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Abstract

Large plume-driven wildfires are among the most destructive and unpredictable

of all natural hazards. A prerequisite for the development of the deep convection

characteristic of these fires is the existence of a large area of active flaming, also

known as deep flaming. There are a number of processes associated with the de-

velopment of deep flaming; many involve some form of dynamic fire behaviour,

in which dramatic changes in fire behaviour can occur with little or no change in

ambient conditions. Another important driver of deep flaming is intense spotting

and spot-fire coalescence, which itself involves dynamic fire behaviour. It is difficult

to model dynamic fire behaviour in a computationally efficient way; it cannot be

modelled with existing operational fire-spread models.

This thesis is concerned with the modelling of dynamic fire behaviour, and the mod-

elling of ember transport in turbulent plumes. A coupled atmosphere-fire framework

is used to model junction fires (the merging of two separate firelines at an acute

angle), and the fundamental processes causing the asociated dynamic behaviour

are identified. The idea that fireline curvature can act as a proxy for some of the

processes underlying dynamic fire behaviour is critically examined, and rejected.

A recently-developed simple coupled model, the pyrogenic-potential model, is dis-

cussed. It is found to produce results comparable with that of a coupled atmosphere-

fire model in simple test cases involving the ignition of fires along circular arcs. The

i



pyrogenic-potential model can capture some forms of dynamic behaviour, and is

efficient enough to be used operationally.

To study ember transport in turbulent plumes, a large eddy model is used to sim-

ulate the plume from a static heat source, and the resulting wind field is used to

model the transport of embers under various assumptions. It is shown that the

terminal-velocity assumption, in which embers are assumed to always move at their

terminal velocity with respect to the wind field, leads to an overestimate of ember-

landing densities at medium to long ranges. This has important implications for

the stochastic modelling of spot-fire development.
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(b) ũ∞ = 6 m s−1, and (c) ũ∞ = 8 m s−1. Only embers that have

travelled further than 1 kilometre under all three assumptions are

included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.6 Flight times and travel distances for embers with ũ∞ = 6 m s−1
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Chapter 1

Introduction

This thesis aims to improve the understanding of the modelling of some of the pro-

cesses that lead to the development of very large wildfires. Here the term ‘very

large’ is used to loosely encompass the ‘very large’ and ‘extreme’ categories of fires

proposed by McRae and Sharples 2011. These are characterised by their interaction

with higher levels of the atmosphere through the development of a deep convection

column, with much of their behaviour being driven by this interaction; they are

sometimes known as plume-driven fires. (Extensive, high-intensity fires do not nec-

essarily produce deep convection, but may be driven predominantly by the ambient

wind; these are known as wind-driven fires.) In addition to suitable atmospheric

conditions, a prerequisite for the development of deep convection is the existence of

a large area of active flaming, also known as deep flaming (Sharples et al. 2016b).

This can be caused by very strong winds, or a sudden wind change. But deep flam-

ing may also be caused by intense spotting; and by processes involving interactions

between separate fires (including coalescing spot fires), between different parts of

the same fire, or between the fire and the terrain. Such interactions can produce

rapid changes in fire behaviour with little or no change in ambient conditions. This

is known as dynamic or intrinsic fire behaviour. Thus the modelling of dynamic

fire behaviour and of ember transport is important to the understanding of the
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development of plume-driven fires. Dynamic fire behaviour is also of considerable

interest to operational personnel because it may involve sudden, unforeseen changes

in fire behaviour.

The modelling of dynamic fire behaviour is problematic. Current operational mod-

els cannot account for it, while more complex models may be able to capture it but

are too expensive for operational use. This thesis aims to improve our understand-

ing of dynamic fire behaviour, and how to model it, using a coupled atmosphere-fire

framework. We investigate the dynamic behaviour resulting from the merging of

two firelines (a junction fire), and study the mechanisms underlying this behaviour.

We examine critically the idea that the incorporation of fireline curvature can lead

to more useful operational models by functioning as a proxy for some of the pro-

cesses underlying dynamic fire behaviour. These ideas have led naturally to the

development of a simplified coupled model, the pyrogenic-potential model (Hilton

et al. 2018), which can capture some forms of dynamic fire behaviour, and is efficient

enough that it could be used operationally. We compare simulations of idealised

fires using this model with those using a full coupled atmosphere-fire model.

Junction fires are associated with rapid acceleration of the fireline and very intense

fire conditions. They are worthy of study in their own right, but they are also an

integral part of the process of spot-fire coalescence (see Figure 1.1). This, and the

role that spot-fire coalescence plays in the development of deep flaming, lead us

to study the modelling of ember transport under various assumptions, using high-

resolution wind fields. The results have implications for the stochastic modelling of

spot-fire development.

1.1 Thesis outline

We use the remainder of Chapter 1 to provide a general overview of the concepts

involved.
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In Chapter 2 we review the previous literature relevant to the research presented in

this thesis: dynamic fire behaviour, its modelling, and the transport of embers.

Chapter 3 contains details of the methods used in this research, including a summary

of the WRF-Fire coupled atmosphere-fire model (Coen et al. 2013), and details of

the modifications made to this model in order to carry out the current research. A

description of the pyrogenic-potential model (Hilton et al. 2018) is also given.

Chapter 4 deals with the modelling of junction fires using a coupled atmosphere-fire

model. We show that the model reproduces well the dynamic behaviour observed in

experimental junction fires, and we use the coupled atmosphere-fire framework to

examine in detail the underlying mechanism that produces the dynamic behaviour

in this case.

In Chapter 5 we look at the relationship between rate of spread and fireline curvature

in the output of the WRF-Fire coupled model. We also compare the results of

simulations using WRF-Fire with those using the pyrogenic-potential model.

In Chapter 6 we study the modelling of ember transport at landscape scales using

wind fields from high-resolution simulations of turbulent plumes. We examine the

use of the terminal-velocity assumption in modelling long-range ember transport in

the light of modern computational techniques.

Finally, in Chapter 7 the results of the thesis are discussed, and we indicate possible

directions for future work.

1.2 Large wildfires

The behaviour of very large (plume-driven) wildfires is governed by a different

set of principles than that of small fires (Countryman 1964; McRae and Sharples

2011). The behaviour of small wildfires is predominantly a function of surface

conditions: terrain, fuel conditions, and the surface meteorology. However, the
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larger and more intense a fire is, the more it interacts with higher levels of the

atmosphere, and the more effect this interaction has on its behaviour, for example

by the transport of embers lofted in the plume, or by the convective mixing into the

surface flow of drier, faster-moving air from aloft (Countryman 1964). McRae and

Sharples (2011) classified wildfires broadly into small/medium fires whose behaviour

is determined by surface phenomena; and large, very large and extreme fires, which

couple in increasingly strong ways with successively higher levels of the atmosphere.

Extreme fires may precipitate a pyrocumulonimbus (pyroCb) event: essentially a

thunderstorm with attendant extreme weather phenomena such as lightning, hail,

and erratic wind conditions, including downbursts (Rothermel 1991) and tornadoes

(McRae et al. 2013). In such cases the surface meteorological, fuel, and terrain

conditions are much less significant, and fire behaviour is correspondingly more

difficult to predict. These large, plume-driven fires have been responsible for a

number of fire-fighter deaths (Lahaye et al. 2018; Rothermel 1991).

1.3 Deep flaming

It is a topic of current research as to what may cause a small fire to transition into

a larger one. A number of pathways have been identified, including: atmospheric

instability, very rapid rates of fire spread, a change in wind direction, a body of dry

upper air passing over an active fire, wind-terrain interactions, and intense spot-

fire development (McRae and Sharples 2011). One factor that is considered to be

important, and which can result from many of these processes, is the development of

an areal flaming zone (or, deep flaming) in which a large area of fuel is concurrently

actively burning (McRae et al. 2015; Sharples et al. 2016b). This is in contrast

to the flaming zone being confined to a perhaps long but relatively shallow front.

Intense fire, burning over a large area, can produce strong convective activity and

may precipitate a ‘fire storm’ (Arnold and Buck 1954; Countryman 1964).
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1.4 Ember transport, spot-fire ignition, and deep flaming

Much of the early work on the development of spot fires focused on ember transport

and maximum spotting distances (Tarifa et al. 1962; 1963; 1964; 1965b; 1966; 1967),

and cases of very long-range spotting have been recorded; for example, a maximum

spotting distances of 35 kilometres was reported for the Kilmore fire in February

2009 (Tolhurst 2009).

While medium- and long-range spotting may result in new heads of fire, and can

cause obvious problems for fire suppression, short-range spotting can be a very

significant driver of fire behaviour, and in certain conditions it may become the

dominant mode of fire spread in wildland fires (Cheney and Bary 1969; Koo et al.

2010). Short-range intensive spotting can increase the rate of spread by a factor of

three to five, and the interaction between large numbers of individual spot fires can

lead to their rapid coalescence, resulting in deep flaming and possible extreme fire

behaviour (Cheney and Bary 1969). For example, in an analysis of the Air Force

Bomb Range fire, Wade and Ward (1973) reported that short-range spotting (up to

800 metres) was partly responsible for the fire travelling more than seven kilometres

in less than an hour, with the development of a convection column to about 4,600

metres during that period.

Spotting is also associated with another mode of non-steady fire spread: vorticity-

driven lateral spread (Sharples et al. 2012; Simpson et al. 2013) in which, through

its interaction with the wind and terrain, a fire may spread quickly in a direction

lateral to the prevailing wind. This not only causes a rapid broadening of the head

fire, but it is typically accompanied by vigorous spotting and the development of a

large flaming zone (Sharples et al. 2012). Several instances of this mechanism have

been identified in the Australian Alpine fires of 2003 (Sharples et al. 2012), and it

has been pointed to as a factor driving pyroCb development in the Grose Valley

fire of 2006 (McRae et al. 2015).
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1.5 Fire-fire interactions and dynamic fire behaviour

When a large number of fires develop near one another, for example during spotting,

these fires can interact with each other to produce violent fire behaviour (Arnold

and Buck 1954). This phenomenon, often called a mass fire, has been studied

extensively, largely in the context of the aftermath of a nuclear attack (e.g. Weihs

and Small 1986); see (Finney and McAllister 2011) for a survey of the research in this

area. The interaction between multiple fires can produce more intense fire behaviour

compared with that of an individual spot fire. In experimental prescribed burns

using spot fires, Johansen (1984) observed flame heights increasing up to ten-fold

when individual fires merged with each other. This interaction between individual

fires may also cause their rapid coalescence (Section 1.3) to produce an extended

areal flaming zone (Countryman 1964).

The interaction between different fires is not confined to spot-fire coalescence; sep-

arate firelines or different parts of the same fireline can interact to produce severe

fire behaviour. McRae et al. (1989) reported spread rates of up to 10 times that of

the equilibrium rate for interacting lines of fire during prescribed burns in Canada.

An aerial-borne infrared camera was used to monitor burns in Siberian forests and

found that unusually high rates of spread were in most cases associated with ir-

regular areas of the fire front e.g. where fingering of the fireline had occurred (see

Figure 2.1), or where parts of the fireline were converging (McRae et al. 2005).

During the Canberra fire of 2003, the interaction between two merging firelines (the

Bendora and the McIntyres Hut fires) resulted in extremely high rates of spread (20

km h−1), and convective activity resulting in a tornado with wind speeds estimated

at 200 km h−1 (Doogan 2006). Motivated in part by this behaviour, Viegas et al.

(2012) analysed, both experimentally and analytically, the merging of two straight

lines of fire meeting at an acute angle (a junction fire), with no ambient wind and

flat terrain. They found that the merged firelines initially underwent a very rapid
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PROJECT BACKGROUND 
To enhance our knowledge of the effects of intrinsic fire dynamics on fire spread 
this project employs sophisticated mathematical modelling techniques in 
combination with fire experiments spanning laboratory and landscape scales. In 
particular, the project will develop computationally efficient fire spread models 
which include physically simplified proxies for complicated dynamical effects.  

The overarching analytical approach adopted in this project is to treat fire as an 
evolving interface. This is not new – many researchers have treated fire in such a 
way, but the methods they have used have often been confounded due to the 
changes in topology that can be encountered when fire lines merge or when 
pockets of unburnt fuel develop (Bose et al. 2009). Such occurrences are rife 
when spot fires coalesce (see Figure 1), and so employing a methodology that is 
able to successfully deal with these types of behaviours is crucial to effectively 
and efficiently model spot fire development. We therefore employ a level set 
approach, which is well known to be able to deal with such complexities 
(Sethian, 1999).  

In addition to its ability to deal with topological changes, the level set method 
also allows for the easy inclusion of variables such as fire line curvature, which we 
aim to include as a two-dimensional proxy for more complicated three-
dimensional effects. 

This project builds on initial work by members of the project team, who have 
investigated the use of curvature-based models to simulate instances of 
dynamic fire propagation such as fire line merging (Sharples et al. 2013; Hilton, 
2014). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Schematic representation of coalescing spot fires. Examples of fire line merging 
are marked with a 1, while an example of perimeter collapse is marked with a 2. Both 
phenomena involve changes in topology. 

To complement model development the project will also include a targeted 
experimental program. This will involve analysis of experimental fires burning 
under controlled laboratory conditions as well as analysis of field experiments. 
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Figure 1.1: Schematic showing the role of junction fires (marked with ‘1’) in spot-fire
coalescence. (Figure reproduced from Sharples et al. (2016a)).

acceleration, and they characterised this as a form of extreme fire behaviour. Ra-

poso et al. (2018) extended this work to include the effects of slope. Junction fires

are also an important part of the process of spot-fire coalescence, as the schematic

in Figure 1.1 shows.

The coalescence of spot fires, and the interaction of merging firelines or different

parts of the same fireline (in the case of fingering) are examples of dynamic fire

behaviour or intrinsic fire behaviour. In dynamic fire behaviour, the behaviour of

the fire changes, perhaps rapidly, with little or no change in ambient conditions.

Eruptive fires are another example of dynamic fire behaviour (Dold and Zinoviev

2009; Viegas and Simeoni 2011; Viegas 2005). Eruptive fires usually occur on steep

slopes or canyons and involve a continuous and rapid increase in rate of spread.

Dynamic fire behaviour calls into question the basis on which a lot of fire-behaviour

modelling is predicated; that under constant conditions, and perhaps after an initial

accelerative phase, a fire will spread at a constant (or at least a quasi-constant)

rate. Understanding dynamic fire behaviour and learning how to model it is very

important, partly because of its role in the processes that lead to the development
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of large fires. Moreover, the fact that dynamic fire behaviour may involve rapid

and unheralded changes in fire conditions also makes it of considerable interest to

operational personnel. Eruptive fire behaviour, for example, has been associated

with a number of fire-fighter deaths (Viegas et al. 2005).

1.6 Wildfire models

1.6.1 Fundamental problem

The fundamental difficulties associated with the modelling of wildfire behaviour

result from the complexity of the phenomena involved, the large disparity in scales

at which these phenomena occur, and the quantity and quality of data required

to accurately specify the condition of the fuel, topography and atmosphere, all

of which affect the behaviour of the fire. The size of fuel elements involved in a

wildfire may be as small as 10−3–10−2 metres, topographical features are typically

described at scales of 101–103 metres, the atmospheric processes involved occur at

scales of the order of 100–104 metres, and the extent of a large fire can be as great

as 104–105 metres. This disparity in scales makes the physical modelling of wildfire

behaviour encompassing all these scales prohibitively computationally expensive.

Furthermore, even if it were possible to model these phenomena over the full range

of scales at which they occur, it is not possible to specify the necessary data (initial

and boundary conditions) with sufficient fidelity over this range.

1.6.2 Empirical models

The difficulties of model complexity, scale disparity, and data requirements have

led to a number of simplifying approaches. The wildfire characteristic of most in-

terest to operational personnel is the rate of spread of the fire in the direction of

the wind (the heading rate of spread). Simple fire-spread models therefore reduce

the problem to the estimation of a one-dimensional rate of spread (Sullivan 2009b).
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Instead of trying to describe and model the processes involved, the estimation of

rate of spread may be based on laboratory or field experiments under more or less

controlled conditions, with observed rates of spread being correlated with factors

such as fuel conditions (fuel types, fuel loads, moisture content), wind speed and

topographic slope to produce simple empirical models. Examples include the mod-

els of McArthur (1966, 1967), as expressed in equation form by Noble et al. (1980).

In some cases, fundamental physical principles might be used in the development of

the models, resulting in the so-called semi-empirical (also known as quasi-empirical)

models; for example Rothermel (1972). Empirical models (henceforth we use the

term ‘empirical’ to encompass both empirical and semi-empirical models) are es-

sentially scale-free; the fuel bed is treated as amorphous and locally homogeneous,

although phenomena at the scale of a fuel element may play a role in the deriva-

tion of a semi-empirical model. Consequently, empirical models are not subject to

the same computational constraints as physical models, discussed in Section 1.6.4.

However, when used in isolation, empirical models can at best predict the mean

behaviour of a fire under steady-state conditions. While they may perform well

in some circumstances, they do not incorporate the influence of the fire on the at-

mosphere, they do not explicitly include short-range radiative and convective heat

transfer, and they ignore the geometry of the fireline (in the Rothermel model it is

assumed to be straight and infinitely long). Thus they are not able to represent dy-

namic fire behaviour which arises through atmosphere-fire interactions and intrinsic

fire dynamics.

1.6.3 Simulation models

Most of the operational fire-spread models in use today are simulation models (Sul-

livan 2009c) which use fully parametrised empirical or quasi-empirical fire-spread

models. Simulation models extend these one-dimensional rate of spread models by

employing various spatial propagation methods to compute the evolution of the
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fire front across a landscape. Examples of simulation models include FARSITE

(Finney 2004) and PHEONIX Rapidfire (Tolhurst et al. 2008). Such models are

computationally efficient and may perform well in many circumstances, however

they are generally not able to model dynamic fire behaviour because they rely on

an empirical model which assumes that the fire has reached a quasi-steady state

and that the rate of spread is a function only of the ambient conditions. Dynamic

fire behaviour is far from quasi-steady, and may occur without significant changes

in the ambient conditions.

1.6.4 Physical models

In contrast to empirical models, physical and quasi-physical models (Sullivan 2009a)

explicitly model the physical phenomena over a large range of spatial and temporal

scales and they are able to capture a broader sweep of wildfire behaviour. Examples

of these types of models include WFDS (Mell et al. 2007), and FIRETEC (Linn

et al. 2002). While physical models are able to accurately resolve many aspects

of fire behaviour, including some elements of dynamic fire spread, they are very

expensive to run and generally unsuited to modelling wildfire at landscape scales.

As such they are, for the most part, infeasible as operational tools.

1.6.5 Coupled atmosphere-fire models

Another class of wildfire models are the coupled atmosphere-fire models; exam-

ples include CAWFE (Coen 2013), WRF-Fire (Coen et al. 2013) and its offshoot

WRF-SFire (Mandel et al. 2011), Méso-NH/ForeFire (Filippi et al. 2009), and

ACCESS-Fire (Kepert et al. 2017). Such models couple a physical model of the

atmosphere with a fire-spread model which is usually (semi-)empirical, and employ

interface tracking methods to model the evolving fire front. Atmospheric condi-

tions, principally wind, are provided to the fire-spread component, which in turn

supplies heat and moisture fluxes to the atmospheric model. Coupled models have
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a significant computational advantage over physical models because physical phe-

nomena are explicitly modelled only down to scales of the order of hundreds or

perhaps tens of metres; smaller-scale atmospheric processes and fire-spread phe-

nomena are parametrised. Coupled models also have a conceptual advantage over

uncoupled empirical models; because of the feedback from the fire-spread model to

the atmospheric component, they have the potential to capture the pyroconvective

atmosphere-fire interactions which appear to be the source of much dynamic fire

behaviour and of many of the emergent features of fire spread, such as fireline ge-

ometry. For example, coupled models produce the characteristic bowed shape that

a straight line fire evolves into under moderate wind speeds (Clark et al. 1996a,b;

Coen et al. 2013; Jenkins et al. 2001). This is a feature that uncoupled simulation

models typically seek to reproduce using an approach based on Huygen’s principle

with an elliptic or double-elliptic wavelet stencil (Sullivan 2009c).

Despite their advantages, coupled models are computationally expensive and it is

only recently that they have evolved to a form that may be suitable for operational

use. Mandel et al. (2014) report that WRF-SFire is being employed operationally in

Israel, however they note that the relatively coarse horizontal grid resolution used

(444 metres for the atmospheric grid and 44.4 metres for the fire grid) means that

the feedback of the fire component to the atmospheric model is reduced. Jiménez

et al. (2018) report that NCAR and the Colorado Center of Excellence for Ad-

vanced Technology Aerial Firefighting are currently developing an operational fire

prediction system based on WRF-Fire. They present fire-spread predictions for an

actual fire event using WRF-Fire run with a horizontal atmospheric resolution of

111 metres.

Another problem with coupled models is their use of an empirical fire-spread model.

WRF-Fire and WRF-SFire use the Rothermel model which, as noted above, is de-

rived assuming quasi-steady conditions and a straight fireline. It is conceptually
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problematic to use this model with dynamic inputs from the atmospheric model,

and in cases where the fireline is not straight and possibly quite convoluted. Fur-

ther, empirical and quasi-empirical models like that of Rothermel are calibrated

using ambient wind speeds, for example those that exist in a wind tunnel before a

fire is ignited, whereas in a coupled model the wind that is input to the fire compo-

nent is a combination of the ambient and fire-induced winds. Thus some convective

effects are implicitly included in empirical fire-spread models, and some are explic-

itly represented in the atmospheric model, with the potential that in a coupled

model some could be accounted for twice. However empirical fire-spread models are

typically calibrated in wind-tunnel experiments which could account for only very

small-scale convective effects, much smaller than could be captured by atmospheric

models running at typical resolutions. In this thesis we use the WRF atmospheric

model at horizontal resolutions no higher than 10 metres, and usually 20 metres or

lower; at these resolutions the WRF model could not capture the convective effects

implicitly included in the Rothermel fire-spread model and we believe that there is

little chance they will have been included twice.

WFDS (Mell et al. 2007) and FIRETEC/HIGRAD (Linn et al. 2002) are examples

of coupled models that use a physics-based fire spread model; as noted above they

are unsuited to modelling fire at broader landscape scales.

1.7 Modelling dynamic fire behaviour

Dynamic fire behaviour is challenging to model in a computationally efficient way.

As noted in Section 1.6.3, most operational fire-behaviour systems use an empirical

fire-spread model, and implicitly assume that, under constant ambient conditions,

a fire will spread at a quasi-steady rate. By its definition, intrinsic fire behaviour

acts in violation of this assumption.
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In Chapter 4 of this thesis a coupled atmosphere-fire model, WRF-Fire (Coen et al.

2013) will be used to model the behaviour of junction fires. While such modelling

can provide insight into the mechanism underlying dynamic fire behaviour, at the

present time coupled atmosphere-fire models are too computationally expensive for

operational use. There is a need for simple models that can perhaps capture some

aspects of intrinsic fire behaviour, or at least provide more accurate estimates of

rates of spread, but still be efficient enough for operational use.

One technique that has been suggested is the introduction of a dependence on

fireline curvature into simple fire-spread models. This has been shown (Sharples

and Hilton 2017; Sharples et al. 2013) to reproduce qualitatively the behaviour

seen in laboratory-scale junction fires (Viegas et al. 2012), and has been used to

model field-scale grass fires (Hilton et al. 2016). This idea is critically examined

in Chapter 5 of this thesis, where an analysis is made of the relationship between

fireline curvature and rate of spread in the output of a coupled atmosphere-fire

model.

Recently, Hilton et al. (2018) have developed a simple and very computationally

efficient coupled model (the pyrogenic-potential model, Section 3.5). Because this

model incorporates feedback from the fire to a model of the atmosphere (more

precisely, a very simple representation of the surface wind flow) it has the potential

to be able to simulate some forms of intrinsic fire behaviour, and has been used to

investigate the speed, and intensity, of spot-fire coalescence (Hilton et al. 2017). In

Chapter 5 of this thesis we compare the output of this model with that of a full

coupled atmosphere-fire model in idealised simulations.
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Chapter 2

Literature review

2.1 Dynamic fire behaviour

2.1.1 Introduction

In this section the literature on dynamic fire behaviour is reviewed. Three broad cat-

egories are considered: fire-fire interactions, in which separate firelines, or separate

parts of the same fireline, interact with each other; fire-terrain interactions, in which

the fire interacts with the terrain to produce dynamic fire behaviour (examples in-

clude vorticity-driven lateral spread, and eruptive fires); and spot-fire coalescence

and mass fires, in which a large number of fires are burning in close proximity.

2.1.2 Fire-fire interactions and fireline geometry

Three large-scale prescribed burns of areas of logging slash in Ontario were studied

by McRae et al. (1989), using a helicopter-mounted infrared camera to record fire

behaviour. In each case they found elevated rates of spread in zones of interaction

between firelines, with rates of spread of up to ten times the projected steady-

state rate. Most, but not all, of these elevated rates of spread were found in the

zone between a merging back fire and head fire. Two of the burns developed deep

convection columns. (The interaction between a head fire and a back fire was
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bility to focus the camera continuously on the fire even
when the helicopter was not directly over the fire. For best
analysis, a frequent and constant imaging rate is important
for the final results. Given the altitude of the camera above
the ground (800 m), oblique images were kept to within 10°
of perpendicular. On all of the experiments, we ignited four
reference fires immediately outside each plot corner. These
fires, fueled by down woody forest debris, acted as hot geo-
reference points (ground-control points) for the spatial regis-
tration of images later in the image processing and analysis.
The exact distances and azimuths between these fires were
measured using survey techniques.

Infrared image analysis
Because it is impossible for a helicopter to remain com-

pletely stationary, owing to atmospheric turbulence, the field
of view can vary substantially among images. The ground-
control points (i.e., the hot georeference points) at the plot
corners were critical for accurate spatial registration of im-
ages.

After registration of the images (using PCI Geomatica 9),
standard GIS image analysis allowed us to quantify various
fire behavior parameters such as fire front location times and
spatial distribution of temperatures (representing the pixel’s
average radiant temperature). Further image processing us-
ing contour featuring allowed us to estimate the rates of
spread. Frontal fire intensities (kW/m) were determined by
combining the rate of spread image with a spatial database
on fuel consumption calculated for each grid sample point
and the associated net low heat of combustion for each fuel
component. To ensure that the images remained useful in the
analysis, three key objectives were observed in completing

image processing: (1) spatial registration (scaling) of all fire
images onto a selected georeferenced image, (2) retention of
the calibrated temperature values found for each pixel on the
image (i.e., no pixel saturation), and (3) temporal registra-
tion of all images using a time stamp to indicate when the
individual images were taken. A temperature threshold greater
than 30 °C was used to identify pixels that contained fire ac-
tivity.

Once all the synthesized images were processed, images
from an individual fire were coregistered using the reference
points. In cases where the reference points were not apparent
on images, references from the image background (e.g., plot
corners) were used based on a geospatially corrected base
image. Pixel size was determined by counting the number of
pixels between the various hot-reference points and estimat-
ing the size of the pixels from the surveyed ground distances
between the points. We combined scaled geospatial informa-
tion with time stamp data on each image to calculate and
map rate of spread across each plot.

We spatially interpolated the time that the fire arrived at
each pixel to produce a composite image for the entire plot
with isolines that show the exact location of the fire front at
different times during the fire (Fig. 3). A time interval of
60 s was used to indicate the fire’s movement. We estimate
that error in the location of the georeference points on com-
posite images generated a possible registration error of about
one to two pixels on some images.

Residence times for flaming combustion were determined
based on the time each point remained above a threshold
temperature at which flaming combustion was considered to
occur. We used a threshold pixel temperature value of 150 °C
to indicate flaming combustion. This value is lower than typ-

© 2005 NRC Canada
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Fig. 3. A composite map showing the fire front location at 1-min intervals during fire 5. The color legend indicates the rate of spread
class for each individual pixel. The red arrow indicates the fire spread direction. The fire area outside of the box was removed to elim-
inate possible edge-effect error in the calculation of equilibrium rates of spread for Table 4.

Figure 2.1: Composite map showing rate of spread in an experimental burn of
a Siberian forest plot. The lines show the location of the fire front at 1 minute
intervals, and the colours indicate rate of spread. The arrow indicates the direction
of fire spread. Note the rapid rates of spread seen in the upper-left portion of the
plot, in concave regions of the fireline. Reproduced from (McRae et al. 2005), c©
Canadian Science Publishing or its licensors.

modelled numerically by Morvan et al. (2011) and Dupuy et al. (2011) using coupled

physical models. These papers are discussed in Section 2.2.)

McRae et al. (2005) used a helicopter-mounted infrared camera to measure rates of

spread in experimental burns of Siberian boreal forest plots. Some abnormally high

rates of spread were found, and in most cases these occurred in regions where the

fireline had become irregular and developed fingers or convergence zones. High rates

of spread were often associated with concave regions of the fireline; their Figure 3

is reproduced in Figure 2.1.

The merging of two firelines at an acute angle was studied experimentally by Viegas

et al. (2012). Their experiments were conducted indoors under conditions of no

wind and no slope, using included angles of 10◦, 20◦, 30◦, and 45◦. In all cases they

observed a very rapid initial increase in the rate of spread of the merged fire line
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near the intersection of the two fire lines, and a subsequent slowing of this rate of

spread. They called this a ‘jump fire’ but later it became known as a junction fire

(Raposo et al. 2018). Viegas et al. (2012) made an analytical study of the behaviour

in terms of a rotation of the two fire lines and of the ‘concentration of energy’ near

the intersection of the firelines, basing their analysis on radiative effects.

Raposo et al. (2018) extended the study of junction fires to include slope. They per-

formed laboratory-scale and field-scale experiments and, using Rothermel’s notion

of a propagating flux Ip (Rothermel 1972), which is supposed to include both radia-

tive and convective heat transfer to the unburnt fuel, they examined the hypothesis

that the behaviour of junction fires is due only to radiative effects. According to

Rothermel’s model, the rate of spread R is given by R = kIp where k is a constant

that depends on fuel conditions. Under some simplifying assumptions, Raposo et al.

(2018) used a geometric argument to estimate the radiative flux q from the firelines,

and compared it with observed rates of spread. They found that R did not depend

linearly on q and concluded that the radiative flux Ip must have a significant convec-

tive component. Based on the observed convective flow induced by the junction fire

at laboratory scales, Raposo et al. (2018) concluded that convective processes are

responsible for the very rapid initial acceleration of junction fires. A scale analysis

indicated that the phenomena are similar at laboratory and field scales.

Sharples et al. (2013) and Sharples and Hilton (2017) modelled the behaviour of

junction fires using a rate of spread dependent on the curvature of the fireline.

These papers are discussed in Section 2.2.

2.1.3 Fire-terrain interactions

2.1.4 Vorticity-driven lateral spread

Using multispectral aerial imagery, Sharples et al. (2012) identified multiple in-

stances of atypical fire spread in several large fires of the 2003 Canberra fire com-
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plex, in which the fire spread in a direction approximately perpendicular to that of

the prevailing wind. High rates of lateral spread were inferred from the imagery, and

the events were accompanied by significant spotting and the development of a large

areal flaming zone. Their analysis indicated that the incidents typically occurred

on steep lee-facing slopes (> ≈ 25◦) whose aspect was within a critical tolerance

(≈ 40◦) of the downwind direction. They called this phenomenon ‘fire channelling’

but it has since become known as vorticity-driven lateral spread. Sharples et al.

(2012) proposed that fire channelling was a result of the interaction of the fire with

a separation eddy (or lee rotor) that had formed on the lee side of the ridge.

In combustion wind-tunnel experiments using a ridge with a triangular cross section,

Sharples et al. (2010b) reproduced the observations of fire channelling reported in

(Sharples et al. 2012), and measured lateral rates of spread 6 to 18 times faster than

those observed in the absence of wind.

Simpson et al. (2013) performed two-dimensional and three-dimensional numerical

simulations of flow over a triangular ridge using the WRF atmospheric model in

large eddy simulation mode, using various wind speeds and atmospheric stability

profiles. The two-dimensional simulations showed the formation of large-scale ro-

tors on the lee side of the ridge, whereas these did not form in the three-dimensional

simulations, contradicting the hypothesis put forward in (Sharples et al. 2012) to

explain the fire channelling. Simulations using the WRF-Fire coupled model were

carried out, using two fuel types, brush, and heavy logging slash, with the fire-

to-atmosphere feedback turned both on and off. Intermittent episodes of lateral

spread, resembling observed fire-channelling events, were obtained in the simula-

tions using heavy logging slash, with the fire-to-atmosphere coupling turned on.

These episodes were associated with ‘updraft-downdraft interfaces’ and accompa-

nying strong vertically-oriented vorticity.
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Raposo et al. (2015) elaborated on the experiments of (Sharples et al. 2010b), again

using a ridge with a triangular cross section, but studying lateral spread on both

the windward and lee faces of the ridge. They found that lateral fire growth on

the windward face was small, and relatively independent of slope or wind speed,

and that lateral fire growth on the lee face depended quadratically on wind speed.

They performed an analysis of the vorticity equations which partially explains the

observed lateral spread on the lee face.

Sharples et al. (2015) performed a somewhat simplified theoretical analysis of the

vorticity equation to show how tilting and stretching of laterally-oriented vorticity

can result in a counter-rotating pair of vertically-oriented vortices, oriented in such

a way as to induce lateral spread.

2.1.4.1 Eruptive fires

Viegas (2004) critically examined the idea that with a given set of constant envi-

ronmental parameters a fire will achieve a steady rate of spread. He made some

heuristic arguments for why a fire burning in conditions of constant wind or slope

may not achieve an equilibrium rate of spread, and he re-analysed previous ex-

perimental data and found that in most cases, with the exception of a line fire

burning with no slope and no wind, an equilibrium state was not achieved. He did

this experimentally by fitting linear and quadratic functions to the time-varying

locations of the heads of experimental fires. These were small-scale experiments in

wind tunnels and on inclined plates, including a canyon-shaped inclined plate. A

linear fit corresponds to a constant rate of spread; a quadratic fit with a non-zero

quadratic coefficient corresponds to a variable rate of spread. Apart from the case

of a line-fire ignition in no wind and flat terrain, the best fit obtained was quadratic.

The author concluded that the concept of the existence of a quasi-steady rate of

spread is problematic. In the case of the canyon-shaped plate the rate of spread

increased dramatically under constant conditions.
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Viegas (2005) derived a mathematical model under which, with uniform conditions

of slope or wind, a feedback between the fire-induced convection and the rate of

spread could result in a non-steady, monotonically increasing rate of spread. He

assumed simple functional forms, R′ = 1 + a1U
′b1 and dU ′/dt = a2R

′b2, for the

relationship between non-dimensionalised rate of spread R′ and non-dimensionalised

wind velocity U ′. From these, it is easy to derive the differential equation

dR′

dt
= a1

1/b1b1a2(R′ − 1)1−1/b1R′b2 . (2.1)

Depending on the values of the parameters b1 and b2, the solutions of Eqn. (2.1) can

increase very rapidly. For example, if b1 = b2 = 1 then one obtains an exponential

increase in R′ with time. Viegas fitted this model to laboratory-scale experimental

results using a model of an inclined canyon. The model agreed reasonably well with

validation data from the same experiment. It was then applied to three real fires. It

should be noted that Dold and Zinoviev (2009) criticised this model on the grounds

that, among other things, the formula dU ′/dt = a2R
′b2 implies that a fire burning

at a steady rate induces a steadily accelerating wind field, contrary to observations.

Viegas et al. (2005) applied this model to four past fires. The parameters appear

to have been chosen to fit the model to the available data.

Viegas (2006) extended the study of (Viegas 2005) by relating the values of the

parameters a1, b1, a2 and b2 to fuel-bed properties, considering their possible ranges

of values, and relating these to the time evolution of the rate of spread R.

Byram’s formula for fireline intensity for a straight-line fire is (Byram 1959), I =

QmR, where Q is the energy of combustion (J kg−1), m is the fuel load (kg m−2)

and R is the rate of spread (m s−1). This formula does not hold for a non-steady

rate of spread, in which case one must take into account flame depth and flame-

residence time. Building on the work of Albini (1982), who considered fire spread
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under non-steady winds, Dold and Zinoviev (2009) used a geometric argument with

some simplifications to develop the model

d(t) =

∫ t

t−τ
R(t)dt

I = Q
m

τ
d

(2.2)

where d is the flame depth and τ is the flame-residence time. To close the model

they made the hypothesis that R ∝ Iν and showed that if ν < 1 then R(t) will

approach a steady rate, whereas if ν ≥ 1 then eruptive fire spread can ensue. In

the case of fire spread on a slope, Dold and Zinoviev (2009) made an argument that

ν < 1 relates to a flame that separates from the surface whereas, in the case of

attached flow, ν ≥ 1. In (Dold 2010) a simple model of an attached plume was used

to explore properties of the unknown relationship between R and I in this case.

Perhaps motivated by the arguments of Dold and Zinoviev (2009) relating eruptive

fire behaviour to flame attachment, Sharples et al. (2010a) drew parallels between

eruptive wildfire incidents and the King’s Cross Underground fire (Crossland 1992),

in which the flames attached to the bottom of an escalator trench, and spread

rapidly up it. Experiments show that flames can attach to surfaces inclined at angles

greater than a critical angle of 24◦- 27◦ provided that the lateral entrainment of air

is inhibited in some way, for example by the sides of a canyon; see the references

cited in (Sharples et al. 2010a). Sharples et al. (2010a) discuss two incidents of fire

eruption (Tuolomne, California, 2004, and Mansfield, Victoria, 2006) which appear

to be attributable to flame attachment.

Edgar et al. (2015) performed computational fluid dynamics (CFD) simulations of

the King’s Cross Underground fire using a static heat source, and angles of 10◦,

20◦, and 30◦ for the escalator trench. They found that flame attachment occurred

for the case of 30◦, but not for the 10◦ and 20◦ cases, providing the first numerical
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evidence for a critical angle for flame attachment of somewhere between 20◦ and

30◦. Edgar et al. (2016) extended this work by simulating trench angles of 20◦,

22◦, 24◦, 26◦, 28◦, and 30◦, and heat sources with strengths 20, 200, and 2000 kW.

They found that for trench angles of 24◦ or less, flames did not attach to the floor

of the escalator trench, but that they did attach for angles of 26◦ or more, thus

determining the critical angle to be between 24◦ and 26◦, in agreement with the

experimental work cited in (Sharples et al. 2010a).

2.1.5 Spot-fire coalescence and mass fires

Arnold and Buck (1954) defined ‘blow-up’ fires as ‘those which exhibit violent build-

up in fire intensity or rate of spread sufficient to prevent direct control by efficient

application of conventional fire fighting methods.’ They discussed four main classes

of conditions leading to blow-up fires: atmospheric conditions; topography; surface

burning conditions; and ignition and burning patterns. It is the last of these that

relates most to our definition of dynamic fire behaviour. They note that a number

of individual fires burning in an area, such as might result from spot fire ignition,

can interact and coalesce, leading to ‘area-ignition’ and a ‘fire-storm’. They also

describe how two or more fires burning in close proximity can interact to produce

violent fire behaviour.

Johansen (1984) reported on an experimental prescribed burn in a pine forest in

Georgia. Plots were ignited using a pattern of spot ignition, and flame heights were

observed during the burn, with scorch heights being measured two weeks later.

They noted a rapid increase in flame heights, of up to ten-fold, as individual spot

fires merged. The merging of flank fires caused a rapid increase in the width of

individual fire fronts and a corresponding increase in flame height, but maximum

flame heights occurred where back fires merged with head fires.
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Hilton et al. (2017) used the pyrogenic-potential model (Section 3.5) to simulate

the coalescence of spot fires. The model was the same as that used in (Hilton et al.

2018), as described in Sections 2.2 and 3.5. The model domain was 10 × 10 metres,

spot fires were initialised in the central 2 × 2 metre region, and an ambient wind

of wa = 0.1 m s−1 was imposed. The parameters u0, u1 and k (see Eqn. (2.4)) were

chosen for illustrative purposes, and do not necessarily correspond to any physical

reality. Simulations were run with k = 0, corresponding to no convective feedback,

and with a range of values of k > 0. The number N of spot fires was also varied.

The simulations showed that the convective feedback caused the fires to coalesce

more rapidly, and that for N > 5 spots, there was a higher peak in total fireline

intensity than if convective feedback was ignored. This latter effect became more

marked with increasing N .

2.2 Modelling dynamic fire behaviour

One of the earliest models of dynamic fire behaviour was the coupled atmosphere-

fire model of Clark et al. (1996a,b). They coupled a non-hydrostatic mesoscale

atmospheric model to the McArthur empirical fire spread model (McArthur 1967;

Noble et al. 1980). A tracer-type front-tracking algorithm was used to track ignition

of the fuel, and sensible and latent heat fluxes, computed from the burning fuel,

were returned to the lower levels of the atmospheric model using a simple extinction

depth formulation. Clark et al. (1996b) defined the convective Froude number Fc

by

Fc
2 =

(|wa| −Rf)
2

g(〈∆θ〉/θ)Wf

,

where wa is the ambient wind, Rf is the rate of spread, 〈∆θ〉 is the mean value of the

potential temperature anomaly ∆θ over the flaming region, and Wf is the width of

this region in the downwind direction. Fc measures the degree of coupling between

the atmosphere and the fire. If Fc � 1 then the atmosphere is not strongly affected
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by the heat from the fire, if Fc ≈ 1 then both the ambient flow and the fire are

important in determining the dynamics, and if Fc � 1 then the dynamics are dom-

inated by the heat supplied by the fire. Clark et al. (1996b) performed a number of

numerical experiments with this coupled model and, because they were performed

with homogeneous fuel conditions and no topography, the dynamic effects observed

were solely a result of the convective interaction between the atmospheric and fire

models. They estimated Fc
2 ≈ 0.3 for these experiments. Simulated fires were ig-

nited in straight lines of lengths 420 and 1500 metres, with varying background wind

strengths. Short (420 metre) firelines under moderate wind conditions developed

the characteristic bow shape, which Clark et al. attributed to a low-level conver-

gence pattern induced by the convective column, shifted ahead of the fireline by the

ambient wind. Under low-wind conditions, the convective column remained above

the fire, strong buoyancy gradients produced horizontal vortices which were tilted

by the vertical motion, and the resulting vertical vorticity broke up the fireline. The

longer (1500 metre) firelines could not sustain the single convection column that

causes the bow-shaped fireline; the convection column became unstable and broke

into two parts, each creating their own convergence zones in the low-level winds

and causing what Clark et al. called ‘convective fingering’. This fireline structure

has been observed in real fires, for example the 1985 Onion sagebrush fire (Clark

et al. 1996b). In (Clark et al. 1996a), more simulations were performed, using the

same model, to investigate further the fire-induced dynamics over a range of values

of Fc, using wind speeds of 1, 3, 4, 5, 10, and 15 m s−1. For high ambient wind

speeds (≥ 10 m s−1) they found no noticeable effects of feedback from the fire. For

moderate wind speeds they identified three types of fire-induced dynamics: the

bow-shaped firelines discussed above; a vertically-oriented vortex pair situated at

the front of the fireline, caused by the bow shape of the fireline, and oriented so as

to blow wind back into the fire; and an instance of dynamic fingering. The last of

these is a small-scale, short-lived phenomenon involving a vertically-oriented vortex
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pair, oriented so as to increase the rate of spread of the fire. Clark et al. attributed

this to the tilting of horizontal vorticity created by negative vertical wind shear

(i.e. the near-surface wind is greater than that just aloft). They conjectured that

dynamic fingering may be an important mechanism of fire spread at small scales.

Dynamic fingering appears to be very similar to behaviour reported in Chapter 4 of

this thesis: vertically-oriented vortex pairs cause rapid jumps in the advance of the

fireline in coupled atmosphere-fire simulations of junction fires. In Section 4.3.4 it

will be shown that the vertical vorticity is a result of the tilting of buoyancy-induced

horizontal vorticity, and it will be argued that this is a major mechanism in the

rapid acceleration of junction-fires.

Morvan et al. (2011) simulated the interactions between a head fire and a sup-

pression back fire in Australian grasslands and Mediterranean shrublands, using

a two-dimensional (x–z) physical model FIRESTAR (Morvan et al. 2009), and a

three-dimensional physical model WFDS (Mell et al. 2007). They observed three

distinct phases: the fires propagate independently in opposite directions, the fires

interact, and the fires merge. During the third phase merging, a sudden increase in

fire intensity and flame height can occur. This has often been reported in real fires,

e.g. (McRae et al. 1989).

(Dupuy et al. 2011) also modelled the interaction between head fires and back fires,

using the FIRETEC (Linn et al. 2002) coupled physical model. They performed

both two-dimensional and three-dimensional simulations. When simulating a sin-

gle fire they found that the two-dimensional model underestimated wind velocities

downwind of the fire, and overestimated the downwind indraft, because the ambient

wind cannot penetrate the plume in a two-dimensional model. They concluded that

accurate modelling of the interaction between a head fire and a back fire required

three-dimensional modelling.
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Several authors have discussed the idea that firelines might evolve with a rate of

spread dependent on curvature; examples include Weber (1989), Wheeler et al.

(2013), Sharples et al. (2013), Hilton et al. (2016), Sharples and Hilton (2017), and

Fendell and Wolff (2001) (who made a critical assessment). Intuitively, this is an

attractive notion: in regions of negative curvature one might expect an increased

rate of radiative and convective transfer of heat to the unburnt fuel. Note the areas

with abnormally high rates of spread in the upper-left region of Figure 2.1.

Sharples et al. (2013) used a very simple model with a curvature-dependent rate

of spread to reproduce qualitatively the work of Viegas et al. (2012). Instead of

considering a junction fire as two separate lines of fire, they focussed on the geometry

of the merged fireline. They modelled junction fires assuming a rate of spread in the

normal direction of the front of the form R(κ) = 1− εκ where R is the normalised

rate of spread (equal to 1 for a straight fireline), κ is the signed curvature of the front

(see Section 5.1.1) and ε > 0 is a fitting parameter. They were able to reproduce,

qualitatively, the ‘jump fire’ phenomena reported by Viegas et al. (2012). Sharples

and Hilton (2017) refined this modelling by tracking the evolving fire front using

a level-set method (Section 3.3.3), which allows for more appropriate boundary

conditions to be imposed than those in (Sharples et al. 2013). They defined the

normal speed of the front as β − ακ, where α, β > 0 are free parameters, and

were able to reproduce reasonably well the experimental results of Viegas et al.

(2012). However they noted that the model parameters that provided the best fit

to the experimental data were dependent on the size of the angle between the initial

firelines.

Hilton et al. (2016) have incorporated curvature dependence into a simple model

of wind-driven fire spread. Their model uses the level set technique discussed in
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Section 3.3.3. In their formulation, the level-set equation, Eqn. (3.1), is

∂ϕ

∂t
+ (−ακ+ β + γmax (ŵ · n̂, 0)) |∇ϕ| = 0, (2.3)

where α, β and γ are parameters, κ is the signed curvature, ŵ is the wind direction,

and n̂ = ∇ϕ/|∇ϕ| is the outward unit normal. Note that γ is not a wind multiplier,

it is the wind-induced rate of spread of the fireline in the direction ŵ of the wind

and has units m s−1. The parameter α, with units m2 s−1, controls the curvature-

induced rate of spread, and β is the rate of spread of a straight fireline with no

wind (m s−1). The model was tested on laboratory-scale fires ignited in a wind

tunnel, with parameters α, β and γ selected manually, and it reproduced well the

evolving fireline shape. It was also tested on two field-scale experimental grass

fires (Cruz et al. 2015). In this case a simple metric was used to evaluate the

difference between experimental and modelled results at any particular time step;

it amounts to m =
√
µ ((Be \Bm) ∪ (Bm \Be)), where Be and Bm are respectively

the experimental and modelled burnt regions, and µ(R) represents the area of any

region R. The smaller the value of m, the better the regions match, although it

should be noted that this metric is not invariant under scaling. Parameters were

selected by a brute-force search of the parameter space to minimise the average

of m at a number of time steps. The inclusion of the curvature term (α > 0)

led to a much better fit between experimental and modelled results than if α was

constrained to be zero.

Hilton et al. (2018) developed a new model which couples a simple representation

of the near-surface atmospheric flow with a fire-spread model to give a very efficient

coupled model. This model is capable of simulating dynamic fire behaviour because

of the two-way coupling between the surface flow and the fire-spread. Details of the

generic model are given in Section 3.5. Various formulations of it’s implementation
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in (Hilton et al. 2018) are possible, but it in essence it can be summarised as:

∂ϕ

∂t
+ (u0 + u1 max((wa + w) · n̂, 0))|∇ϕ| = 0

w = ∇ψ

∇2ψ = kIε


(2.4)

where ϕ is the level-set function, wa is the ambient wind, w is the fire-induced

wind, ψ is the pyrogenic potential, and Iε is the two-dimensional smoothed version

of Byram’s fireline intensity given by Eqn. (3.6). There are three parameters: u0

is the rate of spread in still conditions, u1 is a dimensionless parameter controlling

the wind-aided rate of spread, and k controls the strength of the source term in the

Poisson equation.

In simulations of wind-driven fires ignited initially along a straight line, the model

naturally produces the characteristic parabolic-shaped fireline that is seen in exper-

iments and in coupled atmosphere-fire simulations; it is the only two-dimensional

fire-spread model that does this. The model results matched well with experimental

fires ignited in a wind tunnel, though the authors note that it is difficult to define

precisely the flame zone in small-scale fires. The model was tested on the same

field-scale grass fires as in Hilton et al. (2016). A different index to that of (Hilton

et al. 2016) was used to quantify the differences in experimental and simulated

burnt areas: S = 2µ(Be ∩Bm)/(µ(Be) +µ(Bm)) which is scale invariant, and varies

between 0 and 1, with 1 corresponding to a perfect match. A brute-force search

of the parameter space was used to maximise the average of S over all time steps.

Using these parameters the model results matched well with experimental results.
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2.3 Transport of embers

2.3.1 Introduction

In this section much of the literature on ember transport published up to 2017 is

reviewed. Section 2.3.2 contains some preliminary material consisting of an overview

of the equations governing the motion of embers, and a discussion of some of the

simplifying assumptions that are commonly made.

2.3.2 Equations of motion

The forces acting on an ember are gravity, the buoyancy force, and the drag and

lift forces, Fd and Fl, associated with the motion of the ember relative to the

atmosphere. For the sake of clarity of exposition it will be assumed that all forces

act through the centre of inertia of the ember, and rotational motion will not be

considered. Furthermore, because the density of an ember is much greater than that

of the atmosphere, the buoyancy force can be neglected. The momentum equation

therefore becomes

dM

dt
= Fd + Fl +meg, (2.5)

where me is the mass of the ember, and g = −gk is the acceleration due to gravity.

During pyrolysis, part of the mass of the ember is ejected as gas through the surface

Σ of the ember. The time rate of this ejection of mass is
∫

Σ
ρgvg·n dσ, where vg

is the velocity of the escaping gas in the reference frame of the ember, and ρg its

density. Following Tarifa et al. (1967),

dM

dt
= me

du

dt
+ u

dme

dt
+

∫
Σ

(u + vg)ρgvg·n dσ, (2.6)

where u is the velocity of the ember and the third term on the right hand side

of Eqn. (2.6) represents the rate of change of momentum due to the ejection of
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pyrolysis products through the ember’s surface Σ. The change of mass of the ember

is entirely due to this ejection, so that

dme

dt
+

∫
Σ

ρgvg·n dσ = 0.

Substituting this into Eqn. (2.6) gives

dM

dt
= me

du

dt
+

∫
Σ

ρgvgvg·n dσ

≈ me
du

dt
. (2.7)

The approximation is justified because the integral term represents the self-propulsion

of the ember due to the differential ejection of gases, and can usually be neglected;

gas densities are virtually constant over the ember surface, and ejection velocities

are essentially constant, and in any case are small (Tarifa et al. 1967). In rare cases,

and for short periods, self-propulsion of embers has been observed, for example in

pine cones (Tarifa et al. 1967).

If w is the wind field then, according to the quadratic drag law for high Reynolds

number flows (Batchelor 1967), the drag force is parallel to w − u and is given by

Fd =
CdApρ

2
|w − u|(w − u) = αme|w − u|(w − u) (2.8)

where Cd is the drag coefficient, Ap is the projected area of the ember in the direction

of w − u, ρ is the atmospheric density, and

α =
CdApρ

2me

. (2.9)
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The lift force is perpendicular to Fd and has magnitude

|Fl| =
ClApρ

2
|w − u|2

where Cl is the coefficient of lift. Fl is neglected in many treatments of ember

transport, in which case (2.5), (2.7) and (2.8) give

du

dt
= α|w − u|(w − u) + g. (2.10)

Setting ur = u−w, the relative velocity of the ember with respect to the wind w,

Eqn. (2.10) can be rewritten as

dur

dt
+ α|ur|ur = g − dw

dt
. (2.11)

Note that α varies with ur, ρ, me and the size, shape, and orientation of the ember.

Equation (2.11) represents a Lagrangian approach to particle modelling. There is

an extensive modern literature on Lagrangian transport (e.g. Weil et al. 2004, Lin

et al. 2011).

2.3.3 The transport problem

The solution of Equation (2.11) presents several problems: the wind field w above a

fire is complicated and poorly understood; the burning characteristics of an ember

must be known because they influence α and the likelihood of an ember causing

ignition when it reaches the ground; and Eqn. (2.11) is not closed unless α is

assumed to be constant or a function of t and ur only.
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Without easy access to computing power, early work on the transport of embers

was a combination of experiments and analytical techniques with appropriate sim-

plifying assumptions; the work of Tarifa and del Notario (1962) and Tarifa et al.

(1965a, 1963, 1964, 1967, 1966, 1965b), and Albini (1979, 1981a,b, 1982, 1983a,b,c)

are examples. More recently, it has become possible to perform high resolution nu-

merical simulations of atmospheric processes (large eddy simulations, or LES) and

combustion processes, both separately and in coupled models; for example Himoto

and Tanaka (2005), Koo et al. (2012) and Thurston et al. (2013) and Thurston et al.

(2017). This improvement in computational techniques has allowed some simplify-

ing assumptions to be relaxed and problems of greater complexity to be tackled.

On the other hand it is often the case that greater insight into the nature of the

phenomena can be gained from an analytical approach, despite the simplifications

that have to be made.

2.3.4 The literature on ember transport

Tarifa and his various collaborators made the first systematic study of ember trans-

port in a series of reports (Tarifa and del Notario 1962; Tarifa et al. 1965a, 1963,

1964, 1967, 1966, 1965b). Tarifa and del Notario (1962) wrote Equation (2.11) as a

system of two equations, by choosing the x-direction parallel to ur, and obtained an

analytical solution under the assumptions of constant wind velocity (dw/dt = 0)

and constant α. They found that for reasonable values of α the solution ur quickly

converges to a terminal velocity, relative to the wind field w, of u∞ = (0,−u∞)

where

u∞ =

√
g

α
=

√
2meg

CdApρ
(2.12)

is the terminal fall speed of the ember. They concluded that for their purposes there

was little error in assuming that, with respect to the surrounding atmosphere, an

ember always flies at terminal velocity, that is ur = u∞, and in (Tarifa et al. 1963)
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they made an analysis of the maximum errors introduced by making this so called

terminal-velocity assumption. This assumption greatly simplifies the computation

of ember trajectories and has been used in many subsequent investigations of ember

transport. However, it is based on the assumption that the wind field varies slowly

in comparison to the time taken for an ember to attain terminal velocity. More

recent work by Koo et al. (2012) has shown that making the terminal-velocity

assumption results in an underestimate of ember travel distances in high-resolution

modelling of short-range ember transport from surface fires. The validity of the

terminal-velocity assumption for the modelling of long-range ember transport in

turbulent plumes is examined in Section 6 of this thesis.

Under the terminal-velocity assumption the ember velocity is given by

u = w − u∞k (2.13)

where the wind field w is taken as known. Two simple models of w were used in

the work of Tarifa et al.: a vertical convection column, and an inclined column of

fixed width. Vertical wind velocities in both columns were assumed constant and

both were superimposed on a constant ambient horizontal wind. It was assumed

that embers were randomly ejected by turbulence from the vertical column, whereas

the height that an ember achieved in the inclined column depended on its initial

position.

With w known, once the time dependence of u∞ has been determined it is possible

to integrate Equation (2.13) and determine ember trajectories, and hence determine

the maximum distances that embers could be transported and still be burning when

they reached the ground. Thus most of the subsequent work of Tarifa et al. consisted

of elucidating the time dependence of u∞.
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The change in α, and hence u∞, arise in two ways: changes in the orientation of

the ember with respect to w−u which, unless the ember is a sphere, alters Ap and

Cd; and ember combustion, which alters me, Cd, and Ap.

When wooden cylinders and square plates were dropped from a balloon and allowed

to fall freely, drop times did not differ appreciably from those calculated as if the

cylinder or plate had fallen the entire distance in an orientation of maximum drag

(Tarifa et al. 1964, 1967). Consequently all experimental and theoretical work was

done assuming that the ember was oriented in its position of maximum drag.

Some of the experimental work on combustion was done at terminal velocity, which

changes as the ember burns, but much of it was done using a constant relative wind

speed because the experimental apparatus is simpler.

Tarifa et al. (1963, 1964) used a wind tunnel to directly determine u∞(t) and burn-

out times for burning embers at terminal velocity. Spheres, cylinders and square

plates of various species and sizes were studied.

To provide some general results, Tarifa et al. (1964, 1965b) introduced the dimen-

sionless quantities

u∗ :=
u∞
u∞,0

t∗ :=
t

tb

where u∞,0 := u∞(0) is the initial (unburnt) terminal fall speed of the ember and

tb is time to burn out. They developed a simple empirical expression relating u∗

and t∗ under conditions of flight at terminal velocity:

u∗ =
1

1 + η
(

t∗

1−t∗
)γ (2.14)
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where the parameters η and γ are determined empirically and depend on the shape

and species of the ember. They also developed some simple empirical expressions

for tb as a function of initial (i.e. unburnt) ember density ρe,0. These, together with

Equation (2.14), allow u∞(t) to be computed since u∞,0 can be determined from

the intial characteristics of the ember.

Finally, in (Tarifa et al. 1967, 1966) experimental work and dimensional analysis was

used to provide very general formulae for various characteristics of wood particles

burning with forced convection. For combustion at constant relative wind speed wr,

for which the experimental setup is simpler than combustion at terminal velocity,

they define the dimensionless quantities:

χ :=
wrt

D0

, Re :=
wrD0ρ

µa

, ζ :=
ρ

ρe,0

, λ1 :=
Lf,0

D0

, λ2 :=
lf,0
D0

,

where the subscript 0 indicates the initial (unburnt) values of the respective quan-

tities. Here wr is the relative wind speed, D0, L0 and l0 are characteristic lengths

of the ember, µa is the viscosity of air, and ρ and ρe are the density of the atmo-

sphere and the ember respectively. The parameter χ characterises the combustion

process, Re is the Reynolds number, ζ characterises the ember material, and λ1 and

λ2 are representative of the ember’s shape. According to dimensional analysis, any

property ξ of the ember, when non-dimensionalised as ξ/ξ0, can be expressed as

ξ

ξ0

= Φ(χ,Re, ζ, λ1, λ2)

for some function Φ. As an example, from their experimental data on combustion

at constant windspeed Tarifa et al. (1967) found that, for spherical and cylindrical
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embers, the quantity uc
∞/u∞,0 correlated well with

U = χRe−0.4ζ1.3λ1
−0.4.

Here uc
∞ is the (time-dependent) terminal velocity of the ember whose combustion

is occurring at constant relative wind speed wr.

For combustion at terminal velocity they provided a similar analysis but replaced

χ and Re with

χ∞ :=
u∞,0 t

D0

, Re∞ :=
u∞,0D0 ρ

µa

.

They found that, for example, u∞/u∞,0 correlated well with

U∞ = χ∞Re−0.4
∞ ζ1.3λ1

−0.4Kλ2 (2.15)

where K is a shape factor.

The work of Tarifa et al. on combustion at constant wind speed was motivated by

the fact that the experimental set-up is simpler than for combustion at terminal

velocity. However real embers do fly at their terminal velocity, which is not constant.

Tarifa et al. (1967) showed how to determine u∞(t) from uc∞(t) under the reasonable

simplifying assumption:

du∞
dt

=
duc∞
dt

∣∣∣∣
uc∞=u∞

.

Lee and Hellman (1969) considered spherical embers burning in a rotating con-

vection plume, a wind field model somewhat more complex than the simple two-

dimensional plumes studied by Tarifa et al. They used an empirical formula de-

veloped by Tarifa et al. (1965a, 1964) for the diameter D of a spherical particle
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burning at a constant relative wind speed vr, D
2 = D0

2 − (β + δvr)t, and made

the assumption that the burning rate is independent of the relative wind speed, i.e.

that δ = 0, so that

D =
(
D0

2 − βt
)1/2

(2.16)

where the parameter β depends on the ember material. They further assumed that

the ember density ρe and drag coefficient Cd are constant. With these assumptions,

and using Eqns. (2.16) and 2.9, the quantity α in Eqn. (2.11) becomes a known

function of time. They did not use the terminal velocity assumption, but numer-

ically integrated Eqn. (2.11), which they wrote in cylindrical coordinates because

of the nature of the wind field w. Ember trajectories were computed for a number

of choices of the model parameter values, and the general behaviour predicted by

the numerical results was verified by experiments in a plume generator. Lee and

Hellman (1970) refined and extended this work by using a modified burning rate

which depends on the relative wind speed, and by computing ember trajectories for

both a rotating convection plume and an inclined convection column.

Muraszew (1974) developed a simple end-to-end model of spot fire hazard, including

ember transport, a model of the convection regime above a line fire, and ignition

of spot fires by falling embers. Under the terminal velocity assumption, the com-

putation of ember trajectories only requires knowledge of the time evolution of the

terminal velocity of the ember. However, to assess the hazard posed by an ember

that has landed, an estimate of it’s size and mass is required. Muraszew (1974) used

data from Tarifa et al. (1965a,b) to develop an empirical model for the evolution of

density ρe of burning wooden spheres:

ρe

ρe,0

= exp

(
− t

57D0

)
. (2.17)
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Using Equation (2.12) and assuming a constant drag coefficient Cd this gives an

expression for the size of a falling ember:

D

D0

=

(
u∞
u∞,0

)2
ρe,0

ρe

which, together with Eqn. (2.17) and some empirical correlations made by Tarifa

et al. (1967) with the quantity Ũ given (2.15), provides an empirical determination

for me(t). Muraszew (1974) developed a simple two dimensional analytic model of a

convection plume above a line fire, consisting of a two zones: a high buoyancy zone,

where combustion is occurring, topped by a low buoyancy zone of constant vertical

wind velocity. The convection column is tilted by the wind. Muraszew noted that

this convection plume was probably not strong enough, even in the largest fires, to

lift any but the smallest embers.

Muraszew et al. (1975) studied wooden cylinders burning in a wind tunnel and

refined Equation (2.17) to obtain

ρe − ρc

ρe,0 − ρc

= exp

(
−t
KD0

)

where ρc is the final density after complete burning; K was given the value 45 for

burning in quiescent air and 76 for any relative windspeed greater than 8 km h−1.

It was found that this gave values of u∞/u∞,0 that agreed reasonably well with Tar-

ifa’s experimental data and with values derived using Tarifa’s dimensional analysis

(Tarifa et al. 1967). In the same report Muraszew et al. (1975) developed an an-

alytic model of a fire whirl, which couples boundary layer atmospheric conditions,

the physics of the fire and the flow of the vortex core, and tested the model in an
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apparatus that burns acetone and produces rotating columns of air using tangential

air inlets.

Albini (1979) developed a model to predict the maximum distance that an ember

can travel when released from a tree or a small group of trees. The model assumes a

vertical plume structure within which the particle is lofted, before being advected by

the ambient horizontal wind which is assumed to have a logarithmic velocity profile.

A simple model of wind in non-flat terrain is also developed. The terminal velocity

assumption is used. The model includes sub-models for the structure of the flame,

the bouyant plume above the flame (matched with the flame sub-model at the flame

tip), the burning rate of the ember, and the vertical transport of the ember within

the three regions: the flame, the plume, and a transition region between these. The

plume is assumed to exist until such time as the tree burns out, at which time it

collapses. The author treats cylindrical embers only and a simple ember burning

rate model is derived by assuming that the rate of mass loss is proportional to the

rate of supply of air. A constant drag coefficient Cd = 1.2 is assumed. Albini’s

model was developed for the field, using hand-held calculators and nomograms, but

it has since been incorporated into the US Department of Agriculture’s FARSITE

wildfire modeling system.

Albini (1981b) extended the model of (Albini 1979) so that it applied to embers

lofted by a continuous flame, such as a burning woodpile, rather than by a torching

tree which burns out. The model was also extended to apply to the transport of

embers over terrain not covered by forests, for example cut grass, bare ground or

even water, where the friction length is small enough that the logarithmic velocity

profile is not valid at the heights to which embers might be lofted, and where a 1/7

power law profile is more appropriate.

Albini further extended the work of (Albini 1979) to line fires: firstly by making an

analytical study of the transport of embers lofted by line thermals (Albini 1983c),
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in which it was found that the maximum ember lofting height was proportional to

the square root of the strength (energy per unit length) of the thermal; and then

by modelling the strength of thermals that can be produced by a line fire (Albini

1983a) based on work he did on the response of line fires to variability in wind speed

(Albini 1982, 1983b).

Tse and Fernandez-Pello (1998) studied the trajectories of spherical metal particles

and wooden embers released when high-voltage power lines arc or come into contact

with nearby trees. They used the usual quadratic drag law (Equation (2.11)) with

a drag coefficient dependent on Re,

Cd =


24

Re

(
1 +

3Re

16

) 1
2

Re ≤ 680

0.4 680 ≤ Re ≤ 3× 105,

(2.18)

and they assumed a horizontal wind field with a logarithmic vertical profile. Prop-

erties of the air, for example its density ρ (which arises in the computation of Re),

are computed using the arithmetic mean of the particle temperature and the am-

bient air temperature. The justification for this is not clear. In the case of wooden

embers they modeled the combustion of the embers as a pyrolysis front with an

effective diameter, which represents the location of the front, given by

d(Deff
2)

dt
= −β (2.19)

where β = β0(1 + 0.276Re1/2 Pr1/3), and Pr is the Prandtl number (Williams 1965).

The constant β0 was chosen to fit the data of Tarifa et al. (1967). The mass of the

particle is then determined as me = ρe,0πDeff
3/6. The numbers Re and Cd are not

calculated from Deff but from the actual particle diameter D, and this was modeled
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by matching the expression

D0
4 −D4 = Cβ2(t2 − t20) (2.20)

with the data of Tarifa et al. (1967) by tuning the parameter C; a value of C =
√

3

was chosen. It is unclear how the form of Equation (2.20) was arrived at (cf.

Eqn. (2.16)). Together, Equations (2.18), (2.19) and (2.20) give α as a function

of t and enable Eqn. (2.11) to be numerically integrated, thus determining the

trajectories of the embers. Note that the time scales here are smaller than in the

case where embers are lofted by convection and the terminal velocity assumption is

not appropriate, and was not used.

Woycheese et al. (1998) studied the lofting of spherical embers in a modified Baum

and McCaffrey plume model (Baum and McCaffrey 1989), representing a house

fire. They assumed that the plume velocity is vertical and everywhere equal to

the centreline velocity, and that the horizontal wind is zero. They considered two

cases: non-burning embers, and a burning droplet model of ember combustion

that implies mass loss through reduction in the diameter of the ember only, i.e.,

density was assumed constant. They obtained formulae for the minimum height

from which an ember could be lofted, and the maximum height that embers could

attain depending on initial diameter and the intensity of the fire. They noted the

existence of a critical particle diameter Dcrit with all particles of diameter D ≥ Dcrit

achieving the same height before burnout. Woycheese et al. (1999) extended this

work to include a non-zero horizontal wind which is assumed constant with height.

Anthenien et al. (2006) considered spherical, cylindrical and disc-shaped embers re-

leased at a given height, as in (Tse and Fernandez-Pello 1998), or lofted in a buoyant

plume. Embers are assumed to burn until extinction, with mass at extinction de-

noted mext. Two values of mext are considered, 0 and 0.24, the latter being taken
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from the data of Tarifa et al. (1967). After extinction the ember is assumed to cool

by convection and radiative transfer. The combustion and aerodynamic properties

of spheres were treated as in (Tse and Fernandez-Pello 1998) but using a slightly

different expression for the spherical drag coeficient. The combustion of cylinders,

with length l and diameter D, was treated in a similar fashion to that of spheres.

Eqn. (2.19) was used for Deff , with the same value of β0. However, the authors use

heuristic reasoning to argue that, for cylinders, the constant C =
√

3 in Eqn. (2.20)

should be
√

3/(l/D), where l/D is the aspect ratio of the cylinder. This provides a

good fit to the data of Tarifa et al. (1967), in which l/D = 3, but no real theoretical

justification was offered. Although cylinders tumble in flight, the drag coefficient

Cd is calculated as if they fall with their axis perpendicular to the relative velocity

of the wind with respect to the ember, w − u, in line with other studies including

that of Tarifa et al. (1965a). Burning discs are treated as cylinders with thickness

l and diameter D, with a very low aspect ratio l/D = O(10−2). It is assumed that

they burn inward from the edges, so that

dme

dt
=
πρel

4

d(Deff
2)

dt
.

By analogy with the cases of spheres and cylinders, Eqn. (2.19) is substituted leading

to

dme

dt
= −β0(1 + 0.276Re1/2Pr1/3)

πρel

4
, (2.21)

but the authors note that Eqn. (2.21) does not agree well with preliminary experi-

mental data. Disc trajectories are calculated assuming the disc is in steady motion

with its axis parallel to ur, and Cd is calculated acordingly. The ambient wind is

assumed to have a logarithmic vertical profile, and in the case of lofting they use

a buoyancy dominated plume model tilted by the ambient horizontal wind. As in

(Tse and Fernandez-Pello 1998), the properties of the air in the particle boundary

41



layer are calculated using the arithmetic mean of the particle surface temperature

and the ambient air temperature. Two surface temperatures were used: 853K and

993K. The authors report that modeled travel distances do depend on the surface

temperature of the particle because this effects both the density and the kinematic

viscosity of the particle surface layer. They note an approximately 10% decrease

in distance travelled when the temperature is increased from 853K to 993K for

particles greater than 1mm in size.

Himoto and Tanaka (2005) used a LES to simulate the plume above a square heat

source of characteristic size ∆ in a turbulent boundary layer. The computational

domain was sized 31∆×12.5∆×12.5∆ with 124×50×50 cells, not a very high reso-

lution simulation. The upwind boundary conditions consisted of a time-dependent,

pre-computed turbulent flow. Unlike the development in Section 2.3.2, the rota-

tional motion of embers was considered, as was the lift force experienced by an

ember. Square disc-shaped embers with side lengths D and thickness l were stud-

ied. The combustion of the embers was not modeled; they were considered to have

constant mass and shape. Only one numerical simulation of the flow field was made,

and this was used to compute the transport of embers of a number of sizes and as-

pect ratios. Embers were released at height ∆ above the leeward edge of the heat

source, randomly oriented but with the initial velocity and spin of the fluid at the

point of release. Himoto and Tanaka derived the dimensionless parameter

B∗ :=
v∞

(g∆)
1
2

(
ρe

ρ

)− 3
4
(
l

∆

)− 3
4

(
Q̇

ρcpTag
1
2 ∆

5
2

) 1
2

(2.22)

where v∞ is the mean inflow velocity above the surface layer, Q̇ is the rate of release

of heat, Ta is the ambient atmospheric temperature, cp is the specific heat of air,

and all other quantities are defined elsewhere. They found that the travel distance
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of the embers was described by a log-normal distribution with

µ

∆
= 0.47B∗2/3,

σ

∆
= 0.88B∗1/3. (2.23)

Note the absence of the side length D of the embers in these expressions.

Sardoy et al. (2007) used a physics-based model to investigate the propagation

of disc-shaped embers from crown fires. The fire model was run on a domain of

1000 × 400 × 500 metres (l × w × h), with fuel beds of size 5 × 5 × 10 metres and

5 × 20 × 10 metres, based 3 metres above ground level, representing the canopies

of fires with intensities 10 and 40 MW m−1 respectively. A logarithmic wind profile

at the upwind boundary was assumed, with various wind speeds. The rate of

pyrolysis in the fuel bed was adjusted to obtain the desired fire intensity and the

model was run until a steady state was achieved. The output from the model,

which includes plume velocities and temperatures, was then used to compute ember

trajectories. The combustion of the embers was modeled as pyrolysis (leading to

density loss) and char oxidation (which causes volume loss) using a physical model

which was solved with an adaptive-mesh finite-volume method. As well as discs,

the combustion model was applied to cylinders in order to compare results with

available experimental data. In computing ember motion both lift and drag forces

were considered, with the embers assumed to fly at an incidence angle of 145◦ to the

relative wind velocity. For disc-shaped embers with thickness l the authors found

the approximate relationship

d ∝ I0.1|w|0.9(ρe,0 × l)−0.2 (2.24)

where d is ember travel distance and I is fire intensity, the other terms having
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been defined earlier. The travel distance was reported to be insensitive to the

initial diameter of the disc, which is in line with the findings of Himoto and Tanaka

(2005).

Sardoy et al. (2008) studied the properties and landing distribution of disc-shaped

embers generated by a line fire. They used an integral model of a line plume, the

properties of which have a Gaussian distribution transverse to the plume. A 1/7-

th power law was assumed for the vertical profile of the horizontal wind. Plumes

were computed for a number of fire intensities and horizontal wind speeds. Embers

were modeled as circular discs and their size, aspect ratio and initial position were

generated randomly. The combustion of the embers was modeled as in Sardoy et al.

(2007). Ember motion was considered to be two dimensional, and both rotation

and lift were taken into account. Using dimensional analysis the authors derived

a ‘burning parameter’ χ0 = ρe,0D0
5/3l

−1/6
0 and based on their numerical results

they reported the existence of a critical value of χ0 above which an ember will

land before burning out. This critical value depends also on the char content of

the unburnt wood, the fire intensity and the wind speed. The authors found a

bimodal distribution of landing distances for embers in which both pyrolysis and

charring oxidation occurred, with the short-distance embers landing while pyrolysis

was still occurring, and the long-distance embers landing during char oxidation. The

parameter ρe,0 l0 controls whether the ember falls within the short or long-distance

group.

Koo et al. (2012) performed very detailed modeling of ember transport using a

computational fluid dynamics model coupled with a physical fire model, HIGRAD/

FIRETEC (Linn 1997). The simulations were performed on a 640 × 320 × 615

metre domain with a horizontal grid spacing of 2 metres and a vertical grid size

ranging from about 1.5 metres near the ground to about 30 metres at the model top.

Both surface and canopy fires were simulated, and both were started as line fires 100
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metres long and 2 metres deep. The study was performed with cylindrical (l/D = 3)

and disc-shaped (l/D = 1/9) embers. While burning the embers were assumed to

have a constant density, that of dried and charred wood. Their burning was modeled

as flaming combustion only, and four types of size regression were studied: discs

with radial regression, cylinders with axial regression, discs with axial regression

and cylinders with radial regression. These were considered limiting cases; in the

first two the change in size should have minimal effect on ember trajectories because

the mass and all forces depend linearly on the dimension that is changing. Embers

were launched from cells if the solid temperature and fuel densities exceeded certain

critical values. The size of embers launched was the maximum loftable size based on

the wind velocities prevailing at the cell, and a minimum size was set to eliminate

embers too small to cause spotting. In the surface fire simulations, for comparison

purposes, ember trajectories were computed with and without the terminal velocity

assumption. There was a marked increase in travel distances without the terminal

velocity assumption; average travel distances for the four types of size regression

were 1.07 to 1.7 metres using the terminal velocity assumption, and these increased

to 6.4 to 7.4 metres without that assumption. The authors attribute this to the

embers being ‘thrown by locally strong winds’. Because of the results from surface

fires, the terminal velocity assumption was not used in the case of crown fires.

For crown fires they noted that the largest and greatest number of embers were

launched at the edges of the fireline, where the buoyant vertices are stronger than

in the centre, but that the embers launched from the centre had the greatest travel

distances.

Oliveira et al. (2014) investigated the transport of combusting cylindrical embers.

They accounted for the rotational motion of the embers resulting from the centres

of mass and pressure not coinciding, and calculated the lift and drag forces on

the embers as they rotated. They found good qualitative agreement between their

model and observations of non-combusting embers falling in still air. To model
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ember combustion they used the semi-empirical models of Tse and Fernandez-Pello

(1998) and Anthenien et al. (2006), based on the empirical data of Tarifa et al.

(1965a, 1967), but they retuned the model parameters. They then modelled the

short-range (∼ 25 to 75 metre) transport of burning embers in a constant wind field

with a logarithmic vertical profile; the embers were supposed to have previously been

lofted by a bouyant plume. They found that the initial orientation of the embers

had a significant effect on their travel distances.

Thurston et al. (2017) computed trajectories of non combusting ‘embers’ using

the wind fields output from a LES of a plume generated by a static heat source

in a turbulent boundary layer (Thurston et al. 2013). The model domain was

38.4 × 19.2 × 10 kilometres with a 50 metre horizontal grid size and 256 vertical

levels spaced from 10 metres at the surface to 50 metres higher up. Model runs were

made using ambient horizontal wind speeds ranging from 5 to 15 m s−1. The model

was spun up to a quasi-steady state before adding a static uniform circular heat

source with flux 105 W m−2 and radius 250 metres at the bottom boundary. When

the resulting plume was quasi-steady the model was run for a further 60 minutes,

outputting wind field data every 5 seconds. These wind field data were used to

compute the trajectories of particles released in a uniform distribution at heights of

50 to 100 metres above the heat source. The trajectories were computed under the

terminal velocity assumption, with constant terminal fall speeds ranging from 5.0

to 9.0 m s−1. The terminal fall speed was the only characteristic of the embers that

was used in the study. Mean travel distances distances were somewhat insensitive

to increasing wind speeds, but maximum travel distances increased almost linearly

with increases in wind speed, in accordance with the findings of Himoto and Tanaka

(2005) and Sardoy et al. (2007); see Equations (2.22), (2.23) and (2.24). Thurston et

al. (2017) found that, using a wind speed of 15 m s−1, particle travel distances of up

to about 17 kilometres were obtained. The spatial distribution of particle landings

decreased in width (transverse to the wind direction) as wind speed increased.
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Chapter 3

Methods

3.1 Introduction

In this thesis extensive use has been made of the Weather Research and Forecasting

(WRF) model (Skamarock et al. 2008) and the WRF-Fire coupled atmosphere-fire

model (Coen et al. 2013; Mandel et al. 2011). They have been used to perform

idealised simulations of fire-spread using flat topography, simple fuels maps with a

single fuel type, simple atmospheric stability profiles, and with most physics options

turned off in the model. This allows the main features under study to be isolated:

dynamic fire behaviour, particularly in relation to fire-line geometry (Chapters 4 and

5). We also use WRF as a large eddy model (LEM) to simulate turbulent plumes,

which are then used to study ember transport (Chapter 6). It was necessary to

make some modifications to the standard WRF-Fire model; these are discussed in

Section 3.4.

The WRF code is parallelised; intensive computational tasks, including all WRF

and WRF-Fire simulations, were performed on the Raijin cluster at the National

Computational Infrastructure (NCI). Pre- and post-processing of WRF and WRF-

Fire data were handled with ad-hoc programs written in either Fortran or R (R

Core Team 2017). R was used where possible, because of the ease of development,
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the large library of packages that are available, and its excellent data-handling

capabilities, including a very good netCDF interface (ncdf4, Pierce 2017). Most of

the plots in this thesis were produced using the R package ggplot2 (Wickham 2009).

3.2 The Weather Research and Forecasting model

The WRF model is an open source atmospheric simulation model developed col-

laboratively by the National Center for Atmospheric Research (NCAR), National

Oceanic and Atmospheric Administration (NOAA), the US Department of Defense,

University of Oklahoma, and the Federal Aviation Administration. Its applications

include numerical weather prediction (NWP), regional climate simulations, plane-

tary atmospheric simulations, air quality modelling and idealised atmospheric sim-

ulations. WRF can be used at a range of scales, including as a large eddy model

(LEM).

At the heart of WRF is the Advanced Research WRF (ARW) solver which solves

the fully compressible Euler equations with moisture. It is a nonhydrostatic model

with a hydrostatic option. The horizontal discretisation uses a staggered Arakawa

C-grid, and the vertical discretisation uses a terrain-following hydrostatic-pressure-

based coordinate (Section 3.4.3) which may be stretched to allow higher resolution

near the surface. Full details of the model are available in (Skamarock et al. 2008).

The WRF model contains a full suite of physics sub-models including microphysics,

cumulus parameterisations, surface layer and surface physics models, planetary

boundary layer schemes and radiation physics.

WRF may be run in real or idealised mode. In real mode, the model uses the

WRF preprocessing system (WPS) to ingest meteorological, topographic, and land-

use data. In idealised mode, the user supplies an initial one-dimensional sounding

which is assumed, by the WRF initialisation system, to represents an atmosphere in

hydrostatic balance and which is used to compute the initial state of the atmosphere.
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Simple topography may be introduced into an idealised simulation, but only by

editing one of the Fortran files. See also (Section 3.4.3). After initialisation, the

operation of WRF is controlled by a Fortran namelist file, namelist.input.

3.3 The WRF-Fire model

3.3.1 Overview

The WRF-Fire model is a fire module that has been added to the WRF package.

WRF-Fire implements a two-way coupling between the WRF atmospheric model

and a semi-empirical fire-spread model. The fire is represented on a two-dimensional

grid (the fire grid) on which the distribution of fuel is defined and the location of

the fire front maintained. The wind from the atmospheric model is interpolated

to a user-defined height on the fire grid; this fire wind is the only input into the

fire-spread model from the atmospheric model. A level-set method (Sethian 1999)

is used to track the fire front using the one-dimensional fire-spread rates provided

by the fire-spread model. A fuel map is supplied by the user, and assumptions

about the burning rate of ignited fuel are used to calculate sensible- and latent-

heat fluxes, which are input into the atmospheric model. These heat and moisture

fluxes are how the fire-spread model influences the atmospheric model. The fire

grid has a higher resolution than the horizontal resolution of the WRF atmospheric

grid. This is desirable for two reasons: the horizontal resolution of the atmospheric

grid is typically of the order of 101 - 102 metres which is too coarse to adequately

represent variations in fuel or the evolution of the fire front; and a fire grid with

too low a resolution causes large discontinuities in the heat fluxes input into the

atmospheric model (Clark et al. 1996b). In the simulations presented in this thesis

the resolution of the fire grid has been set at 10 times higher than the horizontal

resolution of the atmospheric grid.
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For the preparation of this thesis WRF-Fire was run in idealised mode; most physics

options were turned off, and the topography was flat.

3.3.2 Fire-spread model

In theory, any (semi-)empirical fire-spread model could be used with WRF-Fire,

provided that the WRF model can output the data required by the fire-spread

model. In this study we used WRF-Fire configured to use the Rothermel semi-

empirical fire-spread model (Frandsen 1971; Rothermel 1972). WRF-Fire uses a

13-category fuel-classification system (Albini 1976; Anderson 1982); fuel-dependent

parameters required by the Rothermel model are determined by the applicable fuel

category, as read from the supplied fuel map.

3.3.3 Tracking the evolution of the fireline

The Rothermel fire spread model is a one-dimensional model, providing an estimate

of the heading rate of spread (the rate of spread in the direction of the wind). A

front-tracking technique must be used to to track the two-dimensional evolution of

the fireline. WRF-Fire uses a level-set method (Sethian 1999): a level-set function

ϕ is used to represent the burnt area as {(x, y) : ϕ(x, y) ≤ 0}. The fire front itself

is given by {(x, y) : ϕ(x, y) = 0}. The evolution of ϕ is given by the equation

∂ϕ

∂t
+ S|∇ϕ| = 0 (3.1)

where S is the speed of propagation of a level set in the direction of its outward

unit normal n̂ = ∇ϕ/|∇ϕ|. Eqn. (3.1) is often referred to as the level-set equation.

(In practice, WRF-Fire uses the equation ∂ϕ/∂t + S(|∇ϕ| − ε∆ϕ) = 0, where

∆ϕ = δx ∂2ϕ/∂x2 + δy ∂2ϕ/∂y2. The term ε∆ϕ is an artificial viscosity included

50



for numerical stability; δx and δy are the grid resolutions, and ε > 0 is a small, grid-

independent constant.) S is obtained from the Rothermel model by inputing the

component of the fire wind in the direction of n̂. This is the only input into the fire-

spread model from the atmospheric model. The level-set function ϕ is maintained

on the fire grid and is available as an output. For full details see (Mandel et al.

2011). The level-set formulation is convenient because it easily handles topological

difficulties such as those arising from the merging of separate fire fronts and the

creation of islands of unburnt fuel. It also enables the easy computation of the

fire-line curvature directly from ϕ; see Eqn. (5.1).

3.3.4 Feedback to the atmospheric model

WRF-Fire assumes an exponential decrease in fuel mass after ignition. It computes

the fraction of fuel remaining in a fire-grid cell at time t by making an estimate of

F (t) = 1− 1

cell area

x

cell,ϕ(x,y,t)≤0

1− exp

(
−T (x, y, t)

τ

)
dxdy (3.2)

where T (x, y, t) is the time since ignition of the point (x, y), and τ is a constant

that characterises the burn-down time of the fuel. At each time step WRF-Fire

computes the fraction of fuel that was consumed, and the resulting sensible heat

and latent heat (moisture) fluxes. The fluxes from each fire cell are summed to

the horizontal grid of the atmospheric model, and the sensible and latent heat is

distributed into the lower part of the atmosphere via the potential-temperature and

water-vapour prognostic equations. These sensible and latent heat fluxes are the

only ways in which the fire model influences the atmospheric model.
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3.4 Modifications to WRF-Fire made for this research

3.4.1 Unlimited number of ignition lines

A fire is initialised (ignited) in WRF-Fire on a straight line segment, which may

be degenerate (i.e. a point). At the time of writing, the standard version of WRF-

Fire released by NCAR had a limit of five ignition segments, specified in the file

namelist.input. For this research it was necessary to be able to specify an un-

limited (but finite) number of ignition segments. Modifications were made to the

code to facilitate this, and to allow the ignition segments to be read from a user-

specified ignition file. This allowed the simulation of fires ignited along a curved

initial fireline by specifying a large number of short chords. It also facilitates the

easy generation of randomly oriented initial firelines by the automatic generation

of ignition files.

3.4.2 Defining a static heat source

This modification allows a user to specify a static heat source. The extent of the heat

source is determined by the region of fuel specified in the fuel map file input fc. The

values of the sensible and latent heat fluxes are specified by new namelist variables in

the fire namelist, in the file namelist.input. The modification involves changes

to the subroutine heat fluxes in the file module fr fire phys.F; the sensible and

latent heat fluxes for each cell of the fire grid are set according to the values of the

new namelist variables, rather than being computed using the procedure outlined

in Section 3.3.4. This modified code was used in Section 5.5 to simulate in WRF

the radial wind field produced by a static circular heat source, and to produce a

turbulent plume in the ember transport studies described in Chapter 6. This code

has also been used by Badlan et al. (2017) to study pyroconvection. It should be

noted that when WRF-Fire is run with this modification there is only a one-way

coupling between the ‘fire’ and the atmosphere; the heat source is static and is not
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affected by the state of the atmosphere. The full machinery of the WRF-Fire code is

not being used, and this modification is really only a convenient way of introducing

sensible and latent heat flux anomalies into the WRF atmospheric model using the

WRF-Fire code.

3.4.3 Specification of vertical coordinates in terms of height AGL

The vertical coordinate system used in WRF is a terrain-following pressure-based

coordinate system defined by

η =
ph − pht

phs − pht

where ph is hydrostatic pressure, and phs and pht are the hydrostatic pressure at the

surface and the model top respectively (Skamarock et al. 2008). Thus η varies from

1 at the surface to 0 at the model top. To set up an idealised simulation, the user

specifies the number of vertical levels in namelist.input and supplies WRF with a

sounding file, input sounding, which specifies the pressure, potential temperature

and moisture mixing ratios at the surface, and a sequence of values, at specified

heights, for potential temperature, vapour mixing ratio, and horizontal components

of wind velocity. This can be any set of values at levels extending to at least the

model top. The standard WRF initialisation routine defines a convenient set of η-

levels and, in each column of the computational domain, computes an initial atmo-

spheric state based on values interpolated from those specified in input sounding.

However, it is often convenient to control the vertical resolution of the model by

specifying the (initial) heights of the vertical coordinate levels. Modifications were

made to the code so that the η-levels were computed from the sequence of heights

given in input sounding. This requires input sounding to contain the same num-

ber of levels as that specified in namelist.input. Initially, the vertical coordinate

surfaces will be located at the heights given in input sounding, but because the
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vertical coordinate is based on pressure, the exact heights of the coordinate surfaces

will vary with time and horizontal location during a simulation.

3.5 The pyrogenic-potential model

In this thesis we will present some results comparing the simulation output of WRF-

Fire with the pyrogenic-potential model recently developed by Hilton et al. (2018).

This model represents the near-surface wind field as a two-dimensional potential

flow. Based on the idea that surface air is entrained into the plume, the flaming

regions represent sinks in the horizontal near-surface flow. In the form of the model

described here, the wind field w = (u, v, w) is assumed to be irrotational (∇×w =

0) and incompressible (∇ · w = 0). This implies that w = ∇ψ where ψ solves

Laplace’s equation ∇2ψ = 0. It is assumed that the near-surface wind field is

horizontal (i.e. w = 0) away from the burning area. Since ∂xu+ ∂yv + ∂zw = 0, we

may write

∂xu+ ∂yv =


−∂zw above the burning area,

0 elsewhere,

or, wh = ∇ψh, where ∇2
hψh = ν, ν = −∂zψ, and the subscript h indicates an

operation or variable restricted to the near-surface horizontal plane. Thus, in this

plane, ψh solves a two-dimensional Poisson equation where the source (actually,

sink) term ν is non-zero only in the burning region. For convenience we will drop

the subscript h and write

∇2ψ = ν (3.3)

and w = ∇ψ, where it is understood that we are now working in the near-surface

plane. There exist very efficient numerical methods for solving Eqn. (3.3). The sink

term ν represents the movement of buoyant air away from ground, and is assumed

to be related in some way to the intensity I of the fire.
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This is a linear model, so that a spatially-homogeneous ambient wind field wa =

(ua, va) can simply be added to the solution w of Eqn. (3.3); if ψ solves Eqn. (3.3)

then so does ψ + uax+ vay, and ∇(ψ + uax+ vay) = w + wa.

Assume that the relationship ν = f(I) is known. If I(t) is known at any particular

time t during the evolution of the fire then the equation ∇2ψ = f(I(t)) can be

solved, and the induced wind field, w = ∇ψ, may be input into a one-dimensional

fire-spread model to compute the rate of spread in the normal direction to the fire

front. A front-tracking method can be used to compute the location of the front at

time t+δt, whereupon I(t+δt) can be calculated, and the process may be iterated.

This provides a simple and very computationally efficient coupled model. The

pyrogenic-potential method is agnostic as to the particular front-tracking technique

employed, and to the fire-spread model used, although the wind field is the only

atmospheric variable that will be available to the fire-spread model. It should

be noted that if an empirical or quasi-empirical fire-spread model is used then the

coupled model has the same shortcoming discussed in Section 1.6.5: such fire-spread

models are calibrated using ambient wind speeds, for example those that exist in a

wind tunnel before a fire is ignited, whereas in a coupled model, the wind that is

input to the fire component is a combination of the ambient and fire-induced winds.

The pyrogenic-potential model has been implemented in the Spark framework (Miller

et al. 2015), which uses a level-set method for front tracking. In (Hilton et al. 2018)

a simple fire spread model of the form

S = u0 + u1 max(w · n̂, 0) (3.4)

was coupled to the pyrogenic-potential model, where n̂ is the outward unit normal

to the front, u0 and u1 are model parameters, and S is the speed of the front in

the normal direction (see Eqn. (3.1)). However in this thesis, to provide a direct
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comparison with WRF-Fire, we use the Rothermel model, (Rothermel 1972) as

implemented in WRF-Fire.

Fire intensity is calculated assuming an exponential decay of fuel mass once an

element of fuel is ignited. Thus if M0 is the initial fuel load (kg m−2) then it is

assumed that the fuel load M at time t is

M = M0e
−(t−ti)/τ

where ti ≤ t is the time of ignition, and τ characterises the rate of burning of the

fuel (cf. Eqn. (3.2)). The fire intensity I is then given by

I = −H∂M

∂t
=
HM0

τ
e−(t−ti)/τ (3.5)

where H is the heat released per unit mass of fuel burnt. This is essentially the same

as the computation of the heat fluxes in WRF-Fire (Section 3.3.4). It differs from the

calculation of I in (Hilton et al. 2017; 2018), which use a smeared, two-dimensional

version of the one-dimensional Byram fireline intensity IB (Byram 1959):

Iε(x) =

∫
fireline

δε(|x− x′|)IB(x′)dx′ (3.6)

where δε(r) = 2ε/(eεr + e−εr)2 is a smoothed Dirac delta function.

The assumption that the flow is irrotational is a significant one, and the model

could be extended to accommodate vorticity but, according to Hilton et al. (2018),

irrotational flow seems sufficient to approximate the dynamic behaviour seen in

experiments.
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One critical component of the model lies in specifying the relationship between the

sink term ν and the intensity I. In (Hilton et al. 2017; 2018) it was assumed that

ν = kIε (see Eqn. (3.6)) with k a free parameter. This should only be considered

as a first approximation, and research into developing a useful form for ν = f(I) is

ongoing.

The linearity of the model may also prove to be a difficulty; the phenomena them-

selves are almost certainly highly non-linear. However it is hoped that the model can

provide a significant improvement over the current empirical fire-spread models, and

a useful first-order approximation to more complex and computationally-expensive

coupled atmosphere-fire models.
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Chapter 4

Modelling of junction fires

4.1 Introduction

The dynamic fire behaviour resulting from the interaction between two merging

straight-line fires (called a ‘jump fire’ or ‘junction fire’) has been studied by Viegas

et al. (2012), Sharples et al. (2013), Thomas et al. (2015, 2017b), Sharples and

Hilton (2017), and Raposo et al. (2018). It involves an initial very rapid increase

in rate of spread, with a subsequent slowing; this is an example in which rapid

changes in fire behaviour occur without any change in ambient conditions. Viegas

et al. (2012) and Raposo et al. (2018) studied this behaviour both analytically and

using laboratory-scale experiments. Sharples et al. (2013) and Sharples and Hilton

(2017) were able to reproduce qualitative aspects of this behaviour using a simple

fire spread model in which the rate of spread depended on the curvature of the

fireline. In this chapter we present a study of the junction fire phenomena using the

WRF-Fire coupled atmosphere-fire model. The study of the behaviour of junction

fires is of interest for at least two reasons: it gives insight into the way separate fires

merge, for example in spot-fire coalescence; and the rapid acceleration of the region

of a fireline between tow merging fronts is of interest to operational personnel.
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Much of the material presented in the chapter was published in (Thomas et al.

2015, 2017b).

4.2 Model setup

For the study of junction fires, WRF-Fire was used in idealised mode in a domain

of 6400×6400×3000 metres (length×width×height), with a horizontal resolution

of 20 metres (atmospheric grid) and 2 metres (fire grid). A stretched vertical co-

ordinate was used with 61 levels, initially spaced at approximately 4 metres at the

surface, increasing to about 70 metres at 1 kilometre above ground level (AGL),

and 140 metres at the model top. WRF uses a vertical coordinate based on pressure

(Skamarock et al. 2008) and, when expressed in terms of length, vertical resolution

varies during a model run. However, in practice, the vertical spatial resolution did

not vary significantly in this study: for all simulations, vertical coordinate surfaces,

and time steps, the maximum variation in height of a coordinate surface from its

initial value was on average 1.7%, and never exceeded 13.1%. The lowest level at

which horizontal winds were computed was located approximately 2 metres AGL.

For input into the fire spread model, horizontal winds were extrapolated to 1 metre

AGL and interpolated horizontally to the finer fire grid; they were used at points

on the fireline to compute the local rate of spread.

The model was initialised with no moisture and with a vertical temperature profile

consisting of a 1000-metre-deep dry-adiabatic layer at a constant potential temper-

ature of 300 K, topped by a stable layer with potential temperature increasing at

4.5 K per kilometre to the model top at 3 kilometres. A surface roughness length

of 0.1 metres was assumed, corresponding to very long grass or low crops (Wieringa

1992). (The surface roughness indicates the depth of the atmosphere that is affected

directly by surface drag.) The model does not capture the effect that changes in

the vegetation (after combustion) will have on the surface winds input into the
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fire-spread model. While this is a shortcoming of the model, in this thesis we are

interested in the effect of larger-scale convective processes.

Four ignition configurations were studied, corresponding to those used in the ex-

periments of Viegas et al. (2012): two oblique firelines forming a ‘V’ shape (the

junction) with included angles of 10◦, 20◦, 30◦ and 45◦. Each fireline was 1000

metres long, in contrast to less than 10 metres in the experimental work of Viegas

et al. (2012), and the firelines were positioned in the centre of the computational

grid. The fuel type was taken to be ‘long grass’ which is Category 3 of the fuel

classification system of Albini (1976) and Anderson (1982). The fuel parameters

used by the Rothermel fire-spread model were the standard ones specified in the

parameter files supplied with WRF-Fire. Fuel was confined to the triangular region

formed by the junction of the initial firelines, and an additional 10 metre buffer re-

gion. This value of 10 metres is the same as that specified for the fire ignition radius

in the WRF-Fire parameter list; every pixel of the fire grid within this distance is

ignited during the fire initialisation.

Most of the simulations were made with no wind, in keeping with the experiments

of Viegas et al. (2012). However a limited number of simulations were made with an

initial ambient wind, which in each case was aligned with the axis of the junction and

directed away from the apex of the junction, towards its open end. All numerical

experiments were performed with flat topography.

In each case the atmospheric model was run for 20 minutes of model time (an

arbitrary period), before the arms of the junction were ignited at once over their

entire length, which is how the experiments of Viegas et al. (2012) were conducted.

After ignition, the model was run for a further 45 minutes. Based on results from

a preliminary study (Thomas et al. 2015), the study of Thomas et al. (2017b) was

performed with a high horizontal resolution (20 metres), using small five-member
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ensembles in which the orientations of the initial firelines have been determined ran-

domly. Separate ensemble members were considered because the effects of domain

discretisation cause the results of the simulations to vary slightly, depending on the

orientation of the initial firelines with respect to the horizontal grid alignment. For

each random orientation, three simulations were performed: one with both firelines

(i.e. arms of the junction) ignited simultaneously; and two in which just one of the

firelines was ignited. We interpret the composite results of the latter two runs as an

indication of how the junction fires would evolve if neither fireline had an influence

on the behaviour of the other.

WRF-Fire uses a level-set method (Section 3.3.3) to follow the evolution of the fire

front, and it outputs the values of the level-set function ϕ on the high-resolution

fire grid. These data were used in post processing to determine the location of the

fire front, which is given at time t by {(x, y) : ϕ(x, y, t) = 0}, the zero contour of

ϕ(·, ·, t). The rate of spread, which at a point on the front is the rate of spread in

the direction normal to the front, is output by the WRF-Fire model at each point

of the fire grid; it was estimated on the zero contour by linear interpolation.

4.3 Results

4.3.1 Experiments with no ambient wind

Figure 4.1 depicts isochrones at two-minute intervals, showing the first 44 minutes

of the evolution of the fireline of one ensemble member for each configuration angle;

approximate rates of spread can be inferred from the distances between successive

isochrones. While these are just four of twenty similar model runs (four included

angles × five ensemble members), they represent the typical behaviour seen in all

the simulations: there is a rapid initial acceleration of the fire front in the region

where the two firelines intersect, followed by a subsequent slowing, consistent with

the behaviour reported by Viegas et al. (2012). In Figure 4.1 there are random
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Figure 4.1: Simulated isochrones of fire spread for one member each of the (a)
10◦, (b) 20◦, (c) 30◦, and (d) 45◦ angular configurations tested. Firelines, depicted
alternately in black and grey, are shown at 2-minute intervals. X and Y axes show
locations of the burn within the simulation grid, which was necessarily considerably
larger than the experimental fire area. Each fire was started with both arms of
the initial junction ignited simultaneously along their entire length. Simulations
for each angle were repeated five times using randomly chosen orientations. Fire
advance and burn duration are shown in Figure 4.2 for all examples of each angular
configuration.
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departures from symmetry which can be attributed to numerical instability and

noise in the simulations. In addition, a slight systematic asymmetry in the evolving

firelines is evident, particularly during the initial time steps in panels (c) and (d).

These simulations were performed assuming no ambient wind, and we attribute this

asymmetry to an effect of the discretisation of the model; the branch that is more

closely aligned with the grid seems to spread more rapidly during the early period of

the simulations. There is no systematic asymmetry in model output when the initial

firelines are oriented symmetrically with respect to the grid. This slight asymmetry

occurs to varying degrees in the simulations that we have performed. Because it is

slight, and to maintain some consistency between the current analysis and that of

Viegas et al. (2012), we summarise the advance of the front by the location of its

central point, i.e. its intersection with the axis of symmetry of the initial ‘V’. In the

simulation depicted in Figure 4.1(c), for example, this central point advances more

than 690 metres in the first 15 minutes after ignition, and only approximately 170

metres in the subsequent 10-minute interval. Fire advance as a function of burn

duration is shown in Figure 4.2 for all examples of each angular configuration. The

black lines in Figure 4.2 depict the advance of the (centre of the) fire front for all 20

of the simulations in which both firelines were ignited. The rapid initial acceleration,

and subsequent slowing, of the front are evident in all cases. The behaviour of the

simulations with different configuration angles is qualitatively similar. However,

from Figure 4.2, the smaller the configuration angle, the more rapid is the initial

advance of the centre of the front. An effect like this is to be expected on purely

geometric grounds: if the angle between the fronts is θ then, in a perfectly uniform

situation, the centre of the front will advance by a factor of csc θ faster than the

normal rate of spread of the merging fronts. A comparison of the black and grey

lines in Figure 4.2 shows that this geometric effect does not entirely account for the

rapid initial fire spread.
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Figure 4.2: Fire front advance over time for all ensemble members for the four ge-
ometric configurations: (a) 10◦, (b) 20◦, (c) 30◦, and (d) 45◦. Distance advanced is
measured along the axis of symmetry of the junction. Black lines (labelled ’Both’)
represent spread when both arms of the junction are ignited simultaneously; grey
lines (labelled ’Sep’) indicate spread when each arm is ignited separately (see Fig-
ure 4.4).

4.3.2 Comparison with previous experimental and analytical work

In their study of this phenomenon, Viegas et al. (2012) treated the merged fire front

as a pair of straight firelines evolving from the initial ‘V’-shape by a rotation about

the endpoints of the ‘V’. Figure 4.1 indicates that this is a reasonable first-order

approximation in the case of these simulations; the results of the other simulations

(not shown here) also indicate that this is a reasonable first-order approximation.

Thus, to make comparisons with the work of Viegas et al. (2012), we approximate
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Figure 4.3: (a) Rate of advance of the centre of the modelled fire front versus the
notional angle between evolving firelines for all simulations, output at 30-second
intervals. The centre of the fire front is determined as the intersection of the front
with the axis of symmetry of the initial junction configuration. The notional angle
between firelines is the angle at the centre of the front subtended by the endpoints
of the initial junction. (b) Fig. 18 from Viegas et al. (2012): non-dimensionalised
velocity of centre of front versus angle between the firelines. The points represent
experimental results; the solid line represents the results of the analytical model
(reproduced with permission from CSIRO Publishing).

the evolving fire front as a pair of straight line segments extending from the end-

points of the initial ‘V’ to the central point of the simulated front. Figure 4.3(a)

is a plot of the rate of advance of the centre of the fire front against the angle

formed by the approximating straight firelines; Figure 4.3(b) is reproduced from

Viegas et al. (2012). There is good qualitative agreement between the two, however

they do not agree quantitatively. The vertical axis of Figure 4.3(b) represents a

non-dimensionalised velocity obtained by dividing by the base rate of fire spread

without wind or slope. Even if we were to non-dimensionalise the rate of advance

in Figure 4.3(a) in the same fashion, we would not have quantitative agreement

with Figure 4.3(b). This is not surprising given the considerable difference in scale

between the experiments of Viegas et al. (2012) and our numerical modelling.

4.3.2.1 Effects of fire-fire interaction

Figure 4.4 is a composite plot of three simulations with the same configuration,

showing the difference in the evolution of the firelines when both arms of the junc-
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Figure 4.4: Composite plot of three model runs with a 45◦configuration, shown
(a) 5, (b) 10, (c) 15, and (d) 20 minutes after ignition. The grey lines show the
evolution of the front when only one arm of the junction is ignited; together they
show how the front would evolve without interaction between the two firelines. The
black line shows the evolution when both arms are ignited simultaneously.

tion are ignited compared with when they are ignited separately. This figure illus-

trates the effects of the interactions between the two firelines on the rate of spread
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(alternatively, this can be interpreted as the influence that the geometry of the fire-

line has on the rate of spread). The behaviour illustrated in Figure 4.4 is typical of

all simulations; the grey lines in Figure 4.2 show the advance of the central point

of the front for all ensemble members in which the firelines are ignited separately,

as is the case for the grey firelines in Figure 4.4. The contrast between the black

and grey lines of Figure 4.2 shows the dramatic effects of the interactions between

the two firelines.

4.3.3 Sensitivity of the simulations to initial orientation

Figure 4.2 shows that when both firelines are ignited (the black lines), the results

are not particularly sensitive to the initial orientation of the firelines. The noise in

the grey lines is an artefact of the way that the advance of the front is summarised

as its intersection with the axis of symmetry of the initial junction. When ignited

separately, the firelines in the simulations do not evolve in a perfectly regular way;

see for example the bulges in the grey lines in Figure 4.4. When these bulges

intersect the axis of symmetry, they result in sudden jumps in the location of the

intersection point. This is particularly evident in Figure 4.2(a), where the small

initial angle amplifies this effect. An alternative way of displaying the advance of

the fire front is displayed in Figure 4.5, which shows area burnt versus time for all

the ensemble members. This way of displaying the advance of the fireline is not as

noisy as using the location of the centre of the front.

4.3.4 Underlying mechanism

What is the mechanism that drives this dynamic fire behaviour? Viegas et al.

(2012) made an analytical study of it in terms of the ‘concentration of energy near

the intersection point’ of the two firelines, arising from radiative and convective heat

transfer. The Rothermel model, the basis of the fire-spread sub-model in WRF-Fire,

is derived using the all-encompassing notion of a ‘propagating flux’ to represent the
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(c) (d)

Figure 4.5: Area burnt versus time for all ensemble members for the four geometric
configurations: (a) 10◦, (b) 20◦, (c) 30◦, and (d) 45◦. Black lines (labelled ’Both’)
represent burnt area when both arms ignited simultaneously; grey lines (labelled
’Sep’) indicate burnt area when each arm is ignited separately (see Figure 4.4).

transmission of energy ahead of the front (Rothermel 1972). However, there is no

explicit radiation component in the WRF-Fire model; under conditions of constant

fuel and slope the modelled rate of spread depends only on the wind at a prescribed

height (1 metre AGL in this case). Consequently, the dynamic behaviour observed

in our numerical experiments can only be a result of the surface winds induced by the

modelled pyro-convective processes. This accords with the analysis of Raposo et al.
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Figure 4.6: Bottom 500 metres of the wind field along (a) transect L1:R1, and (b)
transect L2:R2 shown in Figure 4.7. The arrows indicate the projection of the wind
field onto the vertical plane of the transect. The location of the fireline on the
transect is shown by the solid triangles.

(2018) who conclude that ‘important convective processes are . . . responsible for the

dynamic behaviour of junction fires.’ Figure 4.6 shows the component of the bottom

500 metre of the wind field for the ensemble member depicted in Figure 4.1(d), 5

minutes after ignition, along the transects indicated in Figure 4.7. (In the following

discussion all references to winds refer to the component of the wind field in the

vertical plane of the transect.) Figure 4.6(a) corresponds to the transect L1:R1; the

location of the fireline is indicated by the solid black triangle. Apart from the region

immediately ahead of the fireline, the near surface wind speeds in front of the fire are

lower than those behind it (recall that the ambient wind speed is zero). Similarly, in

Figure 4.6(b), corresponding to the transect L2:R2 of Figure 4.7, near surface wind

speeds ahead of the firelines (i.e. between the firelines) are, for the most part, lower

than those behind the firelines. Recent work of Hilton et al. (2018) shows that,

under some simplifying assumptions, the bulk surface flow induced by a fire can

be modelled with a simple analytical model, and that this surface flow is strongly

influenced by the geometry of the fireline. This simple model indicates why the
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near-surface wind speeds in Figure 4.6 are, for the most part, higher behind the

fireline than they are ahead of it; it is a result of the shape of the fireline. Another

feature of Figure 4.6 is of interest: the separation zone in Figure 4.6(a), where the

near-surface wind field is entrained into the plume, is located ahead of the fireline,

and at the fireline the surface wind speed in the direction of fire spread is higher

than the near surface wind speeds behind the fireline. In Figure 4.6(b), the wind

fields behind the left and right firelines are quite similar, however the surface wind

fields at the firelines are very different. The left-hand separation zone is again

advanced ahead of the fireline, with higher surface winds in the direction of fire

spread, whereas on the right, the surface winds at the fireline are low.

More insight can be obtained by examining Figure 4.7, which shows the surface

wind field and a smoothed representation of the vertical component of vorticity at

10 metres AGL of the ensemble member corresponding to Figure 4.1(d), 5 and 10

minutes after ignition. (Recall that the vorticity of a fluid with velocity field w is

defined as ω = ∇×w; it is a measure of the rotation of the flow.) Among the notable

features are the pairs of counter-rotating vortices (only the vertical component is

shown) associated with those parts of the fireline with highest rates of spread. These

lie on or just ahead of the fireline, and are oriented so as to induce surface winds

that advance the fire front (negative vertical vorticity implies clockwise rotation in

the diagram, positive implies counter-clockwise rotation). Note that the transect

L1:R1 in Figure 4.7(a) passes through such a pair at the fireline, as does the left-

hand part of the transect L2:R2. By contrast, the right-hand part of L2:R2 passes

through a region of low vorticity at the fireline. The advancement of the separation

zone ahead of the fireline, the increased surface winds in the direction of the rate

of spread, and the consequent higher modelled rates of spread are associated with

these vortex pairs.
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Figure 4.7: Surface winds at 1 metre AGL (as input into the fire-spread model, but
thinned to 28 metre resolution for plotting) and vertical component of vorticity at
10 metre AGL for one 45◦ ensemble member (a) 5 minutes, and (b) 10 minutes after
ignition. The solid black line shows the location of the fireline. To indicate rate of
spread, the grey lines (partially obscured) show the fireline 30 seconds earlier and
later. The vorticity data have been smoothed to aid visualisation. The transects
used in Figure 4.6 are shown in panel (a).

The pattern of vorticity seen in Figure 4.7 is typical of those seen in the other simu-

lation results; regions of the fireline where the fastest spread is occurring are usually

associated with pairs of counter-rotating vortices oriented so that they increase the

wind speed in the direction of fire spread. Vortices form, merge, and dissipate in a

complicated way; they may also migrate along the fireline towards the junction of

the merged fronts, possibly advected by the (fire-induced) near-surface winds. This

behaviour is illustrated by the vortex pairs in the rectangular region highlighted in

Figure 4.8. As they move along the fireline, vortex pairs oriented in the fashion

described above produce increased rates of spread in the adjacent region of the

front.

To examine how this vertical vorticity is generated, an expression for the change

in vertical vorticity of a moving fluid can be obtained by taking the curl of the

conservation of momentum equation. In the case of the atmosphere, neglecting
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Figure 4.8: Advection and merging of counter-rotating vortex pairs. The time se-
quence shows the fire-line location and vertical vorticity for one 45◦ensemble mem-
ber at 30-second intervals, beginning 5 minutes after ignition. The (stationary) grey
line shows the location of the fireline at the initial time of the sequence.
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viscosity and the Coriolis force, the conservation of momentum equation may be

expressed as

∂w

∂t
+ w ·∇w = −1

ρ
∇p−∇Φ (4.1)

where w is the wind field, p and ρ are pressure and density, and Φ is the geopotential.

Using a standard identity from vector calculus, Eqn. (4.1) may be rewritten as

∂w

∂t
+ ∇

(w ·w
2

)
+ ω ×w = −1

ρ
∇p−∇Φ. (4.2)

Taking the curl of Eqn. (4.2), and recalling that ∇×∇ = 0, we obtain

∂ω

∂t
+ ∇× (ω ×w) = −∇× ∇p

ρ

which may be rewritten as

∂ω

∂t
= −(w ·∇)ω − (∇ ·w)ω + (ω ·∇)w −∇× ∇p

ρ
. (4.3)

The vertical component of Eqn. (4.3) is

∂ω3

∂t
= −(w ·∇)ω3 − (∇ ·w)ω3 + (ω ·∇)w −

(
∇× ∇p

ρ

)
· k. (4.4)
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Expanding the second and third terms on the right hand side of Eqn. (4.4) gives

−(∇ ·w)ω3 + (ω ·∇)w = −
(
∂u

∂x
+
∂v

∂y
+
∂w

∂z

)
ω3 + ω1

∂w

∂x
+ ω2

∂w

∂y
+ ω3

∂w

∂z

= −
(
∂u

∂x
+
∂v

∂y

)
ω3 + ω1

∂w

∂x
+ ω2

∂w

∂y

= − (∇h ·wh)ω3 +

(
∂w

∂y
− ∂v

∂z

)
∂w

∂x
+

(
∂u

∂z
− ∂w

∂x

)
∂w

∂y

= − (∇h ·wh)ω3 +
∂u

∂z

∂w

∂y
− ∂v

∂z

∂w

∂x

= − (∇h ·wh)ω3 +

(
∂wh

∂z
×∇hw

)
· k (4.5)

where the subscript h indicates a quantity or operation in the horizontal plane.

Substituting Eqn. (4.5) into Eqn. (4.4) gives

∂ζ

∂t
= −(w ·∇)ζ − (∇h ·wh) ζ +

(
∂wh

∂z
×∇hw

)
· k−

(
∇× ∇p

ρ

)
· k (4.6)

where we have written ζ for the vertical component ω3 of the vorticity ω; see

(Jenkins et al. 2001) for example. The first two terms on the right-hand side of

Eqn. (4.6) represent the redistribution of existing ζ due to advection and horizontal

divergence respectively. The third is the tilting term, which describes the production

of ζ by the reorientation of vorticity toward the vertical; it may be rewritten as

(
∂wh

∂z
×∇hw

)
· k =

∂u

∂z

∂w

∂y
− ∂v

∂z

∂w

∂x
.

The fourth term, the solenoidal term, represents the generation of vorticity when the

gradients of pressure and density are not aligned. Its effect was analysed numerically
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by Clark et al. (1996a) for their simulations, and found to be dominated by the

tilting term. In the following analysis we ignore the effect of the solenoidal term.

We examine the formation of one vortex pair from the simulation depicted in Fig-

ure 4.1(d), chosen because the vertical vorticity is small in the region at the begin-

ning of the time interval considered, and because the pair remains stationary over

this time interval. Figure 4.9(a) shows the fireline 7:30 minutes after ignition, before

the pair forms. In Figure 4.9(b) we have plotted the lowest 500 metres of the wind

field along the transect L to R, 8:20 minutes after ignition. A region of horizontal

vorticity has formed in the bottom 50 metres of the atmosphere, at or just ahead of

the base of the plume. It appears that the vorticity is generated by the horizontal

gradient in buoyancy. In Figure 4.9(c) we have plotted the tilting term, and Fig-

ure 4.9(d) shows the vertical vorticity 8:30 minutes after ignition; a counter-rotating

vortex pair has formed, consistent with the tilting shown in Figure 4.9(c). Taken

together, the four panels of Figure 4.9 indicate that the counter-rotating vortex pair

is associated with the tilting of horizontal vorticity generated by the buoyancy gra-

dient. The orientation of the horizontal vorticity is such that the resultant vortex

pair induces a surface wind in the direction of the fire spread.

When just one of the firelines is ignited, i.e. when the fire evolves from an initial

straight line, the fire-line evolution and the overall rate of spread is quite different

to that exhibited when both firelines are ignited (see Figure 4.4). Figure 4.10(a)

shows the fireline and vertical vorticity 12 minutes after ignition, when just one of

the firelines of Figure 4.7 is ignited. The pattern of counter-rotating vortex pairs is

present, but these features are, for the most part, much less intense, and they usually

lie behind the fireline rather than on or ahead of it. Consequently, they do not have

the same effect of increasing the modelled rates of spread. Similar comments apply

to a junction fire later in its evolution, for example in Figure 4.10(b). In Figure 4.10

the only parts of the firelines with an elevated rate of spread are associated with

75



L R

2500

2750

3000

3250

3500

3750

3000 3250 3500 3750
x (m)

y
 (

m
)

−0.1

0.0

0.1

0.2

Vertical
vorticity
(1/s)

t = Ignit.+7:30, Vertical vorticity at 10 m AGL
(a)

(a)

1 m/s

0

200

400

600

0 100 200 300
d (m)

z
 (

m
)

t = Ignit.+00:08:20
(b)

(b)

L R

2500

2750

3000

3250

3500

3750

3000 3250 3500 3750
x (m)

y
 (

m
)

−0.010

−0.005

0.000

0.005

Tilting
term
(1/s^2)

t = Ignit.+8:20, Tilting at 10 m AGL
(c)

(c)

L R

2500

2750

3000

3250

3500

3750

3000 3250 3500 3750
x (m)

y
 (

m
)

−0.1

0.0

0.1

0.2

Vertical
vorticity
(1/s)

t = Ignit.+8:30, Vertical vorticity at 10 m AGL
(d)

(d)

Figure 4.9: Production of vertical vorticity by tilting. (a) fireline and vertical
component of vorticity 7:30 minutes after ignition, showing location of transect.
(b) Component of wind field along transect (only the bottom 500 metres is shown).
(c) Tilting term ∂u

∂z
∂w
∂y
− ∂v

∂z
∂w
∂x

from Eqn. (4.6). (d) fireline and vertical component

of vorticity 8:30 minutes after ignition (the grey line shows the fireline location 7:30
minutes after ignition).
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Figure 4.10: fireline and vertical component of vorticity: (a) 12:00 minutes after
ignition of straight fireline, and (b) 45 minutes after ignition of the same ensemble
member shown in Figure 4.7. To indicate rate of spread, the grey lines (largely
obscured) show the location of the fireline 30 seconds earlier and later.

pairs of more intense vortices that have formed above or ahead of the fireline. Such

pairs occur in all the straight-line simulations that we have done; they are short

lived, but they are the reason that these simulated fires do not evolve closer to a

perfect straight line (see the grey lines in Figure 4.4).

The pattern of vertical vorticity seen in Figure 4.10(a) is typical of all the straight-

line simulations performed for this study, just as the patterns in Figures 4.7, 4.8

and 4.10(b) are typical of all the junction fire simulations. The work of Hilton

et al. (2018) indicates that it is the geometry of the fireline that influences the

bulk surface flow. It is conjectured that it also influences the configuration of these

patterns of vertical vorticity, perhaps because of its influence on the wind field, and

that both the bulk surface flow and the vertical vorticity contribute to the dynamic

fire propagation observed in the simulations.
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4.3.5 Relationship to other studies of vorticity and fire-line dynamics

Clark et al. (1996a) used a coupled atmosphere-fire model to study small-scale

fire-line dynamics at similar scales, and using the same horizontal atmospheric

resolution, as the numerical experiments described here. They described a process

they called ‘dynamic fingering’ in which horizontal vorticity is tilted toward the

vertical, increasing the wind speed in the direction of fire spread. This tilting of

horizontal vorticity is the process described by Eqn. (4.3.4). Clark et al. (1996a)

posited negative vertical wind shear as the mechanism generating the horizontal

vorticity, and in their simulations they observed an instance of dynamic fingering

which they attributed to a convective downdraught causing wind shear behind the

fireline. In our case the generation of horizontal vorticity is driven by buoyancy;

the process is illustrated by Figure 4.9.

Clark et al. (1999) performed image flow analysis on infrared imagery of a crown

fire. Their results indicated the tilting of horizontal vorticity leading to counter-

rotating pairs of vertical vortices oriented so as to increase the rate of spread,

a process resembling that observed in the simulations presented here. Clark et

al. (2005) used a similar procedure to process infrared imagery of experimental

grass fires; they observed horizontal vortices form, tilt, and break apart to produce

rotating columns. They simulated one of these experimental fires using a coupled

atmosphere-fire model at high resolution (1 metre) and the model produced plumes

whose sizes and spacing agreed well with the observations; convective columns a few

metres wide with a separation of about 5 - 6 metres. While the processes described

by Clark et al. (2005) and Clark et al. (1999) appear similar to those seen in our

simulations, their observed and simulated convective structures are too small to be

resolved by our simulations.

In wind-driven laboratory fires, Finney et al. (2015) observed counter-rotating vor-

tex pairs oriented in the direction of the flow, which they likened to Taylor-Görtler
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vortices seen in flow over concave surfaces and heated plates. Canfield et al. (2014)

observed similar structures in high resolution simulations of wind-driven fires using

the FIRETEC/HIGRAD coupled model (Linn et al. 2002). These are probably not

related to the counter-rotating vortices seen in our simulations, in which horizon-

tal vorticity produced by buoyancy gradients, and oriented perpendicular to the

fire-induced flow, is tilted toward the vertical.

4.3.6 Sensitivity of results to model resolution

The main suite of 20 simulations considered in this chapter was performed with

a horizontal resolution of 20 metres (atmosphere) and 2 metres (fire). To investi-

gate the sensitivity of the results to model resolution we have performed additional

simulations using horizontal atmospheric resolutions of 10 and 50 metres for one

ensemble member each of the 30◦ and 45◦ configurations. The vertical resolution

for the 50-metre simulations is the same as that of the 20-metre simulations. For

the 10-metre simulations the number of vertical levels has been doubled, with an

approximate doubling of the vertical resolution. The 10:1 refinement ratio between

the spacing of the fire and the atmospheric grids was maintained in all simulations.

Figure 4.11 compares the advance of the central points of the fronts over the full

45-minute period. In all cases, there is good agreement over the period of the sim-

ulations for which there is rapid spread, with some divergence at later times. The

scatter is of the same order as that observed due to the random orientations (shown

by the grey lines in Figure 4.11). At all three resolutions, plots of the individual

firelines (not shown) show good agreement, and in each case the behaviour of the

model is consistent with the experimental work of Viegas et al. (2012). This indi-

cates that the broad features of the simulated dynamic behaviour will not be altered

significantly by using a horizontal resolution smaller than 20 metres.

Figure 4.12 is the equivalent of Figure 4.7 but with the simulations performed at

10 metre resolution. The pattern of vorticity is similar to that in Figure 6, and
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Figure 4.11: Comparison of advance of centre of simulated front using horizontal
atmospheric model resolutions of 10, 20 and 50 metres. One initial orientation of
each of the (a) 30◦ configuration, and (b) 45◦ configuration was simulated. The grey
dashed lines correspond to the other ensemble members (at 20 metre resolution) of
the respective configuration.
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Figure 4.12: As for Figure 4.7, but simulated using a horizontal atmospheric resolu-
tion of 10 metres, and with vertical atmospheric resolution approximately doubled.
The fire grid has a resolution of 1 metre.
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most regions of rapid spread are associated with a pair of counter-rotating vortices.

However, the vortices are smaller and more intense. This indicates that the vorticity

is not properly resolved in our simulations. For example, it was noted above that

the rotating convective towers observed in infrared imagery by Clark et al. (1999,

2005) were only a few metres in diameter. Clearly, features of this size cannot be

resolved with a model running at 20 (or even 10) metre horizontal resolution.

4.3.7 Experiments with ambient wind

A small number of numerical experiments have been performed with an initial am-

bient wind to determine if the interaction between the two arms of the junction

fire increases rate of spread under these conditions. We have confined these exper-

iments to the 45◦ configuration, and we have used the same random orientations

as were used in the case of no ambient wind. Figure 4.13 is like Figure 4.4, but

with a 2.5 m s−1 background wind in the direction indicated in Figure 4.13(a). As

in the case with no ambient wind, when both arms of the junction fire are ignited

simultaneously, the front advances more rapidly than the notional front obtained

by igniting each arm separately. Figure 4.14 is like Figure 4.2, and shows the cen-

treline advance for all 45◦ ensemble members with ambient wind speeds of 2.5 and

5 m s−1. The reason for the noise and sudden jumps in the plots in Figure 4.14 is

the same as that discussed in Section 4.3.3. Another, smoother, indication of the

advance of the fronts is given in Figure 4.15, which shows the time evolution of the

burnt area. Comparing Figure 4.13 with Figure 4.4 we see that in Figure 4.13 the

fire lines are more regular, and the differences between the black and grey lines are

less pronounced. The behaviour simulated in Figure 4.4 is driven purely by con-

vection with strong coupling between the fire and the atmosphere promoting the

development of vorticity, whereas in Figure 4.13 the coupling between the fire and

the atmosphere is reduced by the wind, and the behaviour of the fire is more stable.

This is consistent with the simulations and discussion in (Clark et al. 1996a).
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(a) (b)

(c) (d)

Figure 4.13: As for Figure 4.4, but with a 2.5 m s−1 background wind in the direction
indicated in panel (a), and at times (a) 2:30, (b) 5:00, (c) 7:30, and (d) 10:00 minutes
after ignition. The grey lines show the evolution of the front when only one arm of
the V is ignited; together they show how the front would evolve without interaction
between the two firelines. The black line shows the evolution when both arms are
ignited simultaneously.
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(a) (b)

Figure 4.14: Fire front advance over time for junction fire simulations with ambient
wind, for all 45◦ ensemble members, with ambient wind speeds of (a) 2.5 m s−1

and (b) 5 m s−1. In each case the ambient wind is directed along the axis of the
junction fire as indicated, for example, in Figure 4.13(a). Distance advanced is mea-
sured along the axis of symmetry of the ’V’. Black lines (labelled ’Both’) represent
spread when both arms of the V-configuration are ignited simultaneously; grey lines
(labelled ’Sep’) indicate spread when each arm is ignited separately.

(a) (b)

Figure 4.15: Area burnt over time for junction fire simulations of all 45◦ ensemble
members, with ambient wind speeds of (a) 2.5 m s−1 and (b) 5 m s−1. In each
case the ambient wind is directed along the axis of the junction fire as indicated,
for example, in Figure 4.13(a). Black lines (labelled ’Both’) represent spread when
both arms of the V-configuration are ignited simultaneously; grey lines (labelled
’Sep’) indicate spread when each arm is ignited separately.

83



4.4 Summary

The dynamic behaviour of junction fires is of interest to both researchers and op-

erational personnel. It cannot be modelled in a systematic way using uncoupled

simulation models based on empirical fire-spread models but coupled atmosphere-

fire models can model this behaviour at landscape scales. In this chapter one such

system, WRF-Fire, was used to model the experimental observations of Viegas et

al. (2012). Junction fires were modelled under conditions of no wind and no slope,

albeit at a different scale to that of the experiments. Qualitatively, the output of

the model agreed well with the experimental results; a rapid initial acceleration of

the front was observed, with a subsequent slowing of the rate of spread. A quanti-

tative comparison was not possible because of the different scales considered; it is

possible that there are different dominant mechanisms underlying the similar be-

haviour at the two scales. In both the experimental work of Viegas et al. (2012)

and the WRF-Fire simulations, the observed dynamic fire behaviour arises through

the interaction between the two lines of fire; equivalently, it may be thought of as

resulting from the geometry of the merged firelines. In the case of the modelled

fires, the mechanism for the rapid fire spread is pyro-convective; in addition to the

bulk fire-induced surface flow, it includes the formation of counter-rotating pairs of

vertical vortices lying on or ahead of the fireline. These vortex pairs also form in the

case of a straight fireline but they usually lie behind the fire front and consequently

do not influence the modelled rate of spread to the same extent. Simulations at

higher horizontal resolution exhibit similar fireline evolution and rates of spread.

They also exhibit similar patterns of vorticity; however, the vortices are smaller

and more intense, indicating that the vortical structures are not well resolved at

20-metre resolution. Empirical and numerical studies by Clark et al. (2005) note

similar features, but these are too small to be properly resolved by our simulations.
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A small number of simulations were made with ambient wind speeds of 2.5 and

5 m s−1, but still with no slope. As in the zero-wind case, when both arms of the

junction fire are ignited simultaneously then the fire progresses significantly faster

than the notional fire front obtained by igniting each of the arms individually.
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Chapter 5

Rate of spread and fireline geometry

5.1 Introduction

5.1.1 Definition of plane curvature

If γ(s) is a sufficiently smooth plane curve parametrised by arc length s, then its

unit tangent vector t̂(s) is given by t̂(s) = γ ′(s). Differentiating both sides of the

identity t̂(s) · t̂(s) = 1 gives 2t̂(s) · t̂′(s) = 0. This shows that t̂
′
(s) is perpendicular

to t̂(s), so that t̂
′
(s) = κ(s)n̂(s) where n̂(s) is the unit normal to γ(s). The signed

curvature of γ(s) is defined to be κ(s). If κ(s) 6= 0 then the radius of curvature

R(s) is defined to be R(s) = 1/|κ(s)|. R(s) is in fact the radius of the osculating

circle to the curve γ at γ(s).

If the curve is defined by the level set ϕ = c of a function ϕ(x, y) then at points on

the level set the curvature is given by

κ =
ϕxxϕ

2
y − 2ϕxϕyϕxy + ϕyyϕ

2
x(

ϕ2
x + ϕ2

y

)3/2
(5.1)

(see, for example, Sethian 1999).
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5.2 Rate of spread versus curvature: junction fires

5.2.1 Introduction

In Chapter 4 the dynamic behaviour of junction fires was studied using the WRF-

Fire coupled model. As noted there, the rapid advancement of the front observed

in Section 4.3.1 when both initial firelines are ignited can be interpreted as an effect

of the geometry of the front. Viegas et al. (2012) treated the merged front as two

approximately straight firelines and analysed this geometric effect in terms of the

angle between them. An alternative treatment was given by Sharples et al. (2013),

who modelled the rate of spread in the normal direction to the front as a function

of the fireline curvature, with regions of large negative curvature assumed to have a

greater rate of spread. They were able to reproduce qualitatively the experimental

results of Viegas et al. (2012) by assuming a rate of spread of the form 1−εκ, where

κ is the curvature and ε is a tuning parameter. Since the output of the WRF-Fire

model is also in good qualitative agreement with these experiments, it is natural to

look there for a relationship between curvature and the simulated rate of spread.

5.2.2 Local rate of spread versus local curvature in WRF-Fire simulations of

junction fires

WRF-Fire computes the evolution of the fire front using a level-set method, in which

the fireline is specified by the zero level set, {(x, y) : ϕ(x, y) = 0}, of the level-set

function ϕ (Section 3.3.3). A discrete version of ϕ is available as part of the WRF-

Fire output, with values defined on the computational fire grid (Section 3.3.1). The

curvature κ can be estimated from ϕ using Eqn. (5.1). The rate of spread is also

available as an output of WRF-Fire, defined on the fire grid but valid only at the

fire front.

Figure 5.1 shows rate of spread versus curvature for points on the fireline of the

junction-fire simulations discussed in Chapter 4, at all output times and for all
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(a) 10◦ junction angle (b) 20◦ junction angle

(c) 30◦ jvunction angle (d) 45◦ junction angle

Figure 5.1: Instantaneous rate of spread versus local fireline curvature for points on
the fireline of the junction-fire simulations from Chapter 4. All five of the ensemble
members, and all output time steps are represented for each configuration. The
curvature κ was computed using a discrete version of Eqn. (5.1). Only points on the
front lying within the triangular region formed by the initial firelines are included.
To aid visualisation a few outlying points have been removed by restricting κ to
(0.3, 0.3).

ensemble members in which both firelines were ignited. These are estimates of

instantaneous pointwise rate of spread and local curvature, computed at locations

on the front as follows: κ is estimated at grid points by approximating Eqn. (5.1)

with finite differences; the location of the front, {(x, y) : ϕ(x, y) = 0}, is estimated
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by interpolating linearly between grid nodes at which ϕ has opposite sign; κ and

rate of spread are then interpolated linearly between their values at these nodes.

Figure 5.1 does not indicate a tendency for higher rates of spread in regions of the

fireline with large negative curvature. In some ways this is not surprising; these are

instantaneous pointwise rates of spread and local curvatures, yet the pyro-convective

processes driving the increased rate of spread in the modelled output are clearly

not local, and nor would they be expected to change instantaneously in response

to changes in fireline geometry. Furthermore, one expects the values of fireline

curvature computed from a discrete version of the level set function to be noisy.

Notwithstanding this, it might be expected that a non-local relationship between

curvature and rate of spread would be reflected to some extent in Figure 5.1; this

does not seem to be the case. In Sections 5.2.3 and 5.3 we examine the data at

larger scales, involving notions of average rates of spread and curvature, to attempt

to reveal a relationship between these quantities.

5.2.3 Rate of spread versus average curvature in WRF-Fire simulations of

junction fires

To compute the curvature from the discrete version of the level set function ϕ,

the partial derivatives in Eqn. (5.1) are approximated at points on the fire grid by

finite differences, and are interpolated linearly to a discrete approximation of the

fireline, {(x, y) : ϕ(x, y) = 0}. Both of these approximations contribute to noise

and small-scale variability in the computation of the fireline curvature. This is

illustrated in Figure 5.2(a). On the other hand, in these simulations the rate of

spread is dependent only on the component of the wind field normal to the fireline.

The wind field is interpolated to the fire grid from the atmospheric grid, which has

a horizontal resolution of 20 metres. Consequently, there is a mismatch in scales:

the modelled rate of spread is computed at a larger scale than the local fireline

curvature, and does not exhibit variability at such a fine scale (Figure 5.2(b)).
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(a) Curvature (b) Rate of spread

Figure 5.2: Fireline showing curvature (a), and rate of spread (b), 10 minutes after
ignition for one simulation with a 45◦ configuration. The curvature is computed
using a discrete version of Eqn. (5.1). To aid visualisation, in (a) the full range
of curvature, ≈ (−0.09, 0.09), is compressed to (−0.05, 0.05). The dashed lines
indicate the initial fireline. Curvature and rate of spread are not computed at those
parts of the fireline depicted in grey, where fire spread is constrained by a lack of
fuel.

To address these concerns, we look for a relationship between rate of spread and

curvature at larger spatial scales, and this necessarily involves some form of aver-

aging. The procedure that we have adopted in this case is to form centred, moving

averages of the curvature over points of the fireline; at a point P on the fireline,

and for a given ‘radius’ r, we compute the average value of curvature over points

on the fireline within arc length r of P . We are working with a discrete version

of the fireline which is represented by a series of points, each of which is on a line

segment joining two nodes of the fire grid, and it is the value of the curvature at

these points over which we take the average. Arc length is computed as the sum

of the straight-line distances between pairs in a succession of such points. While

the actual number of points involved in the average can vary, it is always at least

2r/(
√

2df) =
√

2r/df , where df is the resolution of the fire grid (2 metres in the
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(a) 10 metre averaging radius (b) 25 metre averaging radius

(c) 50 metre averaging radius (d) 100 metre averaging radius

Figure 5.3: Fireline curvature averaged over various distances along the fireline for
the same simulation depicted in Figure 5.2(a).

present case). This is because neighbouring points representing the fireline cannot

be further apart than
√

2df . The results of this averaging is illustrated in Figure 5.3,

which shows the averaged curvature for various averaging radii for the same fireline

that was depicted in Figure 5.2. Figure 5.4 shows rate of spread versus average

curvature for all members of the 45◦ ensemble. While the distributions are skewed
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(a) 10 metre averaging radius (b) 25 metre averaging radius

(c) 50 metre averaging radius (d) 100 metre averaging radius

Figure 5.4: Rate of spread versus average curvature for points on the fireline of all
five of the 45◦ simulations. All time steps commencing later than 02:00 min after
ignition were included. For a given point on the fireline, the average curvature was
computed as the average of the curvatures at the (discrete) points on the fireline
within arc distance of (a) 10 m, (b) 25 m, (c) 50 m, and (d) 100 m of the given
point.

more towards negative values of curvature than those in Figure 5.1, there is no in-

dication that larger negative values of average curvature are associated with higher

rates of spread. The results are similar for the other angles (not shown here).
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5.3 Rate of spread versus curvature: arc fires

5.3.1 Introduction

In Section 5.2.3, the relationship between fireline curvature and rate of spread was

examined at larger spatial scales by forming means of pointwise fireline curvature.

Another way of increasing the scale of the analysis is to consider the curvature

and rate of spread of some sort of mean fireline. One way of doing this might be

to approximate the fireline locally with a higher-order polynomial (in a sense, the

analysis in Section 5.2.2 amounts to an approximation with a quadratic). Instead,

in this section we examine fires that are initially ignited along a circular arc. At

least for a period of time, these fires continue to burn in an approximately circular

arc, which simplifies the analysis and allows us to define the curvature of the fireline

(as a whole) as the inverse of the radius of the approximating arc. This provides a

systematic way of comparing fireline curvature and rate of spread for these simulated

fires.

5.3.2 Model set up

In these simulations of arc fires, the computational domain and the initial atmo-

spheric conditions were the same as that used in the numerical experiments de-

scribed in Section 4.2. Fires were ignited along circular arcs, of radius 500 m and

1000 m, centred within the computational domain, with angular lengths of 60◦,

120◦, 180◦, 240◦, 300◦, and 360◦ (a complete circle); in practice, these arcs were

made up of a large number of small chords. The fuel used was ‘long grass’, which

is Category 3 of the fuel model system of Albini (1976) and Anderson (1982)). The

fuel was constrained to the region within the circle defined by the arc, plus a 30

metre buffer region. Because the results are to some extent sensitive to the initial

orientation of the fireline, for each arc angle, a small ensemble of five simulation
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were performed with randomly varying orientations (with the exception of a com-

plete circle, where only one simulation was necessary). The atmospheric model was

run for an arbitrary interval of 20 minutes, at which time the entire arc was ignited

simultaneously, and the model was run for a further one hour.

5.3.3 Results

Figures 5.5 and 5.6 show fireline evolution for selected simulations, and are typical

of all members of the respective ensembles.

Each of the initial arcs in Figure 5.5 has the same radius, and hence the same

curvature. However the distances between the isochrones show that the rate of

spread is quite different in each panel; the rate of spread increases with increased

arc length, and does not appear to increase as the fireline evolves into arcs of smaller

radii with larger (negative) curvature. The same is true of Figure 5.6.

To enable a more quantitative analysis of the results, this discussion can be made

more precise as follows. For every ensemble member, the initial arc defines a pie-

shaped region, indicated in Figures 5.5 and 5.6 by the solid arc and dashed radii.

For that part of the fireline that lies within this region, we compute the average

distance of the fireline from the centre of the arc, and approximate the fireline

within this region by a circular arc whose radius is equal to this average distance.

It is clear from Figures 5.5 and 5.6 that the validity of this approximation varies

somewhat from case to case; it appears to be more valid for arcs with a 1000 metre

radius. Nevertheless, it provides a systematic way of defining an average fireline

within this region. In Figure 5.7, which summarises the results of this analysis, this

average radius (normalised by dividing by the radius of the initial arc) has been

plotted against time. Rates of spread do not increase with decreasing radius (i.e.

increasing curvature). Furthermore, for initial arcs with the same curvature, rates

of spread depend on the length of the arc, and are greater for longer arcs.
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(a) 60◦ arc (b) 120◦ arc

(c) 180◦ arc (d) 240◦ arc

(e) 300◦ arc (f) 360◦ arc

Figure 5.5: Isochrones (grey lines) at 4 minute intervals for fires ignited on arcs of
1000 metre radius, and varying angular lengths. One member each of the (a) 60◦

(b) 120◦, (c) 180◦, (d) 240◦, and (e) 300◦, ensembles is shown. Only one run was
done for the 360◦ arc (panel (f)). The solid black lines represent the arc that was
initially ignited.
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(a) 60◦ arc (b) 120◦ arc

(c) 180◦ arc (d) 240◦ arc

(e) 300◦ arc (f) 360◦ arc

Figure 5.6: As for Figure 5.5, but for arcs with radius 500 metre.
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(a) 500 metre arcs (b) 1000 metre arcs

Figure 5.7: Normalised average radius versus time for arc-fire simulations with
initial radius (a) 500 metre, and (b) 1000 metre. The dotted grey lines show the
results for the individual ensemble members, the solid black lines show the ensemble
averages. The average radius is computed as explained in the main body of the text,
and is normalised by dividing by the initial radius (500 or 1000 metre).

5.4 Modelling arc fires with the pyrogenic-potential model

In this section we present simulations of arc fires using the pyrogenic-potential

model (Section 3.5 and (Hilton et al. 2018)) implemented in the Spark modelling

framework (Miller et al. 2015). The work presented in this section (Section 5.4) is

joint work with Dr James Hilton of CSIRO, and the simulations presented here, us-

ing the pyrogenic-potential model, were carried out by him (James Hilton, personal

communication).

5.4.1 Model setup

To enable comparison with the results of Section 5.3, the simple fire-spread model

expressed in Eqn. (3.4) was replaced with one derived from the Rothermel model

(Rothermel 1972), as implemented in WRF-Fire, using parameters for Category 3
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(long grass) of the fuel classification system of Albini (1976) and Anderson (1982):

S = u0 + u1 min(max(w · n̂, 0), 30)β (5.2)

with u0 = 0.02048, u1 = 0.18506, and β = 1.31076. Here w is the wind generated

by the pyrogenic model (no ambient wind was imposed), and S is the rate of spread

in the normal direction n̂ of the fireline; all units are in m s−1.

The intensity I was modelled using (Eqn. (3.5)) with parameters obtained from the

WRF-Fire code. Thus the fire intensity associated with a pixel at time t is

I(t) =


0 if t < ti,

HM0

τ
e−(t−ti)/τ if t ≥ ti,

(5.3)

where M0 = 0.675 kg m−2, τ = 8.235 seconds, H = 16.1× 106 J kg−1, and ti is the

time at which the pixel ignites. Eqn. (5.3) is consistent with the treatment of heat

fluxes in WRF-Fire (Section 3.3.4).

To summarise the model:

∂ϕ

∂t
+ (u0 + u1 min(max(w · n̂, 0), 30)β)|∇ϕ| = 0

w = ∇ψ

∇2ψ = kI


(5.4)

where ϕ is the level-set function and ψ is the pyrogenic potential. All other terms

and parameters in Eqns. (5.4) have been defined above with the exception of k,

which determines the strength of the forcing kI in the Poisson equation, and has

units J−1. In this model, k is regarded as a free parameter, and was chosen to be

98



k = 4×10−6 J−1 in the simulations presented here. This value was chosen manually

to provide a reasonable match with the results shown in Figure 5.5.

The simulations were carried out on a domain of 2555×2555 metres with a resolution

of 5 metres. The fire was initialised along various arcs of radius 1000 metres with the

same included angles used in Section 5.3, and were assumed to be initially burning

with a speed S of 1 m s−1.

5.4.2 Results and discussion

Figure 5.8 shows isochrones at four-minute intervals of the firelines simulated using

the pyrogenic-potential model configured as described in Section 5.4.1. With the ex-

ception of the 360◦ arc, there is remarkably good agreement between the WRF-Fire

simulations (Figure 5.5) and those produced using the pyrogenic-potential model.

The pyrogenic-potential model is able to reproduce the essential behaviour of the

WRF-Fire model when simulating arc fires. In particular, rates of spread increase

with increased initial arc length, and do not increase with increasing curvature as

the fireline evolves. These are features that a model based on a curvature-dependent

rate of spread could not reproduce. Such a model would produce rates of spread

that are independent of initial arc length, and that increase as the fireline evolves

and curvature increases (becomes more negative).

Clearly, the geometry of the fireline affects the rate of spread predicted by the

pyrogenic-potential model, via its influence on the spatial distribution of the inten-

sity I, and therefore the source term kI, in the Poisson equation. However, this

relationship between fireline geometry and rate of spread is not easily defined, and

cannot be described simply in terms of fireline curvature.

In these simulations the source term ν in the Poisson equation was prescribed as

ν = kI, and the value of k was selected by hand. An appropriate choice of the form
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60° arc 120° arc

180° arc 240° arc

300° arc 360° arc

20
00

 m

Figure 5.8: Isochrones at four-minute intervals of simulated firelines for fires ig-
nited along arcs of indicated angular length, simulated using the pyrogenic-potential
model configured as described in Section 5.4.1. The radius of the initial arcs is 1000
metres.

of ν = f(I) is critical to the future utility of the pyrogenic-potential model, and is

the subject of current research.

5.5 Comparison of WRF and pyrogenic-potential models: static

circular heat source

In Section 5.4 the pyrogenic-potential model was configured so that both the fire-

spread model and the resulting release of heat are essentially identical to that im-

plemented in WRF-Fire. Any differences between the models reside primarily in

the way the modelled surface wind field responds to the release of heat. Therefore
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it is instructive to look at a simple test case by examining the wind fields produced

by WRF and the pyrogenic-potential model in response to a static heat source. The

simplest conceivable static heat source is a constant heat source with the shape of a

circular disc, and in this case it is possible to solve the Poisson equation analytically.

In this section we do this, and make a comparison of the wind field produced by it

with that produced by WRF simulations.

5.5.1 Analytical solution of Poisson equation

We assume that the heat source extends over a disc B(0, a) of radius a > 0 centred

at the origin, and that it produces a constant forcing of ν in the Poisson equation.

Thus we want to find the solution on R2 of

∇2ψ = νχB(0,a) (5.5)

where χB(0,a) is the characteristic function of B(0, a). More particularly, we are

interested in w = ∇ψ.

We work in radial coordinates (r, θ) but, by radial symmetry, the potential ψ = ψ(r)

is a function of r only. In this case, the gradient operator ∇ and the Laplacian ∇2

may be expressed as

∇ψ = ∂rψ r̂, and

∇2ψ = ∂rrψ +
1

r
∂rψ

=
1

r
∂r(r∂rψ),
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where r̂ is the unit vector in the (outward) radial direction. If ∇2ψ = λ for λ ∈ R,

then

∇2ψ =
1

r
∂r(r∂rψ) = λ ⇒ ∂r(r∂rψ) = λr

⇒ r∂rψ =
λr2

2
+ c

⇒ ∂rψ =
λr

2
+
c

r

⇒ ∇ψ =

(
λr

2
+
c

r

)
r̂.

If ψ solves Eqn. (5.5) then, setting λ = ν in B(0, a), and λ = 0 elsewhere, we obtain

∇ψ =


(νr

2
+
c1

r

)
r̂ if r < a,

c2

r
r̂ if r ≥ a.

(5.6)

We need to determine the constants c1 and c2. By the divergence theorem (e.g.

Marsden and Tromba (2003)), for R > a,

νπa2 =
x

B(0,R)

νχB(0,a)dx =
x

B(0,R)

∇2ψ dx =

∮
∂B(0,R)

n̂ ·∇ψ ds

=

∮
∂B(0,R)

r̂ · (∂rψ r̂)ds

= 2πR∂rψ(R)

= 2πc2 (by Eqn. (5.6))

⇒ c2 =
νa2

2

where we have used the fact that n̂ = r̂ on ∂B(0, R). Using this value of c2 in

Eqn. (5.6), and requiring that ∇ψ be continuous at r = a, implies that c1 = 0, so
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that

∇ψ =


νr

2
r̂ if r < a,

νa2

2r
r̂ if r ≥ a.

(5.7)

5.5.2 Surface wind field produced by WRF: static circular heat source

The modified WRF code described in Section 3.4.2 was used to model the wind field

produced by a static circular heat source. The model domain was 3200×3200×3000

metres (length×width× height), with a horizontal resolution of 10 metres, and 61

vertical levels with an initial vertical spatial resolution of ≈ 4 metres near the

surface. All WRF physics options were turned off and the model was run without

turbulent diffusion. The model was initialised with no moisture and with a vertical

temperature profile consisting of a 1000-metre-deep dry-adiabatic layer at a constant

potential temperature of 300 K, topped by a stable layer with potential temperature

increasing at 4.5 K per kilometre to the model top. A circular static sensible-heat

flux with radius 100 metres and intensity I = 5× 104 W m−2 was introduced at the

centre of the computational domain and the model was run for one hour to collect

wind-field data.

5.5.3 Comparison of WRF and pyrogenic-potential solutions

Figure 5.9 shows the radial profiles of wind speed for the WRF solution at 2 metres

AGL, and two analytical solutions with different values of ν. The WRF profile

has the same general form as the analytic solutions, although it peaks at a radial

distance very close to r = a/2, whereas the analytical solutions peak at r = a.

Figure 5.9 illustrates the critical role played by the parameter k in Eqns. (2.4) and

(5.4) (in the current notation, ν = kI), although clearly there is no choice of ν

that would make the analytical solution match the WRF solution well over the

entire profile. This is perhaps not too surprising, given the simplifying assumptions

made in deriving the model (Section 3.5). For example, the three-dimensional flow
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Figure 5.9: Comparison of radial profiles of near-surface wind speed resulting from
static circular heat source of a = 100 metres radius (r is measured from the centre
of the heat source). The solid line is the WRF solution at 2 metres AGL with
I = 5 × 104 W m−2. The broken lines are analytical solutions (Eqn. (5.7)). The
values of ν are arbitrary: ν = 0.076 makes the peak of the analytical solution
approximately equal to that of WRF, while ν = 0.02 makes the analytical solution
approximately match the WRF solution for r > 200 metres.

is assumed to be incompressible, so that ∇ · w = 0, whereas the plume is driven

by buoyancy, which derives from changes in density. Even in a steady flow, the

continuity equation

∂ρ

∂t
+ ∇ · (ρw) = 0

reduces only to

ρ∇ ·w + w ·∇ρ = 0.

Nevertheless, the model does a good job of reproducing the behaviour of arc fires

simulated with a full coupled atmosphere-fire model, and further development is

clearly warranted.
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5.6 Conclusion

The results of Sections 5.2 and 5.3 do not indicate a relationship between fireline

curvature and rate of spread in the output of the WRF-Fire coupled model at any

scale. WRF-Fire does not explicitly represent radiation in its fire-spread model,

but convective processes are represented, and in their analysis Raposo et al. (2018)

found that it is convective processes that are responsible for the dynamic behaviour

observed in junction fires. This conclusion is supported by the work presented

in Chapter 4, with more detailed vortex dynamics also playing a role. It seems

reasonable to conclude that fireline curvature cannot function as a proxy for these

convective processes.

In Section 5.4 it was seen that for simple test cases involving fires ignited along

circular arcs the pyrogenic-potential model produces results remarkably similar to

those of the WRF-Fire coupled atmosphere-fire model. In these experiments both

models used the same fire-spread submodel (with no explicit allowance for the

effects of radiation). This indicates that, at least in the case of ring fires in still

conditions, the convective effects on fire spread may be represented to first order

by a model of the near-surface wind field induced by the pressure deficit resulting

from the buoyant plume. The discussion in Section 5.5 shows the limitations of

this representation and also highlights the critical role played by the relationship

ν = f(I) between the forcing term ν and the fire intensity I. More work is required

to find a suitable form for this relationship.
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Chapter 6

The terminal-velocity assumption in simulations of ember

transport

Our study of the modelling of junction fires in Chapter 4 was motivated in part by

the role that the merging of multiple fires, and consequent dynamic fire behaviour,

can play in the development of deep flaming, and large plume-driven fires. This may

occur as two firelines merge, as in the Canberra fires of 2003 (Doogan 2006; Viegas

et al. 2012), or during the coalescence of multiple spot fires (Cheney and Bary 1969;

Wade and Ward 1973). The role of spot-fire coalescence in the development of large

plume-driven fires leads naturally to questions about ember transport, and how it

should be modelled.

6.1 Introduction

Much of the early work into ember transport discussed in 2.3 used the terminal-

velocity assumption (Eqn. (2.13)). This greatly simplifies computations, and allows

analytical solutions to various problems under suitable simplifying assumptions.

More recently it has become possible to model numerically the atmospheric condi-

tions associated with fires, and these models can resolve the larger turbulent pro-

cesses involved. The wind fields generated in such models can change at time scales

shorter than the time it takes for the solution of Eqn. (2.10) to relax to Eqn. (2.13),
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and this calls into question the validity of the terminal-velocity assumption when

modelling ember transport in this context. Thurston et al. (2017) made what may

be the first numerical study of long-range ember transport, using a large eddy model

(LEM) to simulate a turbulent plume, and modelling the transport of embers within

that plume over distances of up to 20 kilometres. They used a strong form of the

terminal-velocity assumption, using Eqn. (2.13) with a constant terminal fall speed

u∞ to model ember transport. Previously, Koo et al. (2012) found that, in numer-

ical modelling of ember transport from grass fires, the use of the terminal-velocity

assumption significantly underestimated the distance that embers were transported

compared with modelling which accounted for the momentum of the embers (as

does Eqn. (2.10)). These simulations were done at small-medium scales (the com-

putational domain was 640 × 320 × 615 metres). Koo et al. (2012) attributed their

results to the fact that, due to their momentum, embers ‘can fly faster than their

immediate-surrounding winds’. While this is true, for the same reason they can

also fly more slowly, or in the opposite direction. This quote cannot therefore be a

complete explanation for their results in the case of short-range ember transport,

and it is not clear whether the use of the terminal-velocity assumption results in a

systematic bias in ember travel distances when modelling long-range transport.

In this chapter an investigation is made into whether the terminal-velocity as-

sumption is appropriate when modelling ember transport in turbulent wind fields

(Thomas et al. 2017a). A LEM is used to simulate a turbulent plume resulting from

a static heat source in a turbulent boundary layer. This is similar to the simulations

of Thurston et al. (2017). Using this simulated wind field, ember transport calcu-

lations are carried out with and without making the terminal-velocity assumption,

and the results are compared. Individual ember trajectories are not examined; in-

stead the focus is on the density of ember landings both because this allows a large

number of embers to be treated (≈ 3 × 106), and because this density is an im-

portant determinant of the likelihood of spot-fire ignition. There was no intention
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to produce realistic ember-landing distributions; rather, this is an effort to assess

whether the terminal-velocity assumption is justified when modelling long-range

ember transport in turbulent wind fields. These simulations do not include the

effects of in-flight combustion which will have a significant effect on ember trajecto-

ries but not on the conclusions of this study, since combustion occurs at time scales

longer than those characteristic of the turbulent flow modelled here, and because

we are assessing the differences between trajectories modelled with and without the

terminal-velocity assumption. This is discussed further in Section 6.3.2. Much of

the material presented in this chapter was published in (Thomas et al. 2017a).

6.2 The model

6.2.1 Large eddy simulation of turbulent boundary layer

In the first stage of the modelling, the WRF model (Skamarock et al. 2008) was used

in LEM mode to spin up a turbulent boundary layer in a computational domain of

40 × 16 × 12 kilometres (x× y× z). A horizontal resolution of 50 metres was used.

This resolution was to a large extent dictated by limitations on computational time

and data storage and at this resolution velocity gradients close to the fire may not

be fully captured. This is a limitation of the study which may affect the results of

this section, and the sensitivity of these results to horizontal resolution is worthy of

future study. The vertical coordinate system consisted of 256 levels spaced at ≈ 10

metres at the surface, increasing to ≈ 50 metres at the model top (the modified code

discussed in Section 3.4.3 was used to set the initial vertical resolution). In practice,

the vertical spatial resolution may vary slightly during a simulation because of the

pressure-based vertical coordinate system used by the WRF model (Skamarock et

al. 2008). Periodic boundary conditions were used for the lateral boundaries, so that

the developing turbulent eddies are recycled as they cross the downwind boundary

during the spin-up phase. A 1000-metre-deep Rayleigh-damping layer was used
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Figure 6.1: (a) Evolution of total (subgrid scale + resolved) turbulence kinetic
energy (TKE) during the spin-up phase of the simulation. The grey lines show the
level-averaged TKE hourly for the first 9 hours. The black lines (almost identical)
show the level-averaged TKE at t = 10:00 and t = 11:00 hours. (b) Level-averaged
x-component of wind field wx at t = 10:00 hours, immediately prior to application
of sensible heat flux.

at the top of the model domain. Turbulence was parametrised using a 1.5 order

turbulent kinetic energy (TKE) scheme (Deardorff 1980; Skamarock et al. 2008).

The model was initialised with a 3-kilometre-deep dry-adiabatic layer with an al-

most constant potential temperature of θ = 300 K. Small random perturbations of

θ were introduced in this layer to stimulate the development of turbulence. This

dry-adiabatic layer was topped by a stable layer with a lapse rate of 3 K per kilo-

metre. The initial wind profile consisted of a constant value of wx = 15 m s−1 over

the entire model depth, with wy = wz = 0.

The model was run for 10 hours of model time, after which a turbulent boundary

layer had developed; the vertical profile of TKE had stabilised (Figure 6.1(a)), and

the level-averaged value of wx had assumed the vertical profile seen in Figure 6.1(b),

consistent with a shear-driven turbulent boundary layer (Moeng and Sullivan 1994).
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6.2.2 Development of simulated plume

Once a turbulent boundary layer had developed, a plume was simulated by in-

troducing a heat source at the lower boundary of the model domain. This was

done by modifying the WRF-Fire code which, during a coupled atmosphere-fire

simulation, inputs sensible and latent heat fluxes to the WRF atmospheric model

(Section 3.3.4). In the full WRF-Fire model these fluxes are derived from a semi-

empirical fire-spread submodel; the modified code simulates a static heat flux (Sec-

tion 3.4.2). Following Thurston et al. (2013) (see also Thurston et al. 2017), a

circular surface sensible-heat-flux anomaly was used, with intensity 105 W m−2,

radius 250 metres, and located 2 kilometres inside the upwind boundary of the

computational domain. No latent heat (i.e. moisture) flux was used. The simula-

tion was restarted with this heat-flux anomaly and, to allow the plume to develop

and stabilise, was continued for one hour of model time. The simulation was then

continued for another hour during which data were collected at 5-second intervals.

It is these data that were used to compute ember trajectories. Figure 6.2(a - c)

shows cross sections of the turbulent wind field within the plume at the beginning

of this period. The structure of the plume is consistent with that simulated by

Thurston et al. (2017) (their Fig. 1). The leading edge exhibits a series of ther-

mals which rise above the main part of the plume (Figure 6.2(c)), some of which

extend above the mixed layer which ends at 3 kilometre. Vertically-oriented vorti-

cal structures are evident, for example at coordinates (8, 8.5) in Figure 6.2(a), and

(10.5, 8.5) in Figure 6.2(b). Figure 6.2(d) shows the average vertical velocity wz

over the one-hour period for which ember trajectories were computed.

The choice of the shape of the heat-flux anomaly is to some extent arbitrary; a

circular shape was used to enable a comparison of the results with those of Thurston

et al. (2013). It might be argued that a lineal shape with a relatively shallow region

of strong heating is more representative of many wildfires. However the importance
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(c) wz: vertical cross section at y = 8 kilometre.
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Figure 6.2: Horizontal and vertical cross sections through the plume. Panels (a)
to (c) show instantaneous velocity w at t = 11:00:00 hrs, the time at which ember
release begins. Vertical velocity is indicated by the colour scale, and the vectors
represent the horizontal velocity perturbations from the level-averaged values of
Figure 6.1(b). Panel (d) shows time-averaged vertical velocity wz for the one-hour
period starting at t = 11:00:00 hrs, with contours drawn at wz = 2, 4, 6, 8, and 10
m s−1.The locations of the cross sections are indicated by dashed lines.
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of large areal regions of intensive heating in the development of very large wildfires

has been discussed in Sections 1.3, 1.4 and 1.5. Further, Thurston et al. (2017)

justify this choice of shape by pointing to the arguments of Bejan et al. (2014) which

show that flat plumes evolve into round plumes within relatively short distances.

6.2.3 Equations of ember trajectories

In their work, Thurston et al. (2017) assumed ember velocities u were given by

u = w − ũ∞k (6.1)

where ũ∞ is a constant. Eqn. (6.1) will be referred to as the constant terminal-

velocity assumption. This is a rather strong form of the terminal-velocity assump-

tion because, according to Eqn. (2.12), the terminal fall speed u∞ of an ember

depends on the atmospheric density ρ. In this study the constant ũ∞ in Eqn. (6.1)

is interpreted as the terminal fall speed of an ember at some reference atmospheric

density ρ0, so that

ũ∞ =

√
2meg

Cdρ0Ap

. (6.2)

One might think of ρ0 as the atmospheric density at the location of the experiments

used to determine ũ∞, and in this study ρ0 = 1.16 kg m−3 is used, which is the

approximate atmospheric density at sea level. This is a reasonable but arbitrary

choice; changes in the value of ρ0 are equivalent to a scaling of the value of ũ∞.

Using Eqn. (6.2), Eqn. (2.10) can be rewritten as

du

dt
= g

ρ

ρ0

1

ũ2
∞
|w − u|(w − u) + g. (6.3)
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The differences between motion under Eqn. (6.1) and Eqn. (6.3) are twofold: Eqn. (6.3)

takes into account both the momentum of the embers, and changes in ρ. The term

ρ/ρ0 in Eqn. (6.3) can be significantly different from 1, both at higher altitudes and

within the plume, and it is likely that this will be an important factor contributing

to any differences in ember motion under Eqn. (6.1) and Eqn. (6.3). An interme-

diate formulation which isolates this effect can be found by substituting Eqn. (6.2)

into Eqn. (2.13), giving

u = w −
√
ρ0

ρ
ũ∞k. (6.4)

This is the asymptotic solution of Eqn. (6.3) and we will refer to motion under

Eqn. (6.4) as motion under the variable terminal-velocity assumption.

The only ember characteristic explicitly appearing in each of Eqns. (6.1), (6.3),

and (6.4) is ũ∞, the terminal fall speed of the ember at the reference atmospheric

density ρ0. This makes it convenient to compare motion under these three equations

since one need only specify a set of embers with initial positions x0 and terminal

fall speeds ũ∞, and apply each of Eqns. (6.1), (6.3), and (6.4) to compute the

trajectories of the embers in that set.

For non-spherical embers the quantities Cd and A in Eqn. (6.2) depend on the

orientation of the ember with respect to the relative wind velocity w − u. In the

formulation presented here it is implicitly assumed that these quantities remain

constant during ember transport. This amounts to assuming that the ember always

has the same orientation with respect to w−u, or that it adopts such an orientation

over time scales much smaller than those over which w−u changes. This assumption

is similar in nature to the terminal-velocity assumption. The investigation of its

validity for long range ember transport is beyond the scope of this thesis, however it

should be noted that it is supported to some extent by the studies of Ellis (2010) and

Tarifa et al. (1967); in drop tests, embers either assumed an orientation of maximum

drag, or tumbled but fell at a speed as if they had assumed such an orientation.
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Some numerical studies, including those of Koo et al. (2012) and Oliveira et al.

(2014), include the rotational terms in the equations of motion.

6.2.4 Ember initialisation

Embers were released every 5 seconds for the first 30 minutes of the ember transport

phase of the modelling. Embers were initialised at heights between 5 and 50 metres,

at locations where wz > 5 m s−1. Within these constraints, the initial positions of

embers were chosen randomly, with an average separation of 5 metres. These pa-

rameters are somewhat arbitrary however it should be remembered that the purpose

of the current study is not to simulate realistic ember landing distributions but to

compare the differences in simulated ember landing distributions using three differ-

ent ember transport assumptions. That being said, the range of release heights (5

to 50 metres) seems reasonable having regard to the vertical grid resolution near the

surface (∼ 10 metres) and the height of tall eucalypt forests. The requirement of a

minimum vertical wind velocity of 5 m s−1 for ember launch also seems reasonable

given the range of terminal velocities considered (3 to 8 m s−1). The parameter con-

trolling average separation (set at 5 metres) does not represent a known empirical

fact or reasonable estimate, but was used to control the number of embers released

in the numerical experiments; with these settings 3,280,660 embers were released in

the first 30 minutes of the simulation, and tests showed that increasing the number

of embers by reducing the average separation did not substantially alter the results.

Embers were assigned a terminal fall speed, ũ∞; values of ũ∞ = 3, 6, and 8 m s−1

were used. These values are representative of those from previous experimental and

numerical studies: Ellis (2010) measured terminal velocities in the range of 2.5 to

8 m s−1 for samples of eucalyptus bark; and Thurston et al. (2017) modelled ember

transport for ũ∞ = 5, 6, 7, 8 and 9 m s−1. The same set of initial ember positions

and starting times was used for each choice of ũ∞. The reader may refer to (Ellis

2010) for further details of the embers tested.
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Figure 6.3: Modelled embers in flight (black points), and after landing (grey points),
15 minutes into the ember transport phase of the modelling. In this case trajectories
were computed using Eqn. (6.3), with ũ∞ = 6 m s−1.

Figure 6.3 depicts embers in flight, modelled using Eqn. (6.3), with ũ∞ = 6 m s−1.

6.2.5 Numerical methods

The standard Runge-Kutta explicit second-order scheme (RK2) was used to com-

pute trajectories under Eqns. (6.1), (6.3), and (6.4). Thus for Eqn. (6.4), if xt0 is

the estimate of the position of an ember at time t0, one first computes a temporary

estimate at time t0 + δt/2,

x∗ = xt0 +

(
w(xt0 , t0)−

√
ρ0

ρ(xt0 , t0)
ũ∞k

)
δt

2
,

and then estimates x at time t0 + δt as

xt0+δt = xt0 +

(
w(x∗, t0 + δt/2)−

√
ρ0

ρ(x∗, t0 + δt/2)
ũ∞k

)
δt.
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Here, w(x, t) and ρ(x, t) are interpolated linearly in time and space from the LEM

output (Section 6.2.2). The method for Eqn. (6.1) is the same, but with ρ0/ρ ≡ 1.

Eqn. (6.3), which is of second order, was converted to a first-order system in the

usual way:

dx

dt
= u

du

dt
= a(u,x, t)

where

a(u,x, t) = g
ρ(x, t)

ρ0

1

ũ2
∞
|w(x, t)− u|(w(x, t)− u) + g. (6.5)

If xt0 and ut0 are estimates of the position and velocity of an ember at time t0, then

one computes in turn:

x∗ = xt0 + ut0
δt

2

u∗ = ut0 + a(ut0 ,xt0 , t0)
δt

2

xt0+δt = xt0 + u∗δt

ut0+δt = ut0 + a(u∗,x∗, t0 + δt/2)δt.

For Eqns. (6.1) and (6.4) the time step used was δt = 0.05 seconds, with δt =

0.01 seconds for Eqn. (6.3). This choice of numerical method and time step is

discussed further in Section 6.3.4. The initial conditions for Eqns. (6.1) and (6.4)

are simply x(t0) = x0, where t0 is the ember release time and x0 is the initial

position of the ember (Section 6.2.4). The initial conditions for Eqn. (6.3) were

taken to be x(t0) = x0, u(t0) = w(x0, t0) − ũ∞k. Thus in all cases the ember is

assumed to be initially travelling at approximately its terminal velocity (neglecting
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the factor ρ0/ρ). In practice, because of the rapid approach to terminal velocity,

the precise choice of initial velocity will have little effect on the results overall.

6.3 Results and discussion

Figure 6.4 shows the two-dimensional landing distributions under the three trans-

port assumptions for embers with ũ∞ = 6 m s−1. The points are coloured according

to the density of landings at each location, estimated using a Gaussian kernel den-

sity estimator. Travel distances, and the density of embers travelling long distances,

are clearly higher under the constant-terminal-velocity assumption than those com-

puted without any terminal-velocity assumption, with those computed using the

variable-terminal-velocity assumption taking an intermediate position.

Figure 6.4 is difficult to interpret quantitatively, so we focus now on travel dis-

tances rather than two-dimensional landing distributions. Figure 6.5 shows the

distributions of travel distances for embers with ũ∞ = 3, 6, and 8 m s−1 under

the three transport assumptions. In all three cases, motion under the constant

terminal-velocity assumption (Eqn. (6.1)) results in a significantly higher density of

embers flying longer distances than under either of Eqn. (6.3), no terminal-velocity

assumption, or Eqn. (6.4), the variable terminal-velocity assumption. (When in-

terpreting Figure 6.5 one should note the logarithmic scale on the vertical axis.)

The differences between the constant and variable terminal-velocity assumptions

are due solely to the variations in atmospheric density ρ: both in the plume, and

at higher altitudes, ρ will be lower than the reference value of ρ0 = 1.16 kg m−3,

resulting in higher terminal fall speeds and consequently shorter travel distances.

For the cases ũ∞ = 6 and 8 m s−1 (Figure 6.5(b) and (c)), motion under the vari-

able terminal-velocity assumption results in significantly higher ember densities at

longer distances than when no terminal-velocity assumption is made. For example,

for ũ∞ = 6 m s−1 the density of embers travelling 15,000 metres is approximately 14
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(a) Constant-terminal-velocity assumption

(b) Variable-terminal-velocity assumption

(c) No terminal-velocity assumption

Figure 6.4: Location and density of ember landings for embers with ũ∞ = 6 m s−1

under: (a) Eqn. (6.1), the constant-terminal-velocity assumption; (b) Eqn. (6.4),
the variable-terminal-velocity assumption; (c) Eqn. (6.3), no terminal-velocity as-
sumption. Only embers that were transported at least 1 kilometre under all three
assumptions are included, 875,108 in total. Colours represent the density of landings
per km2 as a proportion of the total landings, computed using a Gaussian kernel
density estimator. The circle shows the location and extent of the heat source used
to generate the plume.

times higher under the constant terminal-velocity assumption, and approximately

5 times higher under the variable terminal-velocity assumption, than it is if no

terminal-velocity assumption is used. This is an important finding. In reality, not

every ember that lands will ignite a spot fire so any modelling of spot-fire devel-

opment will almost certainly be partly stochastic, with the probability of ignition

dependent on, among other things, ember landing densities. If this type of direct

simulation of ember trajectories was used to model spot-fire development then these

results indicate that the use of the terminal-velocity assumption would result in a

significantly higher modelled probability of long-range spot-fire ignition.
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(a) ũ∞ = 3 ms−1.

(b) ũ∞ = 6 ms−1.

(c) ũ∞ = 8 ms−1.

Figure 6.5: Distributions of travel distances for embers with: (a) ũ∞ = 3 m s−1, (b)
ũ∞ = 6 m s−1, and (c) ũ∞ = 8 m s−1. Only embers that have travelled further than
1 kilometre under all three assumptions are included.

How does the value of ũ∞ affect the results? For small values of ũ∞ the coefficient

1/ũ2
∞ in Eqn. (6.3) is larger, so that the damping effect of the drag force is larger

and the ember will approach its terminal velocity more quickly. Thus we expect

smaller differences between motion under the variable terminal-velocity assumption

(Eqn. (6.4)) and no terminal-velocity assumption (Eqn. (6.3)), both of which take

into account varying atmospheric density ρ. This is in agreement with Figure 6.5(a),

119



which shows distributions of travel distances when ũ∞ = 3 m s−1. There are still

significant differences between motion under Eqn. (6.3) and Eqn. (6.1); the latter

neglects the effects of atmospheric density on the terminal fall speed. Ember travel

densities for embers with ũ∞ = 8 m s−1 (Figure 6.5(c)) exhibit a similar pattern to

Figure 6.5(b) for embers with long travel distances.

6.3.1 Proposed mechanism and comparison with earlier study

In their study of short-range ember transport, Koo et al. (2012) found that using the

terminal-velocity assumption underestimated ember transport distances, and they

attributed this to ‘the notion of a firebrand being thrown by locally strong winds’

when momentum is included in the equations of motion. This notion also explains

our results which at first sight may appear at odds with those of Koo et al. (2012).

In the present study embers are transported long distances because they are held

aloft by the plume. When they leave the plume they fall to the ground, all the while

being transported by the ambient wind. When modelled using Eqn. (6.3), embers

have momentum and will not react instantaneously to changes in the turbulent wind

field. This makes them more likely to leave the plume earlier, both because they

are more likely to fall out if they don’t respond quickly enough to an updraft that

would keep them in the plume, or because they are thrown out by local turbulent

motions. As noted earlier, turbulence and gradient changes at scales smaller than

the grid resolution are not captured in these simulations and this is a limitation of

the model.

6.3.2 Flight times and possible effects of combustion

Figure 6.6 shows flight times and travel distances for the case of ũ∞ = 6 m s−1 un-

der the constant terminal-velocity assumption (Eqn. (6.1)) and no terminal-velocity

assumption (Eqn. (6.3)) and further illustrates that many more embers are trans-

ported long distances under the former. Simulated flight times of some embers are
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(a) Constant terminal-velocity assumption (b) No terminal-velocity assumption

Figure 6.6: Flight times and travel distances for embers with ũ∞ = 6 m s−1 un-
der: (a) the constant terminal-velocity assumption, and (b) no terminal-velocity
assumption.

25 minutes or longer, with travel distances approaching 20 kilometres. Real embers

are capable of travelling these distances (and further) while remaining alight and

retaining sufficient mass to ignite spot fires (see e.g. Tolhurst 2009). However such

long flight times raise the question of whether incorporating combustion of embers

into the model would significantly alter the results of this study, or its relevance. On

the one hand changes to the aerodynamic characteristics of an ember occur on time

scales longer than those associated with the turbulent motion of a plume so that,

with the reasoning of Section 6.3.1, incorporating momentum into the modelling of

the trajectory of an ember, burning or not, will increase the likelihood of it leaving

the plume early. On the other hand, in the case of long-range spotting one need

only consider embers which have sufficient mass to be able to sustain combustion

for the period that they are aloft. This may constrain the values of ũ∞ that these

embers can initially have; furthermore combustion is likely to alter these values

during the flight of an ember. Further work needs to be done to see how this would

affect the results presented here.
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6.3.3 Adequacy of sampling rate: spectral analysis of plume data

The atmospheric model was run using a computational time step of 0.1 seconds

but constraints on data storage dictate the use of a lower sampling rate for the

data used to compute ember trajectories; a rate of 0.2 Hz was used (Section 6.2.2).

To assess the adequacy of this sampling rate the vertical wind component w3 was

output at 1 Hz for the one-hour period over which the transport computations were

made and these data were used to analyse the variation over time of the vertical

component of the wind field within the plume. Various locations within the plume

were analysed; Figure 6.7 shows the results at a location 1250 metres downwind of

the downwind edge of the heat anomaly, at the pixel within this cross-section which

had the greatest range over t of values of w3. The results at other locations within

the plume are similar. Figure 6.7(a) exhibits the puffing behaviour seen in buoyant

plumes (see for example Cetegen and Ahmed 1993, and also Figure 6.2(c)). While

Figure 6.7(b), does not indicate the existence of a dominant puffing frequency, it

does show a rapid roll off in spectral density starting at approximately 0.03 Hz.

This justifies the use of a 0.2 Hz sampling rate to capture the plume velocity. This

is illustrated further by Figure 6.7(a): in computing ember trajectories the 0.2 Hz

data are interpolated linearly in time; clearly, linear interpolation between the dots

in Figure 6.7(a) provides a good representation of the 1 Hz sampled data (the solid

line).

6.3.4 Stability and accuracy of numerical scheme

The RK2 scheme (Section 6.2.5) was found to be numerically unstable when at-

tempting to integrate Eqn. (6.3) with ũ∞ = 2 m s−1 and δt = 0.05 second (results

for ũ∞ = 2 m s−1 are not presented here). Eqn. (6.3) appears to be stiff and re-

quires very small time steps for smaller values of ũ∞. It was possible to integrate

Eqn. (6.3) with ũ∞ = 2 m s−1 using RK2 with δt = 0.01 seconds, however this raises

questions as to the accuracy of this scheme. To assess this we compared the results
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Figure 6.7: Time variation of vertical velocity at a location in the plume 1250 metres
downwind of the downwind edge of the heat anomaly: (a) 15 minute window of w3;
the dots show the data sampled at 0.2 Hz, the solid line shows the data sampled at
1 Hz. (b) Spectrum of 1 hour time series of w3 starting at t = 11:00:00, computed
using data sampled at 1 Hz.

for Eqn. (6.3) with those obtained using the standard fourth-order Runge-Kutta

scheme (RK4), which was implemented as follows: if xt0 and ut0 are estimates of

the position and velocity of an ember at time t0 then, with a(u,x, t) as defined by

Eqn. (6.5), we set a0 = a(ut0 ,xt0 , t0) and compute

x∗ = xt0 + ut0
δt

2
, u∗ = ut0 + a0

δt

2
, a∗ = a(u∗,x∗, t0 +

δt

2
),

x∗∗ = xt0 + u∗
δt

2
, u∗∗ = ut0 + a∗

δt

2
, a∗∗ = a(u∗∗,x∗∗, t0 +

δt

2
),

x∗∗∗ = xt0 + u∗∗δt, u∗∗∗ = ut0 + a∗∗δt, a∗∗∗ = a(u∗∗∗,x∗∗∗, t0 + δt),

and finally

xt0+δt = xt0 +
1

6
(ut0 + 2u∗ + 2u∗∗ + u∗∗∗) δt,

ut0+δt = ut0 +
1

6
(a0 + 2a∗ + 2a∗∗ + a∗∗∗) δt.

123



Figure 6.8: Comparison of results using various time steps and numerical schemes
for embers with ũ∞ = 3 m s−1.

Results of the comparison for embers with ũ∞ = 3 m s−1 are depicted in Figure 6.8.

For Eqn. (6.3), there was good agreement between RK2 and RK4, using δt =

0.01 second. There is a slight difference at the tail of the distributions; this region

contains few landing positions and the kernel density estimator is sensitive to slight

differences in that region. RK2 with δt = 0.05 second is clearly not accurate.

Numerical stability is not at issue when integrating Eqns. (6.1) and (6.4). To assess

the accuracy of the RK2 scheme for these equations, the results using δt = 0.05

seconds and δt = 0.01 seconds were compared; the results appear identical (see

Figure 6.8). In fact a larger value of δt could probably have been used with little

loss of accuracy since, numerically, the right hand sides of Eqns. (6.1) and (6.4)

are piecewise linear functions, because they are interpolated linearly from the LEM

data.

The present study was concerned only with the differences between modelled ember

transport using Eqns. (6.1), (6.3), and (6.4). The explicit, fixed-time-step Runge-

Kutta schemes RK2 and RK4 were chosen primarily because of the ease with which

they can be implemented. In a more comprehensive study they may not prove to be

the best choice, particularly for Eqn. (6.3) where an adaptive time step scheme, or
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an implicit scheme, may be more appropriate. Furthermore, the appropriate choices

of δt are likely to depend on the values of δx, δy and δz used in the simulations.

6.4 Conclusion

In this chapter the validity of the terminal-velocity assumption was examined by

simulating ember transport using data from a large eddy simulation of a turbulent

plume. Two forms of the terminal-velocity assumption were studied: the constant

terminal-velocity assumption, which neglects both ember momentum and varia-

tions in atmospheric density; and the variable terminal-velocity assumption, which

neglects ember momentum but takes into account the atmospheric density at the

location of the ember. Ember landing distributions computed under these assump-

tions were compared with those computed using the equations of motion derived

from the quadratic drag law, in which both ember momentum and atmospheric

density are accounted for. Rotational motion of the embers was not considered, nor

were the effects of in-flight combustion. It was found that simulations using either

version of the terminal-velocity assumption overestimated the density of long-range

ember landings compared with simulations in which the terminal-velocity assump-

tion is not made. This effect is greater for those embers with higher terminal fall

speeds, and it is greater for the constant terminal-velocity assumption, which does

not account for variations in atmospheric density.

In this study embers were transported long distances because they were held aloft

for long periods of time by the turbulent plume. If the terminal-velocity assumption

is not used, then the momentum of an ember increases the likelihood of it falling out,

or being thrown out, of the plume because the ember does not react instantaneously

to changes in the turbulent wind field; embers leave the plume earlier, and are not

transported as far.
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Although the effects of in-flight combustion on ember motion were not included in

this study, it is likely that the conclusions would be similar if these effects were

considered.
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Chapter 7

Discussion and conclusion

Dynamic fire behaviour, such as that arising from fire-fire or fire-terrain interac-

tions, is an important area of study, both because of its role in the development of

large fires, and because it can cause rapid changes in fire behaviour which may be

unexpected because they are not accompanied by changes in ambient conditions.

This has obvious implications for operational personnel. In this thesis we have used

a coupled atmosphere-fire model to study the dynamic behaviour resulting from the

merging of two firelines at an acute angle (a junction fire). Similar enhanced fire

behaviour also occurs when multiple spot fires coalesce, and junction fires play a

role in the merging of spot fires; this has led us to an investigation of the modelling

of ember transport in turbulent plumes.

Dynamic fire behaviour cannot be modelled with existing operational models which

are predicated on assumptions of quasi-steady fire behaviour. In this thesis we have

also used the the coupled atmosphere-fire framework to investigate the notion that

fireline curvature might be used in computationally-efficient, operationally-capable

fire-spread models as a proxy for some of the processes underlying dynamic fire

behaviour.
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7.1 Summary of results

In Chapter 4 a coupled atmosphere-fire model (WRF-Fire) was used to simulate

the dynamic fire behaviour associated with junction fires. The model was able to

reproduce the behaviour observed in laboratory-scale fires, despite the difference in

scales of two orders of magnitude. The modelled dynamic behaviour was broadly

attributed to two sources, which may be thought of as first- and second-order ef-

fects: the large-scale surface flow, influenced by the interaction between the two

separate firelines (equivalently, by the geometry of the merged fireline); and small-

scale vorticity, generated by the tilting of buoyancy-induced horizontal vorticity,

causing sudden jumps in fire spread. This latter process is similar to that of dy-

namic fingering discussed by Clark et al. (1996a), who conjectured that it may be

a major mechanism of fire spread at fine scales. Neither of these processes can be

captured by current operational models which are based on empirical fire-spread

models.

Since the geometry of the fireline influences fire behaviour, it is natural to look

for geometric properties that might be used as proxies for the underlying causes

of the dynamic behaviour, and fireline curvature has been suggested as one such

property (Hilton et al. 2016; Sharples et al. 2013). In Chapter 5 this idea was

investigated by looking for a relationship, at various scales, between curvature and

rate of spread in the output of the coupled model. No such relationship was found

at any scale in the simulations of junction fires or arc fires. WRF-Fire does not

explicitly include radiation in its fire-spread model. However, convective processes

are represented and in their analysis of experimental junction fires Raposo et al.

(2018) concluded that the dynamic behaviour of junction fires is caused by py-

roconvective mechanisms. Since WRF-Fire reproduces the junction-fire behaviour

well, it seems reasonable to conclude that fireline curvature is not a satisfactory

proxy for these convective processes. However, the investigation of these ideas has
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led naturally to the pyrogenic-potential model of Hilton et al. (2018). While the

pyrogenic-potential model was motivated by the work presented in Section 5.3, it

was developed primarily by Dr James Hilton of the CSIRO (Hilton et al. 2018) and

its original development does not form part of the work presented in this thesis.

In a sense, the pyrogenic-potential model is related to fireline-curvature-dependent

models, since the Laplacian of a scalar field may be interpreted as a curvature.

However, the pyrogenic-potential model has at least two advantages over a simple

curvature-dependent model: it is a coupled model, albeit with a very simplified

atmospheric component; and it has a physical basis. In Section 5.4 it was seen that

the pyrogenic-potential model and the WRF-Fire coupled model behave in a similar

fashion when used to model simple test cases involving fires ignited along circular

arcs. It should be emphasised that the pyrogenic-potential model is a linear model,

and can only be used to model first-order effects. If used to model junction fires, for

example, it will reproduce the bulk characteristics of the fire-induced surface flow,

but it will not reproduce the sudden jumps caused by small-scale vorticity, which

can be captured by full atmosphere-fire coupled models like WRF-Fire.

In Chapter 6 we investigated the modelling of the transport of embers in a turbulent

plume. It was found that if ember transport was modelled using the terminal

velocity assumption then the density of long-range ember landings was significantly

overestimated when compared with modelling using the full equations of motion of

the ember. This difference was attributed to the increased likelihood that an ember

will be ejected from the plume earlier if it is modelled as having momentum. This

is significant for spot-fire modelling because such modelling will inevitably have a

stochastic element, and the probability of spot-fire ignition will be directly related

to ember-landing densities.
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7.2 Conclusion and future work

7.2.1 Dynamic fire behaviour

The work presented in this thesis has significantly improved our understanding of

dynamic fire behaviour and how to model it by:

• Isolating the mechanisms responsible for the dynamic fire behaviour of junc-

tion fires,

• Determining that fireline curvature is not a suitable proxy for these processes,

• Motivating the pyrogenic-potential model and making a comparison between

it and a coupled atmosphere-fire model (WRF-Fire) when simulating arc fires,

and

• Comparing wind fields from WRF simulations of static heat sources with those

obtained from analytic solutions of the equations that govern the pyrogenic-

potential model.

A critical issue for the pyrogenic-potential model is the determination of an appro-

priate form for the source term. In simulations performed so far, the source term

has been defined to be ν = kI with I being some form of intensity, defined either by

(3.5) or (3.6), and k being treated as a free parameter. It is possible that this is not

the most appropriate form for ν = f(I). Preliminary simulations, not presented in

this thesis, indicate that ν = kIβ might be a more appropriate form, possibly with

β = 1/3 (this may be supported by results from plume theory; see e.g. (Morton

et al. 1956)). Future research will include a calibration of the pyrogenic-potential

model against a coupled atmosphere-fire model, with particular attention to the

relationship between ν and I. The work in Section 5.5 is a preliminary step in that

direction.
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7.2.2 Modelling ember transport

The research presented in this thesis improved our understanding of the modelling

of ember transport by showing that the use of the terminal-velocity assumption

overestimates the modelled density of embers travelling medium to long distances

in turbulent plumes. This has important implications for the stochastic modelling

of spot-fire development.

The modelling of ember transport was carried out by the post-processing of a wind

field obtained from a large eddy model. Future work could include the incorpora-

tion of a spot-fire sub-model into a coupled atmosphere-fire model, either by explic-

itly modelling ember release and transport, or by some form of parametrisation of

ember-landing distributions. The former is very computationally intensive, and the

latter would be highly dependent on atmospheric and fire conditions. A combina-

tion of the two approaches might work well; the transport of a few representative

embers could be modelled explicitly, and a parametrisation used to convert the

results of this into a full ember-landing distribution. Another direction for future

work is an analysis of the sensitivity of the results of Chapter 6 to the resolution of

the model, since velocity gradients close to the fire may not be well captured by a

horizontal resolution of 50 metres.

7.2.3 Concluding remarks

Large, plume-driven fires are among the most unpredictable and destructive natural

hazards that we face. There is some evidence that, at least in Australia, they

are becoming more common (Sharples et al. 2016b). Dynamic fire behaviour and

intense spot-fire development both play an important role in the occurence of many

such fires, and it is important to understand these processes, and how to model

them. The research presented in this thesis represents a part in the forming of this

understanding.
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