen et al. 2014], or with an emphasis on compute

and memory efficiency [Losasso et al. 2004; Ferstl et al. 2014; McAdams et al. 2010;

Setaluri et al. 2014; Zehnder et al. 2018]. Numerous methods focus on even more

intricate features of fluid flows, for example based on eigenfunctions [Cui et al. 2018],

momentum transfer and regional projections [Zhang et al. 2016], style-transfer [Sato

et al. 2018b], optimization [Inglis et al. 2017], or based on narrow band represen-

tations [Ferstl et al. 2016]. More recently, it has also been recognized that neural

networks provide a powerful means to represent details of fluids, for example with an

emphasis on temporal coherency [Xie et al. 2018], liquid splash modeling [Um et al.

2018], Lagrangian simulations [Ummenhofer et al. 2020], or even style-transfer [Kim

et al. 2020].

Cloud Rendering. While early methods for rendering clouds specifically focus

on the efficient rendering based on impostors [Harris and Lastra 2001], more advanced

methods explicitly simulate light scattering based on estimating particles present in

clouds [Nishita et al. 1996] or by approximating the energy transport and scattering of
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light [Bouthors et al. 2008, 2006]. Recent methods rely on more accurate algorithms,

such for computing non-exponential free-flight distributions [Bitterli et al. 2018], frac-

tional Gaussian fields [Guo et al. 2019], radiative transfer [Miller et al. 2019], or –

more generally – Monte Carlo Integration [Novák et al. 2018] for modeling light trans-

port in volumetric and participating media. While all these methods aim to improve

the visual fidelity of clouds or other volumetric media, we focus on simulating cloud

formations by modeling the atmospheric effects that generate clouds.

Cloud Modeling and Artistic Control. A number of methods aim to realisti-

cally generate clouds along with their transitions and temporal evolution; prominent

examples include fractals [Voss 1988; Peitgen and Saupe 1988; Ebert et al. 2002],

noise [Lagae et al. 2010], and cellular automata [Dobashi et al. 2000]. Furthermore,

due to the importance for content creation a number of methods aim to model clouds

while facilitating artistic control through user-defined sketches [Wither et al. 2008;

Stiver et al. 2010], morphing [Yu andWang 2011], keyframing [Webanck et al. 2018], or

animation [Schpok et al. 2003]. Dobashi et al. [2008] and Sato et al. [2018a] introduce

sketch-based interfaces for cloud-shape control with plausible simulations of clouds,

while other methods focus on extracting visual features from images to correlate them

with simulated clouds [Yuan et al. 2014; Dobashi et al. 2010]. Garcia-Dorado [2017]

go even further and employ a weather model along with urban procedural modeling

of cities. Their approach specifically allows for sketching terrain properties that are

used as initial conditions for weather simulations. While these methods provide ways

to control the modeling and authoring of clouds, we introduce a physically accurate

model for cloud simulations along with an intuitive set of parameters to control their

formations.

Cloud and Weather Simulations. Physics-based methods aim at simulating

clouds as meteorological phenomena in the atmosphere. Among the first methods

is the work of Kajiya and Von Herzen [1984] who introduce a dynamical model for
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generating cloud animations. A number of methods rely on Eulerian fluid solvers for

the interactive simulation of clouds that carefully balance physical plausibility and

compute limitations [Overby et al. 2002; Harris et al. 2003; Miyazaki et al. 2002].

Due to the complexity of cloud simulations, also considering the often very large

spatial extend, numerous methods introduce refined representations for simulating

clouds. This ranges from geometric- and particle-based representations [Gardner

1985; Neyret 1997; Bouthors and Neyret 2004], coupled map lattices for extended

cellular automata [Miyazaki et al. 2001], position-based dynamics [Ferreira Barbosa

et al. 2015] to layer-based approaches [Vimont et al. 2020]. Due to these representa-

tions a wide range of cloud phenomena can be simulated realistically and efficiently.

Goswami and Neyret [2017] introduce a Lagrangian approach for a convective cloud

simulation that by definition allows a more convenient way to express boundary and

atmospheric conditions. On another trajectory, Duarte and Gomes [2017] introduce

a real-time approach for simulating cumulus clouds by exploiting real atmospheric

measurements represented as sounding curves.

Similar to many of these approaches, we aim to simulate clouds in a physically

accurate manner; however, unlike them our cloud model is based on first-principles

and implemented as an integrated fluid solver that does not require a specialized rep-

resentation, such as particles or layers. This offers the advantage that our method can

more realistically simulate cloud various and cloud phenomena that are not captured

by existing methods.
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1.3 Overview

The main motivation for our approach is to enable the realistic simulation of cloud

types and their dynamic transitions. From a meteorology perspective we are inter-

ested in simulating the atmospheric conditions in the troposphere (i.e. ground level

up to 13 km). Clouds form when a parcel of humid air is cooled below the saturation

point of the contained water vapor. This includes ‘warm’ clouds such as cumulus,

stratocumulus, stratus, altocumulus, altostratus, and cumulonimbus and nimbostra-

tus, as well as ‘cold’ clouds that form from ice, such as cirrus, cirrostratus, and

cirrocumulus. Each cloud type can have further variations of so called cloud species,

such as cumulonimbus capillatus and cumulonimbus incus clouds. Figure 1.2 shows

an illustration of the various cloud types and at which altitudes they appear. For

a more thorough overview on cloud dynamics we refer the interested reader to the

books of Yau and Rogers [1996] and Houze [1994].

In this chapter, we restrict ourselves to ‘warm’ clouds for which the transition is

limited to liquid water. Specifically, we focus on simulating cumulus, stratocumulus,

cumulonimbus, and stratocumulus clouds, as well as their transitions. Additionally,

we simulate advanced cloud phenomena that are not captured by previous methods,

such as different types of supercells, thunderheads, mesocyclones, and precipitation

in the form of rain. Cloud supercells [Grant and Van Den Heever 2014] are clusters of

cumulonimbus formations commonly present during thunderstorms resulting in the

formation of complex stormscapes.

The realistic simulation of these phenomena includes complex processes such as

the exchange of water, vapor and heat between parcels of air and the terrain. These

dynamics can lead to fast, turbulent air flows, which are challenging to compute

numerically. We introduce height maps and noise functions for vapor and heat as

light-weight means to represent the water and temperature exchange between terrain

and air. Further, we allow users to specify wind conditions as an external velocity field
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Figure 1.2: Illustration of the tropospheric cloud classification: altocumulus, altostra-
tus, cumulonimbus, cirrocumulus, cirrus, cirrostratus, cumulonimbus, nimbostratus,
stratocumulus, and stratus. Illustration inspired by Valentin de Bruyn (CC BY-SA
3.0).

acting on the fluid simulation. We develop a model derived from thermo- and fluid

dynamics that is comprised by two sets of parameters, one for the dynamic control of

cloud formation and another for describing the atmospheric background. This enables

us to express the transitions between different cloud types and stormscapes.

In the following sections we introduce our cloud dynamics model and showcase its

capabilities through a number of experiments. We simulate various cloud types, the

transitions between clouds, and the formation of complex stormscapes. To validate

the plausibility of our model we use cloud fraction profiles to quantitatively assess

cloud formation. Finally, to explore the capabilities of physically accurate and yet

interactive simulations we couple our model with atmospheric measurements of real-

time weather services to simulate cloud formations in the now.
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1.4 Model

In this section we provide an overview of our cloud dynamics model, which can be

divided into an atmospheric model that describes temperature and pressure changes

as a function of altitude, a 0D thermodynamics model that determines local forces

and the formation of clouds, and the fluid dynamic model that determines the motion

of humid air in the atmosphere.

1.4.1 Atmosphere

The background atmosphere is determined by the temperature distribution and the

fundamental hydrostatic equation [Houze 1994] for compressible fluids.

Atmospheric Pressure

The hydrostatic equation relates the density ρ of a fluid to the pressure gradient,

dzp = −ρg , (1.1)

in which g ≈ 9.81 m/s2 denotes the acceleration due to gravity. In an ideal gas,

pressure p is related to density and temperature T as ρ = p/(RT ), where R = R/M

is the specific gas constant, i.e. the ratio of the general gas constant R and the molar

mass M . We introduce a temperature distribution analogous to the ‘International

Standard Atmosphere’ (ISA; see Appendix A) using the temperature lapse rate dzT =

Γ, so that Eq. (1.1) can be integrated to

z∫
0

dp

p
=
g

R

z∫
0

dz

T (z)
=
g

R

z∫
0

dz

T0 + Γz
, (1.2)
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yielding an equation for pressure as a function of altitude,

p(z) = p0

(
1− Γz

T0

) g
RΓ

. (1.3)

Temperature Profile

Interesting weather phenomena occur at an inversion layer at high altitudes, for which

we introduce a second lapse rate Γ1, valid beyond an altitude of z1, so that the

temperature profile is described as

0 ≤ z ≤ z1 : T (z) = T0 + Γ0z ,

z1 < z : T (z) = Tz1 + Γ0z = T0 + Γ0z1 + Γ1(z − z1) . (1.4)

An interesting stratification is given for Γ0 < 0, Γ1 > 0, then the temperature

inversion at z1 would act as an obstacle for the rising thermal, allowing the distinct

flattened top (the ‘anvil’) of a cumulonimbus to form. Usually, we employ a simple

inversion by making use of a single lapse rate Γ setting Γ0 := Γ and Γ1 := −Γ.

1.4.2 Thermodynamics

The thermodynamics model based on first-principles provides local descriptions of air-

water mixture properties, the temperature change of the rising thermal, the buoyancy

and thus resulting local acceleration, and the phase transitions between vapor, cloud,

and rain.

Generalities

In the present model, the background air is assumed to be dry. Then its molar mass

is constant with

Mair = 28.96 g/mol . (1.5)
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The thermal (i.e. a column of rising air) is an air-water mixture, with a water vapor

mole fraction XV , and the water molar mass

MW = 18.02 g/mol , (1.6)

so that, using the water vapor mole fraction XV , an average molar mass for the humid

air in the thermal can be calculated as

Mth = XVMW + (1−XV )Mair . (1.7)

Mole fractions X and mass fractions Y are related through

YV = XV
MW

Mth
. (1.8)

Following Kessler [Kessler 1969], the amount of water in the atmosphere can be

expressed in terms of the mass ratio qi of water per mass unit of dry air, specifically

vapor qv, cloud qc, and rain qr. The mole fractions Xi are related to the mass ratios

qi via

Xi =
qi

qi + 1
. (1.9)

Temperature in the Rising Thermal

The warm and humid air in a thermal rises when it has a lower density than the sur-

rounding air. The temperature profile of the atmosphere is prescribed and ultimately

a function of the weather, whereas the rising thermal changes its local temperature

because of its expansion to lower pressures at higher altitudes. Heat exchange with

the surrounding atmosphere can be neglected, and the process is slow enough to

assume an isentropic expansion to take place.

The change in pressure directly determines the change in temperature through
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the classical isentropic relations [Anderson 2003]

Tth(z) = T̂

(
p(z)

p̂

) γth−1

γth

, (1.10)

where T̂ and p̂ are the conditions at the ground. The isentropic exponent γ for

water vapor and air are, respectively γair = 1.4 and γV = 1.33, so that the isentropic

exponent of the humid thermal is approximately

γth = YV γV + (1− YV )γair , (1.11)

where YV is the mass fraction of water in the thermal.

Buoyancy and Acceleration of the Thermal

A difference in density between atmosphere and thermal will result in a vertical

acceleration following Archimedes’ principle. The humid thermal air parcel of volume

V and density ρth experiences an upward lift force in air of density ρair of

L = V g(ρair − ρth) . (1.12)

Then, the buoyant acceleration on this thermal parcel, from Newton’s second law

F = ma, is given by

B =
L

m
=
V g(ρair − ρth)

V ρth
= g

(
ρair
ρth
− 1

)
. (1.13)

We can treat thermal and air as ideal gases, for which

ρ =
p

RT
=

p

(R/M)T
, (1.14)
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with the universal gas constant R = 8314 J/g K and the gas molar mass M. The

pressure at every altitude is equilibrated between the thermal and the surrounding

air, so that Eq. (1.13) can be simplified to

B = g

(
Mair

Mth

Tth
Tair
− 1

)
. (1.15)

The air temperature Tair = f(z) is specified by our atmospheric model, Eq. (1.4),

and the thermal temperature from the cooling due to expansion, Eq. (1.10), the molar

massesMi as introduced in Sec. 1.4.2.

Condensation and Cloud Formation

The initial water content rises with the thermal. However, the rising humid air in

the thermal cools down as it gains altitude and loses capacity to keep the water

vapor solved. When the partial pressure on the water vapor in the air drops below

the saturation pressure at the local temperature, the excess water vapor that cannot

be solved in the air anymore condenses into tiny droplets – clouds. This saturation

mixing ratio qvs(T, p) can be approximated for the relevant temperature range as

qvs(T, p) =
380.16

p
exp

(
17.67T

T + 243.50

)
(1.16)

for given temperature and pressure in Celsius respectively Pascal [Yau and Rogers

1996].

Heat Release from Condensation

In order to account for the energy released by water vapor condensing into droplets

when saturation is reached at the base of the cloud, the temperature of the thermal,

Eq. (1.4) has to be extended. The energy release per condensed water mass fraction

XC is the latent heat L. The associated temperature increase ∆TV then depends on
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the heat capacity, so that

Tth(z) = T̂

(
p(z)

p̂

) γth−1

γth

+ ∆TV = T̂

(
p(z)

p̂

) γth−1

γth

+
L

cp
XC . (1.17)

Now, the heat capacity cp of the air in the thermal is required. This is with respect

to only the gaseous part of the thermal, i.e. dry air and water vapor XV ,

cthp =
γthR

Mth(γth − 1)
, (1.18)

with the thermal air molar mass Mth from Eq. (1.7), and the thermal air ratio of

specific heats γth from Eq. (1.11).

Prediction of Cloud Boundaries

This static model already allows for parameter studies and identification of relevant

variables. Figure 1.3 shows how the relative humidity φrel = qv/qvs and the buoy-

ancy B determine the base and the top of the cloud. As an approximation for this

initial exploration, the effect of latent heat is neglected. Specifically, the buoyancy is

determined by the temperature gradient; the relative humidity in the thermal is con-

trolled by the temperature and the vapor mass ratio qv. Figure 1.4 shows a number of

atmospheric profiles of temperature, density, buoyancy, vapor fraction, and relative

humidity, to illustrate representative profiles for fog, stratocumulus, cumulus, and

cumulonimbus clouds that can be created with this model.

Figure 1.4 further reveals the physical parameters that can be used to control the

cloud dimensions. The cloud base is determined from the point where the relative

humidity exceeds unity and the vapor condenses. The top is reached where the

upward velocity of the rising thermal vanishes, with the altitude of vanishing buoyancy

marking the mid-point altitude.

The temperature and density plots are mostly similar across fog, stratocumulus,
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Figure 1.3: Illustration of relation between atmospheric profile data and cloud bound-
aries. A warm/humid thermal will form on the ground and rise up, cooling down in
the process. The cloud base will form at the point where the relative humidity φrel

has increased to unity due to the reduced temperature. (a) the thermal will be accel-
erated upwards to neutral buoyancy B(h0) = 0, and will be decelerated beyond. For
the linear buoyancy profiles found here, the top of the cloud will be found where the
thermal has come to rest at approximately h = 2h0. (b) An inversion layer will stop
the upward draft of the air that has not been decelerated, creating the characteristic
flat anvil shape of the cumulonimbus cloud top.

and cumulus clouds. They differ for cumulonimbus as the temperature values of the

thermal are higher relative to the atmospheric temperature values, which can be con-

trolled by the temperature lapse rate Γ. The intersection point of the graphs indicates

the altitude of the top of the clouds, which is several dozen meters for fog, 2 000 me-

ters for stratocumulus clouds, 2 500 meters for cumulus clouds and 8 000 meters for

cumulonimbus clouds. Alternatively, the top of the clouds is shown by the buoyancy

graph. Relative humidity φrel defines the base altitude at which a cloud forms. Fog

forms close to the ground surface, while cumulus and cumulonimbus clouds form at

an altitude of 1 500 meters and stratocumulus at 1 800 meters. Analogously, this

relationship can be expressed by the proportions of vapor fraction qv and satura-

tion mixing ratio qvs. Varying the parameter values over time allows us to describe

the temporal development of weather, such as the transition of fog to stratocumulus

clouds. By additionally applying an external (rotating) wind field to the simulation

we can transition to a typical summer afternoon thunderstorm.
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(a) Simulated fog, stratocumulus, cumulus, and cumulonimbus clouds (left to right). The
corresponding altitude-temperature, -density, -buoyancy, -vapor fraction and -relative hu-
midity profiles can be found below.
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(b) Fog: Vanishing buoyancy at ground level prevents thermals from rising, a relative hu-
midity of one at ground level causes formation of fog.
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(c) Stratocumulus: Finite buoyancy at ground causes thermal to rise, with a top of 2000 m,
and a base with φrel = 1 at 1800 m.
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(d) Cumulus: Buoyancy at ground causes thermal to rise, the higher humidity increases the
top to 2500 m, and reduces the base with φrel = 1 to 1500 m.
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(e) Cumulonimbus: a higher temperature lapse rate causes a constant upward acceleration
of the thermal to the inversion layer at 8000 m, while maintaining a base of 1500 m.

Figure 1.4: Simulation of the development of different cloud types (1.4a) and cor-
responding altitude-temperature, -density, -buoyancy, -vapor fraction and -relative
humidity profiles: fog (1.4b), stratocumulus (1.4c), cumulus (1.4d), and cumulonim-
bus (1.4e) clouds. In accordance with Fig. 1.3, the cloud base is determined by the
vapor reaching saturation conditions with the relative humidity φrel reaching unity;
the top of the cloud is where the upward motion of the rising thermal has vanished.
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Condensation:

Evaporation:

Autoconversion:

Accretion:
Evaporation:

Figure 1.5: Illustration of Kessler’s scheme [1969] for modeling the transport between
vapor, cloud water, and rain.

1.4.3 Fluid Dynamics

The fluid dynamics model solves the motion of air in the atmosphere, as caused by

external wind and differences in density.

Transport Equations

The system of equations for fluid transport is developed from the principles of con-

servation of mass, energy, and Newton’s second law. Following Boussinesq’s classical

assumption, we account for variable density in the source terms, but assume an ap-

proximately constant density in the flow dynamics due to the very low Mach numbers

involved. From this follows directly that the momentum and energy equations are

decoupled and can be solved independently. Our model is closed by using the water

phase transport equations for vapor qv, condensed cloud qc, and rain qr based on

Kessler’s classical model [1969].

The simulation of fluids is an established and ongoing research topic within the

computer graphics community. Among others, Bridson and Müller provided a de-

tailed introduction to fluid simulation from a computer graphics’ perspective in their

SIGGRAPH course [2007].

As usual, in our model, the fluid’s state is described by a velocity field u : (x, t) 7→

u(x, t) which for given time t ∈ R+
0 and position x ∈ R3 returns the corresponding

local flow u(x, t) ∈ R3.
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Mass

The conservation of mass prescribes the continuity equation of a solenoidal velocity

field as

∇ · u = 0 . (1.19)

Momentum

The change in momentum according to Newton’s second law is expressed in terms

of the Navier-Stokes equations, allowing for the solution of the temporal evolution of

the velocity field,

∂tu = −u · ∇u− ρ−1∇p+ ν∇ · ∇u+ b+ f , (1.20)

in which the density is denoted by ρ, the pressure by p, and the kinematic viscosity

by ν. The first term on the right side of Eq. (1.20) describes phenomena caused

by advection followed by a pressure and a viscosity term. Buoyancy is taken into

account by the force b ∈ R3 and other external forces are combined and described by

an additional external net force f ∈ R3. Please note, that the vector Laplacian in

Eq. (1.20) is similarly defined as its scalar counterpart and simply acts component-

wise.

Energy

The conservation of energy in temperature form can be written [Houze 1994] as

∂tθ + (u · ∇)θ +
L

cpΠ
Cc = 0 , (1.21)

in which Cc = ∂tqc + (u · ∇) qc denotes the rate of condensation. In Eq. (1.21), the

latent head is given by L ≈ 2.5 J/kg, and the ratio Π := T (t0)/θ of the absolute and
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the potential temperature (see Appendix B) is written as the Exner function used in

atmospheric modeling. It can be considered as a non-dimensionalized pressure.

Water Continuity

The simplest model for rain, based on Kessler’s methodology as illustrated in Fig-

ure 1.5, includes a third transport equation for a rain phase qr in addition to vapor

and cloud, along with source terms that couple the transport equations. Using the

material derivative Dtϕ = ∂ϕ/∂t+ υ · ∇ϕ [Kundu et al. 2012], we can write

Dtqv = −Cc + Ec + Er , (1.22)

Dtqc = Cc − Ec − Ac −Kc , (1.23)

Dtqr = Ac +Kc − Er , (1.24)

with the source terms Cc describing condensation, Ec describing the evaporation

of clouds, Er describing the evaporation of rain, Ac describing autoconversion of

raindrops from clouds, and Kc describing the accretion of cloud water due to falling

drops. Kessler suggests models in the form Ac = αA(qc− aT ) with aT = 0.001 kg/kg,

and Kc = αKqcqr. Rain drops technically fall and are accelerated, but they reach

a constant terminal velocity almost right away (≈ 10 m/s). We employ a constant

vertical terminal velocity and the local lateral wind velocity.
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1.5 Implementation

The atmospheric and fluid dynamic models described in the previous section provide

the basis for the implementation of our cloud simulation framework. In the following,

we provide details for the numerical integration procedure including the setup of the

boundary conditions, different terrain properties allowing for variations in vapor and

heat emission, as well as external wind fields. Furthermore, we introduce a lightweight

parameter set to allow for effortless user control of our interactive simulator, and

briefly describe the rendering process.

1.5.1 Numerical Integration

Our simulator performs the numerical integration of a coupled system of differential

equations containing the Navier-Stokes equation (1.20), the incompressibility equation

(1.19), the first law of thermodynamics (1.21), and the water continuity equations

(1.22–1.24).

We discretize a spatial domain Ω ⊂ R3 using a uniform grid scale ∆x in which we

store the current state of the system which consists of the masses of water vapor qv,

condensed water qc, and rain qr next to the potential temperature θ and the velocity

field u. In most simulations, we employ a rectangular domain Ω but allow for a

non-flat terrain defined by a height map in order to include interesting terrains as

described in Section 1.5.1.

An overview of the numerical integration procedure is provided in Algorithm 2

in Appendix C. First, the velocity field is advected followed by the integration of

viscosity-related effects by solving the corresponding diffusion process [Stam 1999].

For the advection process, we employ no-slip conditions at the bottom and free-slip

conditions at the ceiling. The vertical velocity is set identically to zero at the side

boundaries and if an external wind field is specified, the horizontal velocities are

computed as the corresponding wind speeds.
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Figure 1.6: Visualization of the distribution of vapor (left; blue intensity map) and
heat (right; red intensity map) emission used for simulating high fog around Half
Dome in Yosemite National Park (see Figure 1.15, top). The corresponding satellite
image is shown in the background. While vapor emission is only present in the valley,
a small amount of heat is also emitted at its borders.

Figure 1.7: Illustration of a layered wind field profile (left) extracted by tracking the
motion of streamlines from image data provided by an online weather service. The
streamlines visualize the wind flow around the San Francisco Bay Area on Thursday,
May 21, 2020 at 12pm local time. A scaling function κ : h 7→ κ(h) (right) inspired
from Limpinsel et al. [2018] is applied to scale the velocities at different altitudes.



32

While controllable physical damping stabilizes the simulation, the non-controllable

and non-physical damping caused by numerical dissipation in these previous steps re-

moves interesting turbulent flow features on different scales, which are essential to

obtain realistic cloud patterns. By employing a vorticity confinement force fω as

introduced by Steinhoff and Underhill [1994], we inject this energy back into the sys-

tem. The strength of fω can by controlled by a scale parameter ε [Fedkiw et al. 2001].

In the upcoming steps, buoyancy and external net forces (e.g., caused by wind effects

or external user input) are computed and integrated numerically. This is followed by

the enforcement of incompressibility due to pressure projection by solving the Pois-

son pressure equation ∇2p = ∆t−1∇ · u and subtracting the pressure gradient form

the velocity field [Bridson and Müller 2007]. We employ Jacobi pressure projection

using 20 iterations on average. Pure Neumann boundary conditions are employed.

Finally, θ, qv, qc, and qr, whose temporal evolutions are described by Eq. (1.21) and

Eq. (1.22–1.24), are solved by advecting these quantities and updating their mixing

ratios. At the top and at the side boundaries, θ is set to the ambient temperature.

For qv, periodic side boundary conditions are used and it is set to zero at the ceiling.

The setup of θ on the ground is defined by heat emission as qv is defined by the

emission of water vapor. This is described in Section 1.5.1. At the whole boundary

∂Ω, the values of qc and qr are set identically to zero.

1.5.2 Terrain

To conveniently include a variety of interesting landscapes we make use of a height

map H : (x, y) 7→ H(x, y) defining the lower boundary ∂Ωbottom := {(x, y,H(x, y))T ∈

Ω} of the domain Ω.

We allow for temperature variations on ∂Ωbottom. The temperature θ at a specific

position x = (x, y, h)T on the ground is computed as the sum of the temperature TISA

(according to ISA, see Appendix A) for a given altitude h := H(x, y) and the specific
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heat emitter value E at position x, i.e. θ(x) = TISA(h) + E(x). We set E(x) = E as

a constant global parameter within the whole scene and allow for scaling local heat

emission by sampling from a terrain heat emission map (x, y) 7→ heat(x, y) ∈ [0, 1]

for all (x, y,H(x, y)) ∈ ∂Ωbottom as illustrated in Figure 1.6. The temperature θ at a

specific position x is then computed as

θ(x) = TISA(h) + E · (γheat (m · heat(x, y)− 1) + 1) , (1.25)

in which a mixture parameter γheat ∈ [0, 1] is used to scale the influence of the noise

pattern. In particular, if γheat = 0, the noise pattern is not influencing the temper-

ature reducing Eq. (1.25) to θ(x) = TISA(h) + E. Instead, if γheat = 1, Eq. (1.25) is

reduced to θ(x) = TISA(h)+m ·heat(x, y) ·E, i.e. for maximum value of heat(x, y) = 1,

the heat emitter value E is scaled by a factor of m. We set m = 2 in our simula-

tions. From the temperature θ and the pressure p at altitude h according to ISA, the

corresponding static water vapor qvs is computed. Similarly to the mixture param-

eter γheat in Eq. (1.25), an additional mixture parameter γvapor ∈ [0, 1] is introduced

scaling the influence of another emission map (x, y) 7→ vapor(x, y) ∈ [0, 1] for all

(x, y,H(x, y)) ∈ ∂Ωbottom modeling the distribution of vapor emission on the ground

as illustrated in Figure 1.6. The emitted water vapor qv at a specific position x is

then computed as

qv(x) = φrel · qvs(θ(x), pISA(h)) · (γvapor (m · vapor(x, y)− 1) + 1) , (1.26)

in which the qvs(θ, p) is estimated using Eq. (1.16) for the saturation mixing ratio.

Eq. (1.26) also takes the relative humidity φrel as a scaling parameter into account

since the approximation (1.16) presupposes that the air is saturated.
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Figure 1.8: Cloud formation (top) caused by different noise patterns modeling the
terrain (bottom) of the domain Ω. It is sampled from 128× 128 noise patterns. The
color-maps visualize texture values from 0 (black) to 1 (red). The terrain is completely
flat at zero altitude and parameters E = 7.000 and φrel = 26.9% as well as mixture
parameters γheat ∈ {0.120, 0.332, 0.300} respectively γvapor ∈ {0.267, 0.221, 0.295} are
used (from left to right).

1.5.3 Wind Fields

While the general structure of heat and vapor emission maps is mainly designed based

on relevant features of the specific terrain as illustrated Figure 1.6, our framework also

supports the use of noise patterns as emission maps. The influence of different noise

patterns for heat and vapor emission on cloud formations is illustrated in Figure 1.8.

Moreover, we support the use of Perlin noise [1985] in order to add random pertur-

bations to predefined emission maps. Next to the number of octaves, specifically the

noise parameters frequency νPerlin and its persistence pPerlin can be controlled by the

user.

Supporting the use of realistic wind fields is an essential feature for simulating

complex weather scenes. In theory, a wind field can be incorporated by defining the

external force f . However, when approaching different sources for weather data, we

found that three-dimensional wind field profiles taking different altitude levels into

account are usually very sparse. In fact, mostly two-dimensional layered profiles are

available. Also, when employing user-designed wind fields, generating them is more



35

Figure 1.9: Variations of different cloud types (top) and corresponding photo com-
parisons (bottom): cumulus (a, b), cumulus humilis (c, d), stratus (e), stratocumulus
(f, g), and cumulus congestus (h).

convenient when the task is reduced to specifying layered profiles in two dimensions.

Since for most scenes, horizontal wind fields are particularly relevant, we usually

employ a single layer that specifies the wind field profile at a given altitude and scale

it with a function κ : h 7→ κ(h). An example of a wind field layer and a scaling

function is shown in Figure 1.7.
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Figure 1.10: Visualization of cloud transitions from fog (left) over stratocumulus to
cumulus (right). The parameters listed in Table 1.1 are applied, and to allow for the
presentation of transitions in between, we interpolated the parameters linearly from
left to right.

Figure 1.11: Temporal evolution of a cumulonimbus cloud emerging from cumulus
clouds.

Figure 1.12: Simulation of the Kelvin-Helmholtz instability [North et al. 2014] gen-
erated with our framework.
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Figure 1.13: Left to right: illustration of the development of a cumulonimbus cloud
further becoming a part of a supercell (right).
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1.6 Results

In this section, we present a variety of results simulated with our C++/CUDA frame-

work implemented as described in the previous section. Table 1.1 provides an overview

of the different scenes presented throughout this section including relevant parame-

ters. Most scenes can be simulated interactively or even in real-time. The compu-

tation times listed in Table 1.1 are measured on an up-to-date desktop computer

running our simulation framework on a NVIDIA®GeForce ®GTX 1080. Double

precision floating point arithmetic is used.

To render these scenes, we implemented volume ray casting [Pharr et al. 2016]

using OpenGL/GLSL. Rays of light are evaluated as they pass through the cloud

volume. The opacity and color for each pixel intersecting the volume is returned and

visualized on the screen. This technique is suitable for real-time computing allowing

for exploring our simulations interactively within our framework. Unless otherwise

stated, the final results shown are rendered offline using the Cycles renderer integrated

in Blender.

1.6.1 Cloud Types and Transitions of Clouds

To support the effortless control of our simulation framework, we introduce a lightweight

parameter set (see Appendix D) which contains the heat emitter value E and the scal-

ing parameter γheat, the relative humidity φrel on the ground, the scaling parameter

γvapor, and the Perlin noise frequency νPerlin and persistence pPerlin. For the convenient

use of the simulator, all other parameters defining the atmospheric background can

stay constant, and the aforementioned parameters can be manipulated interactively

during the simulation to control the development of cloud formations and transitions.

While γheat and γvapor control the heat and the vapor emission variance, E and φrel

directly influence the altitude of the upper and lower part of the clouds, respectively.

In particular, increasing E leads to an increase of the altitude of the clouds’ ceilings,
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while increasing φrel results in a lower altitude of the clouds’ bases (Figure 1.9, a,

b). The pattern of cloud structure can be controlled by changing νPerlin and pPerlin

(Figure 1.9, c, d). Some examples of photorealistically rendered clouds generated

with our framework are shown in Figure 1.9 including photo comparisons.

We can simulate transitions of different cloud types, e.g., as illustrated in Fig-

ure 1.13 from fog over stratus, stratocumulus and cumulus to cumulonimbus. This

is demonstrated in Figure 1.10 and 1.11. Starting form an ‘empty’ scene, fog can be

generated by adjusting E > 0, γheat = γvapor = 0, and φrel = 100%. Please note, that

noise is not necessarily needed at this point. To transition the fog into stratus, E

has to be slightly increased and φrel decreased. Stratocumulus can then be generated

by increasing γheat and γvapor slightly. Noise should be enabled, and νPerlin and pPerlin

adjusted depended on the desired cloud pattern. To achieve the typical mixture of

closed and separated structures, the parameter pPerlin should be explored. To further

transition to cumulus clouds, E should be increased and φrel decreased, γheat and γvapor

should be increased, and νPerlin should be slightly reduced compared to the stratocu-

mulus setup. By increasing γheat, the cumulus clouds can then be further transitioned

into the cumulonimbus shape. Please note, that the appearance of cumulonimbus

clouds is also significantly influenced by the lapse rate Γ and the inversion point z1

marking the change in the temperature gradient. In particular, the temperature in-

version at z1 acts as an obstacle for the rising thermal, causing the characteristic flat

anvil top of a cumulonimbus to form.

1.6.2 Complex Scenes

As shown in Figure 1.15, our framework is capable of simulating complex scenes,

such as the characteristic high fog around Half Dome in Yosemite National Park

and clouds forming over the Atlantic Ocean moving towards the Irish coast rising

up the mountains. Detailed height maps and satellite textures of these regions are
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used. For the Half Dome scene, heat and vapor emission maps are set up as shown in

Figure 1.6. While vapor emission is only present in the valley, a small amount of heat

is also emitted at its outside. A uniform wind field is used to move the fog through

the valley.

In the Irish coast scene, we employ different heat emission maps distinguishing

between a day and a night scene. Since the sea has a larger heat capacity compared

to the land part, during the day, the land warms up more quickly compared to the

sea. During the night, the water keeps the heat from the day significantly longer

compared to the land. This results in the emerging of a sea breeze during the day

and a land breeze during the night. We set up the heat emission maps for the two

scenes accordingly while vapor is mostly emitted from the sea part.

1.6.3 Rain

Figure 1.16 illustrates the simulation of rain. Rain clouds are formed as a consequence

of cold air compressing multiple tiny water droplets together to larger rain drops. The

transition of humid air, clouds, and water is expressed by Kessler’s scheme [1969] in

our method. We illustrate the effect of rain in our simulation with the example

of a scene of a cumulonimbus cloud forming over the Alps (Figure 1.16, left). In

Figure 1.16 (right), we visualize rain as a color map that shows low amounts of rain

in blue and high amounts of rain in orange. To better visualize the effect, clouds

have been removed from both the cloud base and the cumulonimbus cloud toward

the camera. Heavy down pour can be observed at the right side of the cumulonimbus

cloud adding to the realism of the scene.

1.6.4 Kelvin-Helmholtz Instability

The Kelvin-Helmholtz instability [North et al. 2014] can be observed in several cases

when a velocity difference across the interface between two fluids is present. In the
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context of clouds, it can sometimes be observed during sunrise or sunset when the

lower part of the clouds cools down and becomes significantly more dense compared

to the upper part. As a consequence, the air in the upper part moves faster resulting

in the emergence of a pattern comparable to ocean waves when wind is blowing over

water. We can reproduce this instability as demonstrated in Figure 1.12 by applying a

wind field characterized by greater velocities in upper simulation grid cells compared

to lower grid cells. The heat emitter parameter E is then adjusted to a value that

allows cloud condensation to produce a wave-like cloud pattern.

1.6.5 Cloud Supercells

Supercells form if mesocyclones (i.e. continuously rotating updrafts) are present, usu-

ally within clusters of cumulonimbus formations. These rotating thunderstorms result

in the formation of complex stormscapes. The literature usually considers three differ-

ent types of supercells [Grant and Van Den Heever 2014]: next to classical supercells,

low and high precipitation supercells are studied. To understand their differences,

we have to specifically consider the (external) wind relative to the storm itself. If

high-speed (> 110 km/h), storm-relative winds are present in the upper layers, this

leads to a separation of updraft and downdraft regions resulting in a low precipita-

tion supercell. In contrast, classical supercells typically occur in weather conditions

with storm-relative wind speeds of about 70 to 110 km/h. Moreover, since they are

devoid of precipitation, their mesoscale features are clearly visible. In environments

with storm-relative wind speed below 70 km/h, a small separation of updraft and

downdraft regions usually results in high precipitation supercells.

To simulate different types of supercells, we apply a rotationally symmetric layered

wind profile modeling the rotating upstream to a cumulonimbus formation. We then

add strom-relative winds of varying speeds based on the specific supercell type. Our

framework allows for the dynamic simulation of the three types of large-scale cloud
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Fig. Scene E γheat φrel γvapor νPerlin pPerlin R T

11 Fog 7→ Stratus 0.5 0.0 1.00 0.00 - - 128×48×128 0.04
11 Stratus 7→ Stratocu. 1.6 0.0 0.73 0.00 - - 128×48×128 0.04
11 Stratocumulus 7→ Cu. 1.6 0.3 0.70 0.00 0.07 0.50 128×48×128 0.04
11 Cumulus 7→ Cumulonib. 2.2 1.5 0.54 0.14 0.15 0.75 128×48×128 0.04
15 Fog around Half Dome 1.1 - 0.86 - - - 369×144×288 0.12
15 Irish Coast Day 2.2 1.6 0.54 0.14 0.15 0.75 410×160×320 0.15
15 Irish Coast Night 2.3 1.6 0.54 0.16 0.15 0.75 410×160×320 0.15
16 Rain over the Alps 1.7 0.3 0.65 0.0 0.07 0.50 348×62×256 0.17
13 K.-H. Instability 0.5 0.0 1.00 0.0 - - 128×32×16 0.02
17 Low P. Supercell 15 0.0 0.70 0.00 - - 192×96×96 0.12
17 C. Supercell 15 0.0 0.70 0.00 - - 384×192×192 0.25
17 High P. Supercell 15 0.0 0.80 0.00 - - 288×48×288 0.19

Table 1.1: The table provides an overview of the lightweight parameter set used in the
scenes presented in this chapter. Moreover, resolution (R) and computation time (T)
measured in seconds per frame are listed. A constant time step size of ∆t = 1 min is
used. The background parameters defining the atmosphere are set to Γ = −6.5 K/km
and z1 = 8 km.

Figure 1.14: Real-time exploration of cloudy weather in the San Francisco Bay Area
on May 21, 2020 at 12noon (left) and on October 11, 2019 at 12noon local time.
We use in-time weather-data streamed to our framework to simulate realistic cloud
formations.

supercells as shown in Figure 1.17. Especially, classical supercells are popular footage

among photographers and film makers showing close-up photos and time-lapse videos

of their structure and temporal evolution. Inspired from such pieces of art, we present

visualisations of our simulations of different supercells in Figure 1.1.

1.6.6 Weather Nowcasting

To further showcase the capabilities of a physically accurate cloud simulation model,

we coupled our framework with atmospheric measurements of weather services to sim-
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Figure 1.15: Simulations of high fog around Half Dome in Yosemite National Park
with two top-down (top, left and center), and one in-scene viewpoint (top, right), and
clouds forming at the Irish coast (bottom). During the day, a sea breeze (middle)
moves the clouds built up over the Atlantic Ocean to the coast rising up the mountains
(left). During the night, the opposite effect can usually be observed. Clouds formed
over the land (right) are moved to the sea as a result of a land breeze.

Figure 1.16: Heavy rain over the Alps caused by a cumulonimbus cloud (left). The
amount of rain is visualized using a color map (right) from blue (low amount) to
orange (high amount). To better visualize the effect of rain, clouds have been removed
from both the cloud base and the cumulonimbus cloud toward the camera in the right
image.
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Figure 1.17: Temporal evolution of different types of cloud supercells. Strong storm-
relative winds (> 110 km/h) cause an interruption of the formation of the anvil
resulting in a low precipitation supercell (top) while low (< 70 km/h) storm-relative
winds result in a high precipitation supercell (bottom). Moderate wind speeds (70 to
110 km/h) lead to the classical supercell (middle).

ulate cloud formation in real-time enabling weather nowcasting. We manually select

a geographic location and query atmospheric conditions via temperature, humidity

and wind maps as provided by a weather service.1 Temperature and humidity maps

can directly be used in our framework instead of noise maps (see Section 1.5.1). A

wind map is a dynamic streamline plot visualizing real-time wind velocities projected

on satellite imagery in 2D. We use a sequence of wind maps to approximate a wind

field for our simulation by tracking the motion of streamlines with optical flow [It-

seez 2015]. We then define a wind field by interpolating the generated motion vectors

across a regular lattice and use the wind field in our framework to sample wind speeds

at different altitudes by scaling the interpolated values with the function κ. This is

illustrated in Figure 1.7. The wind velocities are used as an external wind field as

described in Section 1.5.3.
1http://www.ventusky.com
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In Figure 1.14 we show the result of weather nowcasting for the San Francisco

Bay Area on May 21, 2020 at 12pm local time (left) that can be compared to weather

conditions on a different date, e.g. October 11, 2019 at 12pm local time (right). To

allow for an interactive exploration of the scene in real-time, we use a volume ray

casting-based online renderer. Along with real-time simulations for cloud dynamics,

weather nowcasting can provide a more immersive experience for exploring urban

landscapes. Furthermore, we argue that coupling real-time simulations with in-time

observations provides a new way of interacting with real world phenomena, especially

when used in virtual and augmented reality applications.
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1.7 Evaluation, Discussion, and Limitations

In addition to the qualitative visual assessment in Fig. 1.9, we provide two quantitative

evaluation strategies. The first is the 0D thermodynamics model illustrated in Fig. 1.4,

which can be used to (1) confirm that our CFD simulations do in fact match the

theoretical predictions of cloud base and top, and (2) can also be used in an a priori

exploratory way to determine the set of parameters required to create a cloud with

certain characteristics. The second evaluation method for our modeling approach is

to show cloud fraction profiles for various cloud morphologies. Cloud fraction is a

widely used metric in meteorology and environmental sciences to demarcate different

cloud types. As inspiration to model scenes for which we calculated cloud fraction

profiles we used reconstructions from Lidar and infrared satellite observations [Cesana

et al. 2019], as well as generated data by established simulations in meteorology [Shen

et al. 2020]. Cloud fraction is defined as the percentage of grid cells rendered as a

cloud (qc > 0) in the whole grid space. We visualize the summed frequencies at

different altitudes in Figure 1.18. There, we show the cloud fraction profiles for

exemplary stratus, stratocumulus and cumulus cloud scenes. Stratocumulus have

a limited vertical extent [Houze 1994], resulting in a narrower cloud fraction over

altitude compared to cumulus or stratus clouds [Cesana et al. 2019, Figure 16]. We

simulate this phenomenon by lowering emitter heat values E for the stratocumulus

cloud scene. Cumulus clouds occur over a wider range of altitudes compared to other

cloud types, which was simulated by increasing the γheat parameter value. Figure 1.18

also depicts the temporal evolution of cloud fraction profiles of a rising cumulonimbus

cloud which is characterized by the emergence of the characteristic anvil-like top of

the cloud at simulation time t2 [Shen et al. 2020, Figure 3].
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1.7.1 Discussion and Limitations

Our focus was on devising a physically accurate model to enable the realistic simu-

lation of water-based cloud dynamics. This ranges from common cloud types, such

as cumulus or stratus, to more complex patterns, such as stormscapes. Stormscapes

are weather phenomena that happen over a large range of altitudes, i.e. the whole

troposphere. To capture these phenomena, this requires a model to simulate the

fluid dynamics continuously over the whole domain, instead of relying on spatial ab-

stractions, such as layers. Moreover, introducing an explicit inversion point allows

us to intuitively model the formation of cumulonimbus clouds, which is not possible

with existing methods. Simulating stormscapes is especially complicated due to the

high wind velocities, underlying cloud dynamics and is addressed in our method by

explicitly modeling buoyancy.

Unlike Harris et al. [2003], we generalize the atmospheric temperature profile for

cases in which buoyancy vanishes or dramatically reverses. In addition, our formu-

lation of buoyancy does not depend on pressure as our derivation indicates that the

impact of the pressure field is negligible on parameters relevant for cloud formation:

a layer on top of the given atmosphere merely compresses all underlying layers, and

does not noticeably change the resulting buoyancy important for cloud formation and

dynamics.

On the other hand, recent work in cloud modeling captures the formation of other

cloud types, beyond the scope of this work, by adopting a higher scale of abstrac-

tion [Vimont et al. 2020]. The results we show indicate that our method can simulate

various plausible cloud morphologies while expressing accurately seminal physical hy-

potheses of cloud formation. Furthermore, our simulations of cloud types can be

quantitatively compared to data reported in meteorology based on cloud fraction

profiles.

While our model is able to capture the various water-based cloud types, we did not
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conclusively explore their variations, which are commonly described as cloud species.

An example thereof is the cumulonimbus capillatus cloud species which is distin-

guished from the cumulonimbus incus species. The capillatus species exhibits a more

rounded top of the cloud instead of the pronounced anvil shape of the incus species.

Simulation results for the incus species are shown in Figure 1.11. Furthermore, our

model does currently not allow simulating ice cloud formations, such as cirrus clouds,

which are determined by mixing ratios of ice, snow and hail. In principle, the Kessler

methodology adopted in our approach could be extended to also account for these

additional quantities. The specific mechanisms underlying ice cloud formation are

still an active topic of research in the environmental science community. Compared

to cloud models used in climatology, e.g. Large Eddy Simulations (LES) [Cesana

et al. 2019; Seeley et al. 2019] our method does not represent the feedback of heat

transfer between the ground and air. For example, as large clouds rise into the up-

per troposphere they can shade and subsequently cool the ground surface which can

influence cloud dynamics in the lower troposphere.

1.7.2 Conclusion

We have presented a novel framework for the physically accurate simulation of clouds

based on first-principles. In particular, we proposed novel formulations for computing

buoyancy and air pressure that account for variations of atmospheric density and tem-

perature gradients. Using our approach, we can simulate several different cloud types,

their transitions, and complex cloud phenomena that we refer to as stormscapes. We

introduce heat emitter, relative humidity on the ground, and Perlin noise function

parameters as lightweight means for simulating cloud formations, while maintain-

ing interactive rates for rendering. Together this enables the intuitive exploration

of large-scale and realistic cloud formations. We have shown the capabilities of our

model through numerous experiments of advanced and intricate cloud formations, in-
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Figure 1.18: Fraction profiles of stratus, stratocumulus, and cumulus (top), and of a
developing cumulonimbus cloud simulated with our framework at time points t0, t1,
and t2 (bottom).

cluding rare phenomena such as the Kelvin-Helmholtz instability and different types

of supercells. Furthermore, we have coupled our cloud model with underlying terrain

and connected it to real-time weather services simulating realistic cloud formations

in the now.
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Chapter 2

Fire in Paradise: Mesoscale Simulation of Wildfires

Resulting from changing climatic conditions, wildfires have become an existential

threat across various countries around the world. The complex dynamics paired with

their often rapid progression renders wildfires an often disastrous natural phenomenon

that is difficult to predict and to counteract. In this chapter we present a novel method

for simulating wildfires with the goal to realistically capture the combustion process of

individual trees and the resulting propagation of fires at the scale of forests. We rely

on a state-of-the-art modeling approach for large-scale ecosystems that enables us to

represent each plant as a detailed 3D geometric model. We introduce a novel math-

ematical formulation for the combustion process of plants – also considering effects

such as heat transfer, char insulation, and mass loss – as well as for the propagation

of fire through the entire ecosystem. Compared to other wildfire simulations which

employ geometric representations of plants such as cones or cylinders, our detailed 3D

tree models enable us to simulate the interplay of geometric variations of branching

structures and the dynamics of fire and wood combustion. Our simulation runs at

interactive rates and thereby provides a convenient way to explore different conditions

that affect wildfires, ranging from terrain elevation profiles and ecosystem composi-

tions to various measures against wildfires, such as cutting down trees as firebreaks,

the application of fire retardant, or the simulation of rain.

The title ‘Fire in Paradise’ of this chapter is chosen in memory of the Camp Fire

that devastated the town Paradise in Northern California’s Butte County, November

8–25, 2018, resulting in more than 80 fatalities. A 2019 documentary film directed
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Figure 2.1: Simulation of a wildfire spreading in the valley around Half Dome in Cal-
ifornia’s Yosemite National Park. Using our framework, this scene can be simulated
at interactive rates allowing the user to conveniently explore the wildfire.

by Zackary Canepari and Drea Cooper carries a similar title.

2.1 Introduction

In recent years, climate change has facilitated an inexorable increase of bigger and

more intense wildfires across the globe. Understanding the complex interplay of fires

and large-scale ecosystems plays a key role in preventing wildfires and in containing

them. To this end, we argue that simulating wildfires with detailed geometric models

of terrain and vegetation along with physically plausible fluid dynamics can serve as an
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essential tool for understanding wildfires and for predicting their outcome. However,

realistically simulating wildfires in different ecosystems, also considering the wide

range of geometric compositions of trees and plants, their inhomogeneous material

properties, as well as the interaction of a fire and the atmosphere, is a challenging

and open problem.

While a wide range of methods exists to plausibly model branching structures [Měch

and Prusinkiewicz 1996; Palubicki et al. 2009; Pirk et al. 2012b; Stava et al. 2014],

only very recently methods also focus on the realistic simulation of dynamic behavior

and physics response of plant models, including the simulation of growth [Longay

et al. 2012], surface adaptation [Hädrich et al. 2017], the interaction with wind [Pirk

et al. 2014], or based on realistic material properties [Wang et al. 2013; Zhao and

Barbič 2013]. Previous work has combined ecosystem and terrain erosion simulation

for authoring landscapes [Cordonnier et al. 2017]. This avenue of research has been

expanded modeling large-scale ecosystems [Makowski et al. 2019; Kapp et al. 2020],

and terrain features, such as avalanches [Cordonnier et al. 2018] or glaciers [Argudo

et al. 2020]. Together, these methods provide a testament that efforts trend toward

physically plausible and specialized approaches to simulate natural phenomena.

Most of the current methods for simulating combustion processes do not specifi-

cally focus on tree or wood combustion and therefore cannot be easily applied to mod-

els of trees and plants [Melek and Keyser 2002]. Methods in other research disciplines,

such as material sciences or forestry, specifically focus on wildfires or the resistance of

trees to fires. However, these methods are often computationally demanding and only

focus on the combustion of wood samples in laboratory setups [Thi et al. 2016] or

employ severely simplified geometric representations of trees and plants [Seidl et al.

2012], such as a suspended cloud of spherical Lagrangian particles that represent ei-

ther foliage or wood [Mendoza et al. 2019]. Closest to our work is the method of

Pirk et al. [2017], who discretize branches as triangular surface meshes that enable
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the simulation of tree combustion with an astounding degree of detail for complex

branching structures at interactive rates. However, while their work focuses on the

combustion of individual tree models, we aim to simulate wildfires at forest scale,

which cannot be realized with their representation.

In this chapter, we advance the field of wildfire simulations by introducing a

novel mathematical formulation that allows us to simulate the combustion of trees

at an intermediate scale using detailed geometric models. We employ the method

of Makowski et al. [2019] to simulate ecosystems. Each tree model is composed of

a number of self-organizing branch templates that define its 3D branching structure.

Collections of trees can grow together, which results in diverse and realistic branching

structures for individual tree models in the ecosystem, while each module is reused

across the same tree and for all other trees, which enables efficient modeling and

rendering. An advantage of a module-based tree representation is that it provides

a convenient way to control the level of detail for representing trees. A tree can

either be represented by a large number of very detailed modules, which allows us to

generate complex and highly realistic branching structures, or – to the opposite effect

– by only a few coarser modules to represent each tree in a lightweight and thus more

efficient manner.

To simulate tree combustion we use this module-based representation for trees in

two ways: (1) we simulate the combustion at the branch level for each module. This

allows us to capture various effects necessary to realistically simulate the combustion

of individual branches, including char insulation, mass loss, and heat transfer; (2)

we compute the combustion of wood – also known as pyrolysis – across the entire

tree at module-scale. A collection of modules that represent a tree model is defined

as a directed graph. Once the combustion of a single module progresses toward an

adjacent module, the combustion is propagated to this module and continued for this

module’s branching structure.
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Our goal is to jointly simulate fire and the combustion of large collections of

plants – a computationally demanding undertaking. To capture the spread of fire

across the entire ecosystem we use a volumetric grid-based fluid solver that enables

us to transfer heat from the environment to individual plants. A burning plant – in

turn – releases heat to its environment, which triggers a feedback loop that maintains

the combustion and that may cause the spread of fire from one plant to another. A

key advantage of our wildfire model is that the combustion of plant tissue and the

simulation of fire are decoupled: Trees can be represented with a varying number

of modules, while fire can be computed with more or less detailed volumetric grids.

This allows us to manage the complexity required for wildfire simulations, while

maintaining the realistic and physically plausible interaction of trees and fire. An

example of a complex wildfire simulation is shown in Figure 2.1. In this contribution,

we do not address fire spread on the ground facilitated by grass, branch litter, and

undergrowth vegetation. Moreover, the role of leaves is ignored and the modeling of

sparks flying through the air is left for future work.

In summary, our contributions are as follows:

1. We introduce a novel combustion model for individual trees based on branch

modules that allows us to realistically simulate wood pyrolysis.

2. We propose a hybrid model capturing heat transfer between individual branch

modules and the environment allowing to appropriately capture fire spread.

3. We capture cloud and rain phenomena within our wildfire simulator by extend-

ing the Kessler model.

4. We simulate wildfires of more than 100K individual plants represented by com-

plex and detailed geometry.

5. We show that our interactive framework enables us to explore the emergence
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of wildfires in ecosystems of different composition and ways to counteract the

spread of fire.
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2.2 Related Work

With our goal to simulate wildfires for individual and detailed models of trees our work

is related to methods that aim at generating complex and realistic models of terrains,

the modeling of vegetation, as well as the simulation of fire or – more generally – fluid

dynamics. While this spans a breath of work that we cannot conclusively discuss, our

goal is to provide an overview for these research directions with a focus on tree and

terrain modeling.

Modeling Trees and Plants. Many of the early approaches for modeling trees

and plants have focused on defining the internal properties of trees, such as branch-

ing angles and internode lengths to model branching structures [Aono and Kunii 1984;

Oppenheimer 1986; Kawaguchi 1982; Smith 1984]. Later, biologically plausible meth-

ods were introduced that allow us to model the many variants of tree form in more

nuanced and principled ways [Bloomenthal 1985; Weber and Penn 1995] and based

on defining the developmental process of plants [de Reffye et al. 1988]. Furthermore,

L-systems [Prusinkiewicz 1986] and rule-based techniques [Lintermann and Deussen

1999] have been recognized as powerful modeling approaches for diverse shapes of

trees and plants.

To further increase the realism, a few methods also aim at modeling the environ-

mental response of plants during their development [Měch and Prusinkiewicz 1996;

Palubicki et al. 2009; Pirk et al. 2012b; Stava et al. 2014]. Besides the forward model-

ing of branching structures, reconstructing trees and plants based on images [Neubert

et al. 2007; Quan et al. 2006; Tan et al. 2008; Argudo et al. 2016; Reche-Martinez et al.

2004] or point clouds [Livny et al. 2011; Xu et al. 2007] also provides a convenient

alternative to capture complex plant form. Sketch-based approaches on the other

hand enable the refined generation of tree models, while also supporting artistic re-

quirements toward content creation [Longay et al. 2012; Chen et al. 2008; Okabe et al.
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2007; Wither et al. 2009]. More recently, a number of methods simulate the physics-

response and the dynamics of tree models, including the swaying of trees in wind

fields [Pirk et al. 2014; Habel et al. 2009], the interactive modeling of growth [Hä-

drich et al. 2017; Pirk et al. 2012a], or the simulation of tree dynamics based on

physically plausible materials [Wang et al. 2013; Zhao and Barbič 2013] or through

machine learning-assisted iterative solvers [Shao et al. 2021].

Terrain Models and Plant Ecosystems. Generating detailed models of complex

terrain has been extensively studied in computer graphics [Kelley et al. 1988; Fournier

et al. 1982]. Early approaches for modeling photo-realistic terrains mostly focus

on generating complex natural landscapes by employing fractals [van Lawick van

Pabst and Jense 1996], noise functions [Perlin 1985], or procedural models [Ebert

et al. 2002]. For plant ecosystems, existing methods not only aim at finding ways

to compute realistic distributions of various species [Lane and Prusinkiewicz 2002;

Deussen et al. 1998, 2002], but also to identify representations for ecosystems that

enable modeling and rendering at scale; methods range from voxels [Jaeger and Teng

2003] and volumetric textures [Bruneton and Neyret 2012] to layers [Argudo et al.

2017] and branch templates [Makowski et al. 2019]. To support the design and content

creation of terrain and ecosystems a number of methods also explore sketch-based

interfaces in conjunction with biological priors [Beneš et al. 2009]. We refer to the

recent survey by Galin et al. [2019] for a more detailed overview on terrain modeling.

It is worth pointing out that real-world data and machine learning has been leveraged

using generative adversarial networks trained by real-world terrains and their sketched

counterparts [Guérin et al. 2017], or by deriving a canopy height model combined with

an understory layer resulting in realistic ecosystems [Kapp et al. 2020].

Due to the enormous amount of geometry required to realistically generate plant

ecosystems a number of methods focus on level of detail strategies. Prominent exam-
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Figure 2.2: We use a module-based representation for plants. Each plant is defined as
a combination of modules (a). Modules are adapted through self-organization during
ecosystem development and are reused across the same plant and the entire ecosystem
(b). Once the branch graph has been defined we generate the final plant geometry
(c).

ples include point and line representations [Deussen et al. 2002; Stamminger and Dret-

takis 2001], billboard clouds [Behrendt et al. 2005], or stochastic simplification [Cook

et al. 2007; Neubert et al. 2011]. To efficiently model large-scale ecosystems, we em-

ploy the method of Makowski et al. [2019] that represents trees as collections of branch

modules that can be efficiently instantiated to model and render large collections of

plants, while the full branch geometry of individual tree models is retained.

Simulating Fire and Combustion. The computation of fluid dynamics as re-

quired for simulating fire has a long tradition in computer graphics research [Bridson

2008]. Most approaches rely on grid-based fluid solvers to capture turbulence as one

of the predominant features of fire [Stam 1999; Hong et al. 2010; Nguyen et al. 2002]

or smoke [Fedkiw et al. 2001; Pan and Manocha 2017; Rasmussen et al. 2003]. Fur-

thermore, a number of methods explicitly focus on rendering fires either based on

physically-accurate models [Pegoraro and Parker 2006; Nguyen et al. 2002] also with

respect to specific flame properties [Nguyen et al. 2001], with an emphasis on artistic

control [Lamorlette and Foster 2002], or based on combined representations that also

use particles to simulate turbulence [Horvath and Geiger 2009].
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Similar to simulating fire, the process of combustion is often modeled based on pla-

nar or volumetric grids that enable to not only model the distribution of heat [Melek

and Keyser 2002] on surfaces [Chiba et al. 1994] or in volumes [Zhao et al. 2003], but

also to simulate fire across disconnected propagating fronts [Liu et al. 2012]. Simu-

lating combustion and heat diffusion for articulated and continuously defined surface

geometry remains a challenging problem, which is only addressed by a few meth-

ods [Hong et al. 2010]. Material point methods, on the other hand, have recently

gained popularity capturing thermodynamic properties to simulate phenomena such

as the melting or solidifying of materials [Stomakhin et al. 2014]. However, most of

these methods are not defined to simulate wood combustion at ecosystem scale.

Wood Combustion and Wildfires. In forestry, botany, and material science a

substantial amount of work focuses on the combustion of wood and plants. Existing

methods range from simulating heat transfer [Encinas et al. 2007], charring [Lizhong

et al. 2002], or the pyrolysis process of entire trees and plants [Bohren and Tho-

rud 1973]. A key factor for understanding the propagation of fire in forests is the

fire resistance of plants. Hence, a number of approaches aim at modeling the re-

sistance of individual species [Lawes et al. 2011], the impact of canopy architecture

on flammability [Schwilk 2003], or the moisture content of plant material [Masinda

et al. 2020]. A large body of work focuses on simulating wildfires, often with the goal

to establish predictive models [Pastor et al. 2003; Monedero et al. 2017; Richards

1990], to simulate fires for different biomes [Cheney et al. 1993; Dupuy and Larini

2000], to understand smoke properties and the ignition of wildfires [Gustenyov et al.

2018; Anand et al. 2017], to predict high-fidelity flows around strongly simplified trees

[Mendoza et al. 2019], or by specifically focusing on the coupling of wildfires and the

atmosphere [Coen 2005; Sun et al. 2009]. Finally, researchers also investigate the

long-term growth response of vegetation to wildfires [Chileen et al. 2020]. Similar to
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Figure 2.3: Our wildfire model expresses plant shape using a multi-scale geometric
representation of branch modules and plants; terrain is represented by a surface mesh.
Together, this constitutes the input to our combustion model that describes pyrolysis
in trees. This process releases fuel, temperature, and smoke, which are expressed by
transport equations in our fire model. Additionally, we also model the water cycle in
the atmosphere and couple it with the fire and combustion model. This allows us to
capture the feedback between tree combustion, fire spread, and cloud formation.

our work, many of these approaches aim at defining accurate models for wood com-

bustion or physically-accurate solvers for wildfires. However, unlike these methods,

we simulate wood combustion for detailed geometric models of trees, which enables

us to explore the impact of vegetation geometry on the propagation of wildfires.
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2.3 Overview

The main motivation for our approach is to realistically model and simulate wildfires

at forest scale. This objective is challenging because of two main reasons. First,

modeling realistic large-scale scenes of vegetation commonly requires the generation

of an enormous amount of geometric detail. Second, computing the pyrolysis of wood

at branch-level, while also coupling the combustion process with a solver for fluid

dynamics to model the spread of fire is computationally demanding and commonly

not performed jointly.

We address these challenges by employing a multi-scale representation for vege-

tation that uses branch modules to represent plants [Makowski et al. 2019]. Each

plant is defined as a collection of branch modules that locally adapt as a result of

the plant’s development and its interaction with neighboring plants – a process that

results in individual and highly detailed branching structures. A key advantage of

this representation is that modules can be instantiated and reused across the same

plant and for other plants in the ecosystem (Figure 2.2).

We use this module-based representation to define a novel combustion model

for plants. Unlike other approaches that define pyrolysis at the scale of mesh el-

ements [Pirk et al. 2017], we define the combustion of wood for individual branch

modules. This level of abstraction has two major advantages. For one, the modules

allow us to define the level of detail at which we want to model wildfires. Trees

can be represented with varying degrees of detail, ranging from only a few coarse

modules – where each module only represents a few branch segments — to a large

number of detailed modules that result in branching structures with a high degree of

visual fidelity. Second, computing the combustion at the level of modules allows us

to retain the geometric structure of individual plants, while we can simultaneously

process large collections of trees. A detailed geometric representation is important to

realistically simulate the propagation of fire within a single tree as well as across an
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entire forest.

Finally, we employ two models for fluid dynamics to simulate fire, smoke, and

clouds. We employ an Eulerian fluid solver to simulate fire and to model its propaga-

tion through the ecosystem. This way, fire can be transferred from module to module

and – in turn – from tree to tree. Second, we use a state-of-the-art model for cloud

dynamics to simulate so called flammagenitus clouds that emerge from large-scale

wildfires as shown in Figure 2.19. For real wildfires, fire clouds often play a critical

role as they occlude the fire and thereby hinder taking measures against fire spread.

Therefore, simulating fire clouds greatly adds to the realism of wildfire simulations.

In summary, we model wildfires by coupling a module-based representation for

vegetation with a novel combustion model that operates at the scale of individual

branch modules. This is combined with state-of-the-art fluid solvers for fire, smoke,

and cloud dynamics in which we incorporate novel formulations capturing heat trans-

fer between tree modules and the environment. An overview of our framework is

provided in Figure 2.3.
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2.4 Methodology

Combustion of solid fuel starts when it is exposed to heat as soon as its ignition

temperature is reached. Wood is decomposed into char and flammable gases (fuel),

i.e.,

Wood + Heat→ Fuel + Char .

As explained by Pirk et al. [2017], the rate of mass change dM/dt can be described

by
dM

dt
+ k(TM) cA = 0 , (2.1)

in which k denotes the reaction rate which is dependent on the temperature TM. The

dimensionless char insulation parameter is denoted by c and the pyrolyzing front area

by A. Both, c and A depend on the tree geometry and vary during the combustion

process. In Pirk et al. [2017], a reaction rate

k(TM) = η ·


0 TM < T0 ,

S((TM − T0)/(T1 − T0)) T0 ≤ TM ≤ T1 ,

1 TM > T1 ,

(2.2)

is applied with constant η. The function S : x 7→ 3x2 − 2x3 describes a sigmoid-

like function interpolating smoothly from zero to one for temperatures between T0 =

150◦C and T1 = 450◦C. We include an extension to the reaction rate to take into

account wind speed u described by a function

η(u) = (ηmax − 1)S(u/uref) + 1 . (2.3)

The function output corresponds to η = 1 in cases without wind and to η = ηmax ≥ 1

for a threshold velocity uref at which a maximum boost is reached. Consequently,
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blowing wind increases the reaction rate and heat release, so that firestorms poten-

tially emerge. This covers the common observation that blowing into the fire increases

its temperature and accelerates the combustion process as the oxygen concentration

becomes higher.

2.4.1 Tree Representation

Unlike Pirk et al. [2017], who discretized branches as triangular surface meshes and

defined pyrolysis as a propagating front that transforms virgin wood into char coal

by moving towards the branch axis, we introduce a higher level of abstraction by

representing branches as truncated cones.

Given a branch of length l represented as a truncated cone with radii r := r(0)

and r′ := r(1), its lateral surface area can be computed as

Abranch = π (r + r′)
√

(r − r′)2 + l2 , (2.4)

its volume by

Vbranch =
π

3
l (r2 + rr′ + (r′)2) , (2.5)

and its mass by

Mbranch = ρwood Vbranch , (2.6)

in which ρwood denotes the wood’s density.

We simulate combustion on a module-level, which reduces the complexity and –

in turn – enables us to simulate wildfires. A module M is composed of a set of

adjacent truncated cones. A tree T is defined as a set of connected modules and

can consequently be decomposed into different numbers of modules depending on the

desired level of detail. A forest F :=
⋃n
i=1 T containing n trees is defined as the union

of these trees.
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2.4.2 Module-level Combustion

Considering a single branch, the mass loss rate dM/dt (or ∆M within a discrete time

step ∆t) has to be computed according to Eq. (2.1) with A = Abranch (see Eq. (2.4)).

The branch’s radii r and r′ have to be adjusted based on ∆M . We enforce a fixed

radii ratio λ := r′/r = const. The combustion process can then be described as a

mapping

(rt,∆M) 7→ rt+∆t(rt,∆M) ,

in which rt+∆t denotes the updated radius of rt according to the mass loss rate ∆M .

Following Eq. (2.5–2.6), we obtain

(rt,∆M) 7→ rt+∆t =

√
3(M + ∆M)

πlρ

1

1 + λ+ λ2
, (2.7)

in which M denotes the (original) mass before the radii update. Please note that

∆M ≤ 0. The updated radius r′t+∆t of r′t can be computed by enforcing the radii

ratio:

r′t+∆t := λ rt+∆t(rt,∆M) . (2.8)

As combustion is simulated on a per-module basis, the area A has to be computed

as the sum of branch surface areas. The change of mass ∆M due to combustion

then has to be distributed among the branches by updating the corresponding radii.

Naturally, mass and radii of an individual branch can not be decreased below zero.

Intra-module Radii Update

Let M ∈ F be a module. It can be described by a graph GM = (V,E) in which

V denotes the set of nodes and E ⊆ V × V the set of edges. As modules are

rooted and connected, grow in a specific direction, and do not contain cycles, G is an

arborescence, i.e., a directed rooted tree with root node v(0) ∈ V . For all v(i) ∈ V , we
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define a corresponding radius r : V → R≥0, v(i) 7→ r(i), and for all e(i) = (v, v′) ∈ E,

we define a branch length l : E → R≥0, e(i) 7→ l(i) and a radii ratio λ : E → R≥0,

e(i) 7→ λ(i) := r(v′)/r(v). Please note that usually λ ≤ 1 according to da Vinci’s rule

of trees [Minamino and Tateno 2014]. This is illustrated in Figure 2.4.

For each edge e ∈ E, we can compute the mass M(e) of the corresponding branch

according to Eq. (2.5–2.6). The total mass M(M) of the moduleM is then given by

M(M) =
∑

e∈EM(e). Using subscript index notation to indicate time, we can write

M(Mt+∆t) =
∑

e∈Et+∆t

M(e)
!

= M(Mt) + ∆M , (2.9)

which states that the total mass of the module after the radii update M(Mt+∆t)

and before the update M(Mt) differ by ∆M . Using Eq. (2.5–2.6), we can rewrite

Eq. (2.9) as follows:

M(Mt) + ∆M =
ρπ

3

∑
e∈Et+∆t

e:=(v,v′)

l(e)
(
r2(v) + r(v)r(v′) + r2(v′)

)
=
ρπ

3
r2(v(0))

∑
e∈Et+∆t

e:=(v,v′)

l(e)
∏

ē∈P (v)

(
λ2(ē)

) (
1 + λ(e) + λ2(e)

)
. (2.10)

The path from the root node v0 to v is denoted with P (v). As G is an arborescence,

the path P (v) is uniquely defined for all v ∈ V \ {v(0)} and P (v(0)) := ∅.

The radii update formula for the root node v(0) within a moduleM now follows

directly from Eq. (2.10):

(r
(0)
t ,∆M) 7→ r

(0)
t+∆t :=

√
3

πρ
ψM

√
M(Mt) + ∆M (2.11)
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Figure 2.4: Illustration of the representation of a moduleM by an arborescenceGM =
(V,E) with nodes V = {v(0), v(1), v(2), v(3), v(4)}, edges E = {e(1) := (v(0), v(1)), e(2) :=
(v(1), v(2)), e(3) := (v(1), v(3)), e(4) := (v(0), v(4))}, and root node v(0). Node features
{r(0), r(1), r(2), r(3), r(4)} and edge features {(l(1), λ(1)), (l(2), λ(2)), (l(3), λ(3)), (l(4), λ(4))}
are shown. The unique path P (v(3)) := (e(1), e(3)) from the root node v(0) to v(3)

is highlighted here as an example. The depth-first search order is used for node
numbering.

using a module constant

ψM :=

√ ∑
e:=(v,v′)∈E

l(e)
∏

ē∈P (v)

(λ2(ē)) (1 + λ(e) + λ2(e))
−1

.

For all v ∈ V \ {v(0)}, we apply

r
(i)
t+∆t :=

∏
ē∈P (v(i))

(λ(ē)) r
(0)
t+∆t . (2.12)

If the moduleM consists entirely of a single branch, Eq. (2.11–2.12) can be simplified

to the special case Eq. (2.7–2.8).

Connection Node Handling

As trees are represented by several modules attached to each other, we distinguish

between internal and connection nodes within a module. Connection nodes are those

which are shared by different modules (Figure 2.2). All other nodes are labeled as



74

internal nodes. For connection nodes, we store multiple radii information, i.e., every

module sharing a connection node, stores its own radius at the connection node and

updates it only with respect to its own mass loss rate ∆M independently from the

other modules. However, for rendering a single radius is needed at each node. For

this, we simply use the average radii for connection nodes.

Charring Effect

The char insulating parameter c has to be set proportional to the char layer thickness

according to Pirk et al. [2017]. The char layer thickness is assumed to be the same

for all branches within the module.

2.4.3 Wind

Wind is described as a time-dependent vector-valued velocity field

u : (x, t) 7→ u(x, t)

which for given time t ∈ R≥0 and position x ∈ R3 returns the corresponding local

flow u(x, t) ∈ R3. The temporal evolution of u is described by the Navier-Stokes

equation [Bridson 2008]

∂u

∂t
+ u · ∇u+

1

ρair
∇p = ν∇ · ∇u+ b+ f d + f (2.13)

covering the chance of momentum, and the continuity equation

∇ · u = 0 (2.14)

ensuring the conservation of mass. In Eq. (2.13), the air density is denoted by ρair,

the pressure by p, and the kinematic viscosity by ν. The second term on the left side
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of Eq. (2.13) describes phenomena caused by advection followed by the pressure term.

The first term on the right side describes viscosity. Buoyancy is taken into account

by the force b ∈ R3. Moreover, trees are influencing the wind which is captured using

a drag force

f d =
ρair
2
cdAcs‖u‖2 u

‖u‖
(2.15)

with drag coefficient cd and cross sectional area Acs. All other external forces are

combined and described by an additional external net force f ∈ R3. Please note that

the wind speed u := ‖u‖ influences the reaction rate k of the combustion process

directly as stated in Eq. (2.2–2.3).

2.4.4 Smoke

We take smoke into account according to Pirk et al. [2017] who added smoke propor-

tionally to the mass loss and the evaporation of water. Defining a time-dependent

scalar field

qs : (x, t) 7→ qs(x, t)

describing the smoke density qs ∈ R3 at given time t ∈ R≥0 and position x ∈ R3, its

temporal evolution can be described by

∂qs
∂t

+ u · ∇qs = −sM
dM

dt
− sW

dW

dt
(2.16)

with smoke parameters sM and sW . Pirk et al. [2017] computed the value of the

water content W by dW/dt = −wT TM applying an evaporation rate wT . This is

problematic because too much water could also get released if the module is not

burning at all. Only burning wood significantly releases water vapor into the air

when the hydrogen content of the wood binds with atmospheric oxygen. With a

hydrogen mass fraction in wood of 6% [Côté 1968], cWM = 0.5362 kg of water are

released per 1 kg of burned wood when two moles of hydrogen bind with a mole of
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Wind Field Heat Transfer

Smoke

Ground Elevation

No-slip Boundary Conditions

Free-slip Boundary Conditions

Module CombustionRadii Update

Module Temperature

Extended Kessler Model

Figure 2.5: Overview of our model explicitly showing dependencies of the different
quantities. The grid resolution corresponds to the size of the bounding box of an
average module. Please note that the temperature of air is used within the computa-
tions of the extended Kessler model. The outcome of the Kessler model influences the
wind field as well. Wind is furthermore directly influencing the combustion process
as its reaction rate depends on the wind speed. The combustion also depends on the
updated radii as this influences the tree geometry.

oxygen. Consequently, we make use of the relation

dW

dt
= cWM

dM

dt
. (2.17)

2.4.5 Clouds and Rain

Next to the smoke density qs, we define similar time-dependent scalar fields for water

vapor qv : (x, t) 7→ qv(x, t), condensed water qc : (x, t) 7→ qc(x, t), and rain qr :

(x, t) 7→ qr(x, t), which for given time t ∈ R≥0 and position x ∈ R3 return the

corresponding densities. The outputs are dimensionless quantities which we obtain

as mass mixing ratios ([q] = 1 kg/kg) describing the mass of vapor, smoke, or liquid
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per unit mass of air. Please note that qc corresponds to what we usually observe as

visible clouds. Following Hädrich et al. [2020], we model the relationship between qv,

qc, and qr using Kessler’s methodology [1969] including a transport equation for a

rain phase in addition to vapor and cloud. The transport equations are coupled using

the system of differential equations

∂qv
∂t

+ u · ∇qv = −Cc + Ec + Er + Vr − sW
dW

dt
, (2.18)

∂qc
∂t

+ u · ∇qc = Cc − Ec − Ac −Kc , (2.19)

∂qr
∂t

+ u · ∇qr = Ac +Kc − Er − Vr , (2.20)

and source terms Cc for condensation, Ec for cloud evaporation, Er for rain evapora-

tion, Ac for autoconversion of raindrops from clouds, and Kc for the accretion of cloud

water due to falling drops. We set Er according to Eq. (2.22) and add a vaporization

sink term Vr given by Eq. (2.31) as derived in the upcoming Section 2.4.6. Moreover,

following Harris et al. [2003], we apply Ec−Cc = min(qv,sat− qv, qc), and according to

Hädrich et al. [2020] Ac = βAmax(qc− aT , 0) and Kc = βKqcqr with constant βA, βK ,

and aT . Similarly to Eq. (2.16), we add a term proportional to the change of water

content W to Eq. (2.18) in order to add the moisture released by the combustion

process to the water vapor.

2.4.6 Heat Transfer

The environmental temperature is described as a time-dependent scalar field

T : (x, t) 7→ T (x, t) ,

which for given time t ∈ R≥0 and position x ∈ R3 returns the corresponding envi-

ronmental temperature T (x, t) ∈ R. Heat transfer is modeled using the following
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relationship describing the temporal evolution of the air temperature T :

∂T

∂t
+ u · ∇T = α∇2T − γ(T − Tamb)

4 − τ dM
dt
− ϕ qr . (2.21)

The temporal temperature change of a certain fluid parcel, as it flows along the

trajectory of the wind, is described by a diffusion component with intensity α, and

an ambient cooling component with the radiative cooling term γ [Nguyen et al. 2002]

involving the fixed ambient temperature

Tamb := Tamb(h) at altitude h := h(x)

for a given position x := (x, y, h) evaluated according to atmospheric data [ISO 1975].

Moreover, module to air heat transfer is addressed by adjusting the air temperature

proportionally to the mass loss with coefficient τ . The density of rain qr is taken into

account to address the cooling effect of rain. Two physical effects cause this cooling:

Heat absorption into cool rain drops and evaporation. As evaporation dominates,

we will focus on this effect here. The underlying physical mechanism is that water

molecules leaving the rain drops have to overcome the attraction of the other water

molecules, and thus cause a decrease in temperature. The driving potential of this

evaporation process is the relative humidity φrel = qv/qv,sat as the ratio of the local

vapor mass ratio qv and and the local saturation vapor mass ratio qv,sat [Hädrich et al.

2020] of the surrounding air. When the air is saturated, i.e. qv = qv,sat or φrel = 1,

evaporation stops and no cooling occurs. This results in a rain evaporation rate Er

in the form

Er = qrwmax(qv,sat − qv, 0) , (2.22)



79

where w is an evaporation rate coefficient, and the saturation vapor mixing ratio is

given by

qv,sat(T, p) =
380.16

p
exp

(
17.67T

T + 243.50

)
(2.23)

for given temperature and pressure in Celsius respectively Pascal [Yau and Rogers

1996]. The evaporation adsorbs the latent heat L which acts to cool the surrounding

air of heat capacity cp, such that we find an approximate expression for ϕ of Eq. (2.21):

ϕ =
L

cp

Er
qr

=
L

cp
wmax(qv,sat − qv, 0) . (2.24)

Next to the environmental temperature field T , we introduce a module tempera-

ture function

TF : (M, t) 7→ TF (M, t) =: TM(t) ,

which for given time t ∈ R≥0 and module M ∈ F returns the module’s surface

temperature TM(t) ∈ R. The change of TM is described by simulating diffusion

between adjacent modules, as well as the heating (e.g., caused by a fire) or cooling of

its surface due to the temperature T of the surrounding air:

∂TM
∂t

= αM∇2TM + b(T − TM) . (2.25)

Diffusion and temperature coefficients αM and b are applied. Moreover, we model

cooling of the module’s surface due to rain, which depends on the heat transfer from

the surface of the wood to the covering water film and on the amount of rain. The

heat flux to water per unit area can be approximated by

q̇′′ = c̄(TM − Tsat)3 (2.26)

using c̄ = 0.1 Wm−2◦C−1 and the saturation temperature of water corresponding to
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Tsat = 100◦C [Carey 1992]. This energy is extracted from the module and added to

the adjacent rain water phase until all of the rain water qr is vaporized to qv. As

an effect of this, the wood’s temperature is decreased. The energy UM stored in a

moduleM of volume VM and density ρM with specific heat capacity cM is given by

UM = VM ρM cM T ′M , (2.27)

where T ′M denotes the absolute temperature. For wood, we apply cM ≈ 2.5 kJ ◦C−1kg.

The temperature rate of change of the module given a change in energy is then

described by
dTM
dt

=
dUM
dt

1

VM ρM cM
, (2.28)

where the change in energy occurs through heat transfer across the module surface

AM, i.e.
dUM
dt

= q̇′′AM = Q̇ = c̄ AM(TM − Tsat)3 . (2.29)

Based on this, we then extend Eq. (2.25) to

∂TM
∂t

= αM∇2TM + b(T − TM)− c̄ AM(TM − Tsat)3

VM ρM cM
. (2.30)

Another effect of this heat conduction is that the rain phase is vaporized with a mass

rate of ṁr = Q̇/L until all rain in contact with the module is consumed and turned

into vapor. This results in a rain vaporization sink term

Vr = max

(
Q̇

L
ρair, 0

)
(2.31)

in the presence of a tree, which has to be added to the vapor ratio’s transport Eq. (2.18)

and subtracted from the rain ratio’s transport Eq. (2.20).

In summary, our heat model transports a temperature field, thus accounting for
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convective heat transfer including heat transfer between modules and the atmosphere.

Radiative cooling is taken into account [Nguyen et al. 2002] while radiative heating

is not included as recent research [Finney et al. 2015] finds that it can be neglected

compared to convective heat transfer.
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2.5 Implementation

The model described in the previous section provides the basis of our simulator. The

whole procedure is summarized in Algorithm 1. Moreover, Figure 2.5 presents an

overview pointing out the dependencies of the different quantities.

ALGORITHM 1: Overview of our simulator’s numerical procedure.
∗Please note that ψM can be precomputed for allM∈ F .

Input: Current system state.
Output: Updated system state.

1 for each moduleM∈ F do
2 | Update mass M := M(M) according to Eq. (2.1).
3 | Perform radii update according to Eq. (2.11–2.12)∗.
4 | Update temperature TM according to Eq. (2.30).
5 | Update released water content W := W (M) according to Eq. (2.17).
6 end
7 for each grid point x ∈ D(Ω) do
8 | Update M := M(x) and W := W (x) as described in Section 2.5.1.
9 end

10 Update temperature T according to Eq. (2.21).
11 Update drag forces fd according to Eq. (2.15).
12 Update qv, qc, qr, qs, and u according to Hädrich et al. [2020] including vorticity

confinement with intensity ε.
13 for each moduleM∈ F do
14 | if M := M(M) = 0 then F ← F \ ({M} ∪ children(M))
15 end

2.5.1 Numerical Procedure

We have to distinguish between those computations acting within the module space

F , and those carried out on a grid discretizing our spatial domain Ω ⊂ R3. As before,

we denote modules as M ∈ F , and set up a set of grid points denoted as D(Ω)

discretizing Ω. We apply a single uniform grid scale of ∆x. We allow for non-flat

ground terrains for which reason a height map H : (x, y) 7→ H(x, y) is introduced

defining the lower boundary of Ω:

∂Ωbottom := {(x, y,H(x, y))T ∈ Ω} .



83

Table 2.1: Overview of the different scenes. For each scene, the spatial resolu-
tion measured in meters, the number n of trees and the number N := |F| of
modules, the computation time (CT) per forward integration in milliseconds, and
the relevant parameters are listed. Each forward integration is carried out us-
ing a constant time step size of ∆t = 0.016 s. The parameters are listed in
[∆x] = 1 m, [γ] = 1 s−1◦C−3, [τ ] = 1 ◦Ckg−1, and [b] = 1 s−1. Identical param-
eters uref = 15 m/s, ηmax = 2 kg s−1m−2, α = 0.02 m2s−1, αM = 0.75 m2s−1, cd = 1.2,
sM = sW = 0.05 kg−1, and ε = 0.2 are used throughout our simulations. The density
ρwood of wood (averaged for different moisture intensities) depends on the specific tree
type: ρdeciduous = 660 kgm−3 (birches and oak trees), ρconifer = 420 kgm−3 (pine trees
and spruces), and ρshrub = 300 kgm−3 have been applied.

Figure Scene Resolution ∆x n N CT γ τ b

2.1 Burning Yosemite 1603 25.0 68K 75K 82 0.003 200 1.83
2.6 Vertical Spread 642 × 48 0.25 2 0.8K 2 0.003 163 0.75
2.8 Varying Slope 112× 64× 128 2.00 3.4K 12.2K 16 0.003 163 0.75
2.10 Fire Resistance 1603 2.00 19.6K 25.7K 75 0.004 200 1.83
2.13 Wind Effect 1603 1.75 19.6K 25.7K 75 0.004 200 1.83
2.14 Forest Cover 1603 1.75 ≤19.6K ≤25.7K ≤75 0.004 200 1.83
2.15 Fire Extinguishing 642 × 48 1.00 78 5K 4 0.003 163 0.75
2.15 Fire Barrier Zones 112× 64× 128 2.00 ≤3.4K ≤12.2K ≤13 0.003 163 0.75
2.18 Flammagenitus 128× 24× 92 10 1K 2.5K 6 0.003 163 0.75
2.19 Flammagenitus 1603 25.0 120K 120K 95 0.003 200 1.83

The procedure summarized in Algorithm 1 starts with an iteration over all modules

M ∈ F updating their masses M according to Eq. (2.1). For this, reaction rates k

have to be computed according to Eq. (2.2) for a given module temperature using a

threshold velocity of uref = 15 m/s corresponding to strong wind boosting the reaction

rate by a factor of ηmax. The local velocity of u = ‖u‖ is computed as the average

absolute wind speed within the cells which contain (a part of) the corresponding

module. The mass updates are followed by radii updates according to Eq. (2.11–

2.12). Then, module temperatures TM are computed according to Eq. (2.30), and

released water contents W are estimated according to Eq. (2.17).

Please note that mass M = M(M) and water content W = W (M) are computed

per module and have to be transferred to the grid in order to update temperature

(Eq. (2.21)) and water vapor density (Eq. (2.18)), and to simulate smoke (Eq. (2.16)).
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Figure 2.6: Vertical fire spread onto a big tree from a small tree underneath.

Consequently, we introduce time-dependent scalar fields

M : (x, t) 7→M(x, t) and W : (x, t) 7→ W (x, t) ,

which return mass M(x) := M(x, t) and water content W (x) := W (x, t) relative to

a grid point (i.e. cell center point) x ∈ D(Ω) for a fixed point in time t ∈ R≥0. These

quantities are computed by taking into account all modules M which (partially)

overlap with the cell around x, summing up their masses M or water content W

weighted by a factor of (1 − ‖x − center(M)‖/∆x) in which center(M) denotes the

center of mass of M. Based on this, temperatures T can be updated according to

Eq. (2.21) as well as qv, qc, qr, qs, and u according to the Eulerian fluid solver of

Hädrich et al. [2020]. Here, we include drag forces f d according to Eq. (2.15) into

the external forces f in Eq. (2.13). We apply no-slip boundary conditions at the

ground, free-slip conditions conditions at the top, and mixed boundary conditions

at the sides [Hädrich et al. 2020]. Moreover, vorticity confinement is included as



85

Figure 2.7: Analysis of the effect of different numbers of modules by studying a small
ecosystem (left) and an individual tree (right). The average number of modules per
tree within the ecosystem (left) is given by 55, 7, 5, and 1 (from top to bottom).
The single tree (right) is decomposed into 123, 68, 19, 14 modules, and into a single
module (from top to bottom). The corresponding mass loss is shown in the diagrams
below.

Figure 2.8: Snapshots showing simulations of fire spread on inclined planes with
different slope angles χ ∈ {−20◦,−10◦, 0◦, 10◦, 20◦} (from left to right).
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nonphysical damping caused by numerical dissipation removes interesting turbulent

flow features. To avoid this, a vorticity confinement force as introduced by Steinhoff

and Underhill [1994] is applied, which injects the dissipated energy back into the

system. The strength of the vorticity confinement can be adjusted using a parameter

ε according to Fedkiw et al. [2001].

Finally, we check which modules M completely burned down (i.e. M(M) = 0)

and remove them from the module space F as well as their children within the ar-

borescence.

2.5.2 Implementation

We implemented Algorithm 1 within a C++/CUDA framework. When updating

mass, water content, and temperatures, we employ regular forward finite differences.

Moreover, Hädrich et al. [2020] kindly provided the source code of their cloud simu-

lator, which we extended by including an additional term proportional to the change

of water content W to Eq. (2.18) as well as our novel formulations for Er given by

Eq. (2.22) and Vr given by Eq. (2.31). Please note that their implementation utilises

the concept of potential temperature, hence we have to convert our absolute temper-

ature values to potential temperature and vice versa when using their solver.

For rendering purposes, volume ray casting [Pharr et al. 2016] is employed using

OpenGL/GLSL evaluating rays of light as they pass through the volume. Tree ge-

ometries and leaves are handled dynamically in the geometry shader. For each pixel

intersecting the volume, opacity and color are returned and visualized on the screen

in real-time, which allows for the interactive exploration of our simulations.
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2.6 Results

We present an overview of our results simulated according to Algorithm 1 imple-

mented as described in the previous section. Initial tree geometries were generated

using the ecosystem simulator developed by Makowski et al. [2019], who kindly pro-

vided their software. An overview of the different scenes presented throughout this

section is provided in Table 2.1 including relevant parameters. The scenes can be sim-

ulated interactively or even in real-time. The computation times listed in Table 2.1

are measured on an up-to-date desktop computer running our simulation framework

on an NVIDIA®GeForce ®GTX 1080.

2.6.1 Fire Spread

The use of detailed branch geometry allows us to realistically capture the three-

dimensional fire spread, which cannot be easily covered with other representations or

statistical models. For example, when a tree underneath another tree is burning, fire

can spread vertically as illustrated in Figure 2.6. This would not occur in simplified

spatial representations such as statistical models. We further demonstrate the effect

of fire spread in a forest using a constant horizontal wind field. We vary the slope of

the ground terrain. As expected, for a positive slope the fire spreads faster compared

to a flat terrain or a negative slope. This is qualitatively illustrated in Figure 2.8 and

quantitatively evaluated in Figure 2.11 (left), indicating an exponential decrease of

the propagation time with increasing slope.

2.6.2 Mesoscale Representation

The mesoscale representation for trees enables us to model collections of trees with

detailed branch geometry for individual modules. Specifically, modeling trees with

modules enables controlling the level of detail. Neither coarse-scale nor fine-scale rep-

resentations offer these two benefits at once. Furthermore, trees dynamically adapt
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to their individual environment, which cannot simply be represented by fixed proxy

shapes such as cones. Modules capture both the self-organization as well as the

recursive attribute of tree architecture, thus leading to a more realistic geometric rep-

resentation. We evaluate our module-based representation by comparing simulation

results using different numbers of modules. As shown in Figure 2.7 (top), we provide

a qualitative comparison by simulating an individual tree as well as an ecosystem.

A quantitative comparison is given in Figure 2.7 (bottom) monitoring the mass loss

over time for different numbers of modules.

2.6.3 Coarse-scale Comparison

To showcase the impact of taking detailed branch geometry into account, we simulate

fire spread within an ecosystem composed of several conifers arranged on a flat ter-

rain. As shown in Figure 2.9, the fire spread is simulated with our mesoscale approach

as well as by using a simplified coarse-scale representation which mimics certain prop-

erties of the ecosystem on a higher level of abstraction. Each tree is represented as

a single cylindrically shaped trunk whose mass corresponds to the mass of the whole

tree in the mesoscale representation. In particular, the wood density is adopted, the

trunk’s height corresponds to the height of the tree in the mesoscale representation,

and the trunk’s diameter is adjusted in a way that the trunk’s mass equals the sum of

the tree’s module masses. While using the mesoscale approach, some time is required

until a single tree potentially burns completely, the coarse-scale representation results

in a direct inflammation of the whole trunk which immediate starts to burn brightly

as detailed branch geometry is not considered. As we mimic the original tree widths,

the fire propagates remarkably fast through the ecosystem resulting in an unrealistic

wildfire scenario. This is quantitatively evaluated in Figure 2.11 (right) which shows

the relative change of mass within the whole ecosystem. It can be observed that

the coarse-scale representation results in a fast combustion of a major part of the
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Figure 2.9: Temporal evolution (from left to right) of a wildfire burning down conifers
simulated with our detailed mesoscale approach (top) and by using a simplified coarse-
scale model (bottom). The mesoscale representation contains on average 85 modules
per tree. As shown in the left images, the complete left tree front is initially set on
fire.

ecosystem while the mesoscale approach leads to a distinctively different result.

2.6.4 Ecosystem Properties

Our framework allows for studying the influence of different ecosystem properties.

First, we investigate the impact of different tree types as illustrated in Figure 2.10.

In particular, we simulate the temporal evolution of a wildfire within an ecosystem

which contains conifers and deciduous trees. We observe that the deciduous trees are

more fire resistant compared to the conifers, which is partially caused by their higher

density. This results in a characteristic change of the forest pattern caused by the

wildfire, changing the ratio of conifers and deciduous trees within the ecosystem.

Moreover, we study the impact of the forest cover (i.e. the relative amount of land

covered by trees) on the wildfire. As reported in the literature [Abades et al. 2014],

we observe that below a specific forest coverage, fire spread is inhibited as there is

not sufficient biomass to propagate the fire. In contrast, once a specific threshold is
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Figure 2.10: Temporal evolution (middle and bottom row) of a wildfire burning down
conifers and deciduous trees. The fact that the deciduous trees are more fire resistant
compared to the conifers results in a different forest pattern (top right) compared to
the state before the wildfire (top left).
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Figure 2.11: Left: Dependence of the speed of the fire spread on different slope values
indicating an exponential trend. For an angle of −20◦ the fire extinguished itself,
not being able to propagate over the whole negatively sloped plane. Right: Temporal
evolution of the mass (relative to the initial mass) measured from the simulation using
our detailed mesoscale approach (blue) and by using a simplified coarse-scale model
(orange).

reached, the fire spreads intensively. The graph in Figure 2.12 (left) shows the relative

number of trees with burned modules for different forest cover. The corresponding

ecosystems are shown in Figure 2.14.

2.6.5 Wildfire Management

Modern wildfire management comprises fire prevention and response as well as re-

covery work. To evaluate the human impact on wildfires, our model allows us to

interactively extinguish fire by manually distributing fire retardant as well as by set-

ting up fire barriers. This is qualitatively illustrated in Figure 2.15. Moreover, we

quantitatively evaluate the impact of fire barriers using different barrier widths as

shown in Figure 2.12 (right). Once a specific threshold width of about 7.9 m in our

example is reached, the fire is not able to jump over the barrier. Please note that the

discrete jump in Figure 2.12 (right) is expected as flying sparks are ignored in our

model.
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Figure 2.12: Left: Dependence of the relative number of trees with burned modules
on the forest coverage. Once a threshold of about 58% of forest cover is reached, the
fire is spreads over the whole ecosystem. Right: Cohort of trees are cut resulting in
empty fire barrier zones of different widths. The number of trees with burned modules
depending on the width is shown here.

Figure 2.13: Left: Temporal evolution of the relative number of burned trees for
different scenarios without wind (blue), with moderate wind (orange), and with strong
wind (red). Right: Equivalent results predicted by a percolation model expressing
the effects of wind on fire spread for the same vegetation scene. Both models predict
a decrease in burned tree ratios with increasing wind speed. The handling of the
percolation model is described by Abades et al. [2014] who kindly provided their
source code.
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Figure 2.14: Illustration of the fire spread in different ecosystems varying with respect
to their initial forest cover of 25% (top), 45% (middle), and 90% (bottom).
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Figure 2.15: Top: Illustration of the user experience of our interactive wildfire simu-
lator. Simulation and rendering are running in real-time so that the user can conve-
niently explore the scene. After inspecting the wildfire, fire retardant is interactively
distributed partially extinguishing the fire. The application of fire retardant is im-
plemented by setting the module temperature to the environmental temperature at
selected trees. Bottom: The temporal evolution of a scenario is shown in which the
user sets up an empty fire barrier zone by cutting trees. As the width of the bar-
rier zone is not sufficient to protect the forest, the fire spreads over the zone further
increasing forest damage.

2.6.6 Atmospheric Conditions

We study the impact of different atmospheric conditions by varying the speed of

a constant horizontal wind field as shown in Figure 2.17. This is quantitatively

evaluated in Figure 2.13 showing the relative number of burning trees (including

already burned trees) over time. As expected, the fire spreads faster with increasing

wind speed, which is caused by the propagation of flames due to wind as well as the

fact that fire increases its temperature and accelerates the combustion process if wind

is blowing oxygen into the fire (see Eq. (2.3)). Consequently, the relative number of

burned trees increases faster in the beginning of the wildfire when wind is stronger.

However, as it can be observed from Figure 2.13 as well, wind also blows the fire in

a dominant direction, potentially hindering it to spread isotropically, resulting is less

forest damage in the long-term.

2.6.7 National Park Wildfire

We simulate a complex wildfire originating from a randomly positioned fire source

which could be caused by a lightning strike. The fire spreads within the valley around
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Half Dome in California’s Yosemite National Park as shown in Figure 2.1. This scene

contains about 68K trees composed of about 75K individual modules. The simulation

runs at interactive rates.

2.6.8 Flammagenitus Clouds

Figure 2.16: Photogra-
phy of a flammagenitus.

Flammagenitus clouds are dense grayish to brown cumuli-

form clouds which potentially emerge from wildfires or

volcanic eruptions. While it may seem counterintuitive

that water vapor condenses to form clouds in the vicinity

of a hot flame, Eq. (2.17) reveals that burning wood re-

leases large amounts of water that supersaturate the air

above a fire. The effect of flammagenitus clouds on wild-

fires is two-fold and dependent on the size and intensity

of the fire. Flammagenitus clouds can condense, resulting

in rainfall contributing to potentially extinguishing the fire. On the other hand, huge

wildfires can produce growing flammagenitus clouds (cumulonimbus flammagenitus)

which can trigger thunderstorms from which lightning can become an additional fire

source [Dowdy et al. 2017]. Figure 2.18 shows the simulation of a wildfire scenario

from which a flammagenitus cloud emerges whose rainfall finally extinguishes the fire.

The scene is rendered from a cross-sectional perspective highlighting water vapor and

condensed cloud water showcasing the formation of the flammagenitus cloud. A more

complex scene comprising a huge flammagenitus cloud over a wildfire is shown in Fig-

ure 2.19. This scene comprises 120K individual trees grown on a mountainous terrain.

It runs at interactive rates. As a comparison, a photography of a real flammagenitus

cloud is shown in Figure 2.16. While dark smoke is present at lower altitudes, the

condensation of water at higher altitudes results in a white cumuliform cloud. This

can be observed in our simulation as well as in the photography.
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Figure 2.17: Temporal evolution of wildfires without wind (top), with moderate hor-
izontal wind (middle, 10 m/s), and with strong horizontal wind (bottom, 30 m/s).



97

Figure 2.18: Simulation of a wildfire (left) forming a flammagenitus cloud (second
from the left) which produces rainfall (second from the right) partially extinguishing
the fire (right). The condensed (cloud) water is visualized in gray while water vapor
is shown in blue.

Figure 2.19: Simulation of a complex wildfire in a mountainous region from which a
typical flammagenitus cloud emerges (top). Dark smoke is present at lower altitudes
while the condensation of water at higher altitudes results in a white cumuliform
cloud. A flammagenitus cloud produces rainfall extinguishing a separately emerging
fire source (bottom, left to right).
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2.7 Discussion

We propose a novel approach for the simulation of large-scale wildfires with the goal

of faithfully capturing fire spread, using a physically-based approach. Our approach

is able to simulate various phenomena that are crucial for simulating fire propagation

and its interaction with the environment, such as heat exchange as a result of wood

combustion or emerging clouds due to released water vapor.

Within the scope of this work, it is not possible to cover all phenomena, which

are relevant for the simulation of wildfires. We do, for example, not consider embers

emanating from fire or branch dynamics in our model. Moreover, not all parameters

of the model are always known and can often be only approximated. This includes

for example the moisture content of trees, wood density or atmospheric conditions.

Moreover, the chaotic and stochastic nature of the dynamical systems involved makes

the accurate simulation of wildfires difficult.

An important result of analytical studies on forest fires (e.g. using percolation

models) is that the geometric distribution of vegetation in space is a major deter-

minant of fire spread. This suggests, that detailed tree form representations could

improve the accuracy of wildfire simulations. Existing theoretical methods study wild-

fires by employing coarse tree representations, such as 2D grids, voxels or cones [Men-

doza et al. 2019]. In contrast, our method proposes a significantly more detailed rep-

resentation of tree form based on branch modules. Our comparison to a coarse-scale

model (Section 2.6.3) showcases the importance of detailed tree geometry.

Our simulation results indicate that wildfires are characterized by a tipping-point

phenomenon. Specifically, we report that with increasing forest cover the burned tree

ratio increases following a hill-shaped relation (Figure 2.12, left). Such a non-linear

relation is well documented by simulations with percolation models [Abades et al.

2014]. Furthermore, let us compare our simulation results of evaluating the impact

of wind speed on forest fires (Figure 2.13, left) with equivalent results of such a
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percolation model that expresses the effects of uniform wind (Figure 2.13, right). For

this, we calculated the vegetation input (a 2D grid) for the percolation model based

on the forest scene used in our simulation results. Qualitatively, both models exhibit

a similar relation of wind speed on burned tree ratio. Specifically, burned tree ratios

decrease with increasing wind for our method as well as for the percolation model.

Our model describes terrain-wind and tree-wind interaction by employing a state-

of-the-art fluid solver. Due to boundary effects of the fluid domain this can readily

result in turbulent air flows. However, capturing turbulence caused by tree-wind in-

teraction can be practically impeded as this is not captured adequately if the modules

are smaller than the grid resolution. We leave validating turbulent air flow for future

work.

Given the previously stated limitations, the predictive capabilities of our approach

are currently unknown. In order to quantify our approach in this regard, a thorough

examination is needed. This includes, for example, a validation of the individual

components of our model, as well as comparisons with real-world data for wood

combustion and fire propagation.

2.7.1 Conclusion

We have introduced a novel method for modeling and simulating wildfires. Our

method employs branch modules as an efficient geometric representation for tree

models that provides us with complex and realistic branching structures for individual

trees and consequently entire forests. We use this representation to define a novel

combustion model for plants that allows us to capture various effects to realistically

simulate the pyrolysis of wood, including char insulation, mass loss, and heat transfer.

We have shown that our method can be used to realistically capture the fire spread

on terrain with varying vegetation occupancy. Furthermore, by using a physically

plausible model for fluid dynamics of the atmosphere we can capture the emergent
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fire spread over terrain topography. By coupling combustion, fire and atmosphere

models, we have been able to capture the formation of flammagenitus clouds.

In summary, our method enables the exploration of complex wildfire scenarios. We

have been able to simulate scenes with more than 100K individual trees represented

by complex and detailed geometry at interactive rates. Our approach is scalable

to even larger forests when compromising interactivity. This would be justifiable

as we see the main contribution of our work in improving physical and biological

realism of wildfires. To perform high-fidelity simulations of recent real wildfires, our

model has to be extended by including fire spread on the ground facilitated by grass,

branch litter, and undergrowth vegetation, taking the role of leaves into account, and

including sparks flying through the air. Continuing research in this direction is an

exciting avenue for applying our methodology.
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Chapter 3

Future Work

A framework for the physically accurate simulation of cloud dynamics opens multiple

avenues for future work. For one, it would be interesting to extend our model to

simulate clouds that form from ice instead of water. This would allow us to simulate an

even wider range of cloud types and their transitions. Furthermore, while our model

already simulates rain, extending it to other forms of precipitation, such as snow,

sleet, or hail, would allow us to more accurately simulate weather. Moreover, it seems

promising to further explore the two-way coupling of terrain and cloud formations or

other weather phenomena. While we have shown the interaction of clouds and realistic

landscapes, the simulation of various terrain types is likely to result in more realistic

simulations of clouds. Finally, it would be interesting to explore the connection of our

model to climatology and to further investigate the dynamics of cloud morphologies.

A common phenomenon associated with tree combustion is fire spread on the

ground facilitated by grass, branch litter, and undergrowth vegetation. An individual-

based representation for these elements would significantly increase the simulation

time of our method, which is why we ignored it in the present work. Another major

mediator of fire spread of wildfires are sparks flying through the air. The processes

underlying the formation of sparks happen at spatial scales much smaller than the

processes considered in our model. However, an accurate averaged representation of

flying sparks would improve the realism of fire spread in our approach. Another path

would be to include the effect of tree resin as this highly flammable substance is an

ideal natural fuel for starting fires and even forms explosive mixtures with air. On
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another trajectory, the integration of lightning effects into the model would be attrac-

tive to capture their impact on wildfires as, e.g., flammagenitus clouds can trigger a

thunderstorm potentially initiating another fire. This forms a positive feedback loop

which would benefit from computational analysis.

Another important aspect for future work is including realistic tree dynamics. To

simulate this plausibly, we would have to take the influence of wind on the trees

into account. This would allow to capture branch modules swaying in the wind. One

option could be to utilize the concept of Cosserat rods which has already been applied

to simulate tree dynamics on a branch level and modify it in order to directly act on

the level of modules.
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APPENDICES

A Standard Atmosphere

Generally, atmospheric data are evaluated using the ‘International Standard At-

mosphere’ [ISO 1975] which is abbreviated as ISA. The temperature and pressure

profile from 0 to 40 km altitude are plotted in Figure A.1. Within the troposphere,

i.e. below 11 km, the temperature reduces by 6.5K per 1 km altitude, the pressure

approximately halves for every 5 km gained:

T∞(h) = T∞,0 − 0.0065h , (A.1)

p∞(h) = p∞,0

(
1− 0.0065

h

T∞,0

)5.2561

. (A.2)
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Figure A.1: Temperature and pressure in the troposphere taken from the ISA.
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B Potential Temperature

Adiabatic changes of temperature and air pressure can be taken into account within

the concept of potential temperatures [Yau and Rogers 1996]. Assume, an air parcel

is moved adiabatically (i.e. without a change of heat) from temperature T (t0) and

pressure p(t0) to pressure p(t1). The final temperature θ := T (t1) is given by the

potential temperature θ = (p(t1)/p(t0))κT (t0) in which κ = Rd/cp is the ratio of the

gas constant Rd = 287 J/(kg K) for dry air and the specific heat capacity cp.
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C Time Integration

ALGORITHM 2: Numerical time integration procedure.
Input:
qv ← (qv(x, t0))x∈Ω, qc ← (qc(x, t0))x∈Ω, qr ← (qr(x, t0))x∈Ω

θ ← (θ(x, t0))x∈Ω, u← (u(x, t0))x∈Ω, t← t0
Procedure:
u← advect(u,∆t) //advect velocity field
u← diffuse(u, ν,∆t) //include viscosity as diffusion process
ω ← ∇× u //compute vorticity field
fω ← ε ·∆x · (normalize(∇‖ω‖)× ω) //vorticity confinement
u← u+ fω ·∆t //apply vorticity confinement force
b← (0, 0, B)T //compute buoyancy according to Eq. (1.15)
f ← getExternalForce(t) //compute external net force
u← u+ (b+ f) ·∆t //apply buoyancy and external force
∇p← project(∇ · u,∆t) //pressure projection
u← u−∇p ·∆t //pressure update
[θ, qv, qc, qr]← advect(θ, qv, qc, qr,u,∆t) //advect quantities
qvs ← getSaturationRatio(getAbsoluteTemperature(θ), p∞) //see Eq. (1.16) and
Eq. (A.2)
qv ← qv + min(qvs − qv, qc) + Er
qc ← qc −min(qvs − qv, qc)−Ac −Kc

qr ← qr +Ac +Kc − Er
Xv ← getMoleFraction(qv) //see Eq. (1.9)
Mth ← getAverageMolarMass(Xv) //see Eq. (1.7)
γth ← getIsentropicExponent(XvMW/Mth) //see Eq. (1.11)
cthp ← getHeatCapacity(γth,Mth) //see Eq. (1.18)
θ ← θ + L/cthp · getMoleFraction(−min(qvs − qv, qc)) //see Eq. (1.9)
t1 ← t0 + ∆t

Output:
qv ← (qv(x, t1))x∈Ω, qc ← (qc(x, t1))x∈Ω, qr ← (qr(x, t1))x∈Ω

θ ← (θ(x, t1))x∈Ω, u← (u(x, t1))x∈Ω, t← t1
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D Parameter Space Exploration

Figure D.1: Several examples of clouds and the parameters used for the emission of
heat and vapor on the ground.
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Figure D.2: Parameter space exploration varying the heat emitter value E and relative
humidity φrel (left), and scaling parameters γheat and γvapor (right). For the non-
varying values, parameter settings for cumulus clouds are used: E = 2.2, φrel = 0.4,
γheat = 1.7, and γvapor = 0.14.
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