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Introduction to wildfire science

Humans are the fire species (Pyne 2010). For at least 
400 000 years, humans have claimed mastery over 
domestic fires for heating, lighting, and cooking 
(Bowman et al. 2009). Our species employed wide-
spread deliberate burning of vegetation to improve 
foraging and agriculture on every inhabited conti-
nent through the 19th century CE. Throughout 
aeons of changing climate and culture, fires from 
human as well as natural sources have developed 
and sustained the landscapes and ecosystems on 
which we depend. Wildland fires, whether inten-
tional and carefully managed prescribed burns or 
free-spreading wildfires, will forever remain part 
of human existence.

For most of history, human proficiency with 
wildland fire was based on experience rather than 
scientific explanations. In recent millennia, west-
ern civilisation has sought explanations of fire, 
first through mysticism and alchemy (Williams 
1992), then through experimental science – which 
is now accepted as the basis for our understand-
ing of physical phenomena. But neither our expe-
rience nor our science has yet comprehensively 
answered these simple questions: how do wild-
land fires spread? How do fuel particles ignite in 
spreading fires? How long do wildfires burn? 
How does living vegetation ignite and burn? Are 
big wildfires just larger versions of small wild-
fires? In this book, we use scientific principles to 

address these questions and many others about 
wildland fire.

Wildlands supply people with essential natural 
resources, including clean air and water, timber 
and building materials, livestock forage, recrea-
tional amenities, and healthy habitat for wildlife. 
Many of the world’s wildland ecosystems are fire 
dependent, meaning that fire is needed to maintain 
their function and productivity. It is impossible to 
completely prevent or suppress fire in these ecosys-
tems. Wildfire science has been developed to 
increase understanding of fire and thus provide a 
foundation for managing it for the benefit of people 
and wildland resources.

Many fire-dependent ecosystems are near or 
adjacent to human communities, so we are faced 
with a conundrum: we need fire to sustain ecologi-
cal processes, yet we need to prevent wildfire from 
endangering people and their communities. The 
escalating frequency and magnitude of wildfire 
disasters worldwide makes it clear that current 
practices are not meeting either objective. Perhaps 
we have inferior science, inadequate experience or 
insufficient technology; perhaps we are using these 
tools in the wrong fashion; or we are focusing on 
unrealistic objectives. Our intention in this book is 
to describe our current understanding of wildfire 
in terms of basic scientific principles, so scientists, 
technology experts, fire specialists and natural 
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Figure 2.1: The nature of fire as a system was described by Michael Faraday in his 1848 Christmas lecture series on 
candles (published in 1860). Wildfires have many of the same physical processes as do burning candles.

Figure 2.2: Illustration of the coupled system for a candle shows the same components as in wildfires: fuel combustion 
and energy release, heat transfer by radiation and convection, and ignition (images by Trevor Finney).

interdependent processes are sustained until the 
wax in the candle is consumed (or you blow out the 
flame).

Interdependencies in a coupled system are 
called feedbacks. Feedbacks can be positive or nega-
tive. Positive feedbacks drive the system to increase 

the rates of change within the system, such as 
energy release rate or fire spread rate. Negative feed-
backs do the opposite; they reduce the rates of 
change within the system. Both kinds of feedback 
are involved in fire at different stages and times. 
The feedbacks within coupled systems can be 
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for long distances, so potential spread rates at these 
upper limits are unknown.

Fire shapes
Although fire spread rate in the heading direction 
has received the greatest interest, spread rates in all 
directions around a fire (i.e. flanking, backing) are 
essential to estimating the area burned and the 
length of the active fire perimeter. Ideally, we would 
understand fire spread well enough to be able to 
calculate fire movement in any direction relative to 
wind or slope. We would then know the shape of a 
fire growing under any environmental condition. 
But this is not presently the case and given the dif-
ficulty of explaining the physical processes for 
heading fire spread alone, there has been little effort 
to understand the general role of direction in fire 
spread. Thus, in order to calculate fire growth in all 
directions, as well as area and perimeter, we must 
rely upon empirical models of fire shape.

Observations of wildfires have long suggested 
that their two-  dimensional growth could be charac-
terised by a simple shape. The fine-  scale contours of 
the fire edges will vary with environmental hetero-
geneity and change over time, but the overall shapes 
of small and large fires often appear remarkably 
well approximated by simple shapes (Figure 2.13).

The most commonly used two-  dimensional 
shape in modelling fires is the single mathematical 
ellipse (Figure 2.14), defined traditionally in fire 
science as the ratio (ly/lx) of the lengths of the major 
axis ly to the minor axis lx. References on fire shapes 
(Van Wagner 1969; Anderson 1983; Alexander 1985) 
provide details on the historical development and 
uses of ellipses. An elliptical shape assumes fires 
are spreading under constant winds and across 
uniform fuel and topography (see Chapter 8, Fire 
shapes and growth patterns). Although it is rare 
for any environmental factor to remain constant 
and uniform for very long, these assumptions have 
proven surprisingly useful. Many point-  source 
fires evolve shapes close to perfect ellipses 
(Figure 2.10d), but the physical rationale for how 
wildfire shapes emerge has not been established. 
Laboratory and field data on fire growth have not 

Figure 2.13: The growth patterns of large fires over a 
range of sizes for (a) the Sundance Fire in northern Idaho, 
USA; and (b) the Wandilo Fire, South Australia, are often 
approximated by simple geometric shapes such as the 
ellipse or double ellipse shown here from Anderson (1983).

been reliable enough to rigorously test the assump-
tion that fires grow elliptically, because fires are 
almost constantly accelerating or decelerating, and 
the environment is rarely uniform and constant 
enough for obtaining the necessary observations.
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The thickness of the boundary layer depends on 
the speed of the flow, size of the object, surface fea-
tures of the object, fluid properties and several other 
factors. However, what is common to all boundary 
layers is that the flow velocity immediately adjacent 
to the surface is always zero, in what is termed the 
no-slip condition. Throughout the thickness of the 
boundary layer, the flow velocity increases smoothly 
from zero at the surface, to the speed of the undis-
turbed wind, or freestream velocity.

We can visualise the effects of a boundary layer 
in Figure 3.4, which shows you working on a fire on 
a windy day. Let us zoom in very close to the fluid-
solid interface on your arm and draw a series of 
arrows to show the air speed at various distances 
from your arm. Right at the surface where the flow 
velocity is zero, the air seems to ‘stick’ due to the no-
slip condition. The further we go away from your 
fire shirt sleeve, the greater the air speed – until it 

reaches the freestream velocity. The boundary layer 
thickness is the distance over which the air flow’s 
velocity transitions from zero to the freestream 
velocity. The thickness of the boundary layer on 
your arm is around 1–2 mm, depending largely on 
the wind speed and other factors listed above.

Why does a boundary layer form? Why does a 
fluid like air or water ‘stick’ to the solid surface 
instead of just sliding over it? The boundary layer 
is caused by friction within a fluid due to a fluid 
property called viscosity. The viscosity of a fluid is 
responsible for friction between adjacent volumes 
of fluid that are moving relative to one another. In 
other words, viscosity indicates how thick or thin a 
fluid is. In this book, we use the term ‘viscosity’ 
alone to refer to dynamic viscosity, which is repre-
sented by the Greek letter mu (μ), and has units of 
Pa s (or kg m−1 s−1). In the science of fluid mechanics 
particularly, dynamic viscosity is often normalised 

Figure 3.4: All flows around solid objects have a boundary layer, including you. At the surface of your shirtsleeve, the 
flow velocity is zero. Away from your shirtsleeve, the flow velocity increases until it reaches the velocity of the freely 
flowing air. Illustration by Brian Elling.
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Figure 4.3: General schematic of (a) a cone calorimeter and (b) a fire propagation apparatus (FPA).

the amount of oxygen consumed, which is 
directly related to the heat released. This is called 
oxygen consumption calorimetry. For details about 
the cone calorimeter, FPA and oxygen consump-
tion calorimetry, see Janssens (2016). The results 
from these methods are called the effective heat of 
combustion, and it can be much lower than the 
value measured by a bomb calorimeter. As a com-
parison, the lower heat of combustion of Douglas- 
fir needles measured in a bomb calorimeter is 
20.55 MJ kg−1 (Williamson and Agee 2002), but the 
effective heat of combustion measured using 

oxygen consumption calorimetry, as a function of 
the moisture content (MC), is calculated as 
(Babrauskas 2006):

 Hc,eff = 16.52 – 0.057 MC MJ kg−1 [4.3]

For example, the effective heat of combustion 
for completely dry needles is 16.52 MJ kg−1, but for 
live needles with 100% MC it is 10.82 MJ kg−1. So for 
even dry needles, measurements from the bomb 
calorimeter overpredict the heat of combustion by 
20%. For live needles, the discrepancy between the 
methods can be more than 50%.
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each fuel model is represented by the ratio of 
surface- area- to- volume (σ, m–1 or ft–1), which is 
based on the diameter d of round or square parti-
cles (σ = 4/d). This ratio is intended to characterise 
the physical effects of particle heat and moisture 
exchange, but, as we will discuss, other metrics are 
needed to more accurately characterise the heat 
gain–heat loss relationships for convective and 
radiative heating. In the fuel models, the physical 
properties of particles, such as density and heat of 
combustion, are assumed constant, partly because 
they are essentially unknowable across expansive 
wildlands, but also because the Rothermel fire 
spread equation is not particularly sensitive to 
these fuel properties.

Fuel descriptions and models for forest fuels that 
can burn in crown fires usually include only bulk 
properties of fine foliage over large areas and a gen-
eral estimate of the distance of these fuels from the 
ground (Van Wagner 1977; Keane 2015). Thus they 
are grossly generalised when we consider the com-
plexity and variability of crown fuels. Fuel models 
developed for use in the empirical fire modelling 
systems of Australia (Cruz et al. 2015) and Canada 
(Forestry Canada Fire Danger Group 1992) contain 

coefficients and model forms that directly represent 
specific vegetation types (e.g. mallee–heath shrub-
lands in Australia and mature jack pine (Pinus bank-
siana) or lodgepole pine (Pinus contorta) in North 
America). Several Australian models include load-
ing of surface fuels and bark components for spe-
cific tree species. While important for specific 
applications, these fuel models do not provide an 
approach that can be widely generalised.

Most of the fuel descriptions currently in opera-
tional use are intended to be broadly applicable to 
vegetation physiognomy – mixtures of grasses, 
shrubs and forest understorey conditions – but are 
not explicitly descriptive of the physical fuel prop-
erties pertaining to species composition or site- 
specific variations because, as explained by Van 
Wagner (1990),

… the problem of how to describe a fuel complex 
in terms that would permit a physical deduction 
of how fire would spread through it has so far 
proved intractable.

Operational systems for predicting fire behav-
iour have yet to address the spatial variability of fuel 

Table 6.1. Fuel particle and fuel bed characteristics as specified in the Rothermel (1972) equation for surface fire spread (σ is 
particle surface- area- to- volume ratio).

Fuel model

Total 
load

Dead fuel

Living fuel DepthFine Medium Large

(kg m–2) σ (m–1)
Load
(kg m–2) σ (m–1)

Load
(kg m–2) σ (m–1)

Load
(kg m–2)

σ 
(m–1)

Load
(kg m–2) (m)

Short grass 0.17 11483 0.17 – – – 0.00 – – 0.30

Tall grass 0.67 4921 0.67 – – – 0.00 – – 0.76

Brush 1.35 6562 0.22 358 0.11 – 0.00 4921 0.45 0.61

Chaparral 5.60 6562 1.12 358 0.90 98 0.45 4921 1.12 1.83

Timber (grass and 
understorey)

0.90 9842 0.45 358 0.22 98 0.11 4921 0.11 0.46

Timber (litter) 3.36 6562 0.34 358 0.22 98 0.56 – – 0.06

Timber (litter and 
understorey)

6.73 6562 0.67 358 0.45 98 1.12 4921 0.45 0.30

Hardwood (litter) 3.36 8202 0.65 358 0.09 98 0.03 – – 0.06

Logging slash (light) 8.97 4921 0.34 358 1.01 98 1.24 – – 0.30

Logging slash (medium) 26.90 4921 0.90 358 3.14 98 3.71 – – 0.70

Logging slash (heavy) 44.83 4921 1.57 358 5.17 98 6.29 – – 0.91
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coherent (i.e. they remain recognisable over time), 
and most of them move from the back of the flame 
zone towards the front. This forward transport of 
the flame fluid is called advection. In fires, advec-
tion delivers the flame gases forward so they con-
tact unignited fuels.

The downward flows that create troughs in 
the flame zone (Figure 6.22) can also channel 
ambient wind through the flames, also forcing 

the flames ahead. When these troughs occur 
across wide flame zones, air is being forced 
through the flame zone rather than around the 
edges – an important factor in fire spread that 
will be discussed in the context of convection 
heat transfer and spread rate affected by the 
width of a flame zone. Just as the flames are non- 
steady and highly variable, so too is the convec-
tive heating of fuel particles from these flames. 

Figure 6.22: Illustration of flame zone dynamics in a section of a spreading line fire showing (a) the main features of flame 
behaviours, including the streamwise vortex pairs, forward bursting that causes intermittent heating of fuels, and the 
concave flame parcels near the rear of the flame zone. The counter-rotating circulations produce the peak-and-trough 
appearance of the flame front and force flames downward into contact with fuel particles ahead of the leading edge of the 
fire; and (b) a rendering of the appearance of the flame zone. Reprinted with permission from Finney et al. (2015).
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Figure 7.13: Illustrations of (a) fuel patch distance and gap distance used in the model, which alternate in the spread 
direction, and (b) modelled effects of fuel discontinuities, suggesting that the length of the fuel patch between gaps is of 
considerable importance to allow acceleration of the fire and build-up of intensity sufficient to ignite fuels across gaps. 
In (c) and (d) the black horizontal lines represent the locations of 2 m fuel patches with 0.35 m gaps in between. The 
modelled progression of fire spread through these discontinuous fuels is graphed over (c) time and (d) distance, showing 
that flame zone characteristics are highly non-steady as the intensity, heat transfer and ignition processes are repeatedly 
interrupted. Fire spread rate and flame depth and length are ‘instantaneous’ values calculated at the time and space 
resolution of the simulation.

particles are affected at the precision of cells in the 
model and are displayed as ‘bumps’ in the model 
results. This can be seen in the threshold behaviour 
when the model is run at smaller cell sizes. Without 
the stark thresholds in spread, these numerical 
effects become minor compared to the physical 
processes being simulated and thus are not 
noticeable.

Figure 7.13b shows that higher winds enable 
the fire to spread across longer gaps, as do longer 
patches of continuous fuels. Higher winds push 
the flames towards the unburned fuels, increasing 
convective heat transfer across the fuel- free gap. 
Longer continuous patches of fuel allow the fire 
intensity to increase within the patch and thus 
transfer more heat across the gap. The graph also 
indicates that the average spread rate decreases 
with gap length because of the delay repeatedly 
introduced as the fire builds up enough intensity 

to transfer sufficient heat across gaps. These results 
are qualitatively comparable with research find-
ings in laboratory and field experiments that show 
spread in discontinuous fuel beds only at higher 
wind speeds and lower moisture contents (see, e.g., 
Britton and Clark 1981; Burrows et al. 2009; Weise 
et al. 2005).

An individual simulation shows the dramatic 
effect of fuel gaps on the ‘instantaneous’ calculated 
spread rate, flame length and flame zone depth 
(Figure 7.13c, d), which depend upon the time and 
space resolutions of the simulations. The fuel bed 
used for this simulation had 2 m fuel patches with 
0.35 m gaps in a 2 m s−1 wind. Thick black lines 
indicate fuel patches, and the blank areas between 
indicate fuel gaps. When we examine the trace of 
spread rate (red lines in Figure 7.13c, d), we see a 
repeating pattern: a downward spike followed by a 
larger upward spike. The downward spike marks 
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canopy. Ladder fuels often include bark, limbs, 
small trees, shrubs and lichens. Van Wagner’s 
criterion for the transition from surface fire to 
crown fire requires that a critical air 
temperature be reached at the height of the 
canopy base above the surface line fire that 
provides the heat source for torching.

2. After a passive crown fire is initiated, it may 
transition to an active crown fire (a.k.a. running 
crown fire, continuous crown fire). This is also 
called a dependent crown fire because it depends 
on heat release from an existing surface fire to 
persist. Van Wagner suggested that an active 
crown fire can maintain its coherent flame zone 
only if it acquires its fuel supply at some 
minimum rate, which he called the critical mass 
flow rate. The critical mass flow rate is related to 
the relationship between the bulk density of 
aerial fuels and the spread rate of the fire itself. 
The rapid burning of fine fuel in a crown fire 
can only be sustained when it spreads fast 
enough that new fuel becomes involved in the 
flame front before the old fuel burns out. In 
other words, a continuous steady flame zone 
can exist only when the ignition time for aerial 
fuels is the same as or less than their flame 

residence time. This principle is similar to the 
role of flame residence time in line fire spread 
(Chapter 7). The flame residence time for 
burning tree crowns has been estimated as 
10–40 s (Despain et al. 1996; Taylor et al. 2004), so 
crown fires probably must spread quickly or 
not at all. In this feature, crown fire spread 
resembles fire spread in the discontinuous fuels 
of many shrub vegetation types.

3. The final kind of crown fire in Van Wagner’s 
classification is the independent crown fire which, 
once started, does not require any heat from 
surface burning to be sustained. Crown fires 
reported to have spread over snow- covered 
ground would certainly qualify as independent 
(Agee et al. 2002; Mottus and Pengelly 2004). 
Trees are not the only vegetation that can burn 
in independent crown fires; desert shrub 
vegetation can also exhibit this behaviour 
under high winds because of sparse cover and 
bare ground beneath and between fuel patches.

The challenge for crown fire research is to find 
physical explanations for these behaviours that 
extend beyond the conceptual framework intro-
duced by Van Wagner. There are some key physical 

Figure 8.1: Crown fire classification from Van Wagner (1977) showing passive, active and independent crown fires, and 
the fuel structure and environmental factors associated with each.
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roll downward, thus creating a horizontal 
 circulation – one kind of vorticity. Vorticity can 
also be concentrated, dissipated, moved around 
and reoriented. Sometimes vorticity plays a domi-
nant and dangerous role in fire behaviour, such as 
in a fire whirl. Intense vorticity can cause high 
winds, strong inflow of air near the ground, and 
lofting of large firebrands to great heights. In this 
section, we describe some manifestations of vorti-
city that concern fire management and safety.

Pulsating or puffing
The subject of puffing fires was introduced in 
Chapter 4, with a discussion of small- scale, labora-
tory fires. Here we expand the discussion and 
apply the concept to large fires. We can see evi-
dence of pulsating behaviour in flickering candles, 
in campfires, and in vertical and horizontal ‘stacks’ 
of smoke billows above some large fires 
(Figure 8.18a). This is called pulsating or puffing. 
Puffing may have significant effects on wildfire 
characteristics. Here we discuss how it can periodi-
cally strengthen the ground- level wind speed 
flowing into the fire, generating large forward 
bursts of flame outward from the edge of the fire 
(Figure 8.18b) and lofting and expelling multitudes 
of embers.

The subject of pulsating fires has been of inter-
est to those working in combustion science, fire 
protection engineering and wildland fire for many 
decades. Byram and Nelson (1970) found that the 
puffing frequency ( f, measured in Hertz (Hz), 
number of puffs per second) of round or square 
fires over diameters ranging from 10−2 to 100 m is 
proportional to the negative square root of the fire 
diameter D (Figure 8.19a), which indicate that 
puffing frequency decreases as fire diameter 
increases:

 f ∝ d−1/2 [8.9]

The principal driver of puffing is buoyancy – 
that is, the effect of gravity on the density differ-
ence between the flame or plume and the 
surrounding ambient air (see Chapter 3, Basic 

Figure 8.17: Examples of fire growth patterns with 
wind shifts following passage of cold fronts: (a) Mack 
Lake Fire, 1980 in Minnesota, USA, showing fire 
progressing from west to east (arrow 1), then to the 
south following frontal passage (arrow 2). This was a 
typical wind shift in the Northern Hemisphere (Simard 
et al. 1983); and (b) Wallindue-Cressey Fire Australia 
(1977) showing that fire spread as wind changes from 
north-north-west (arrow 1) to south-west following a 
frontal passage (arrow 2) (reproduced with permission 
from McArthur et al. 1982).


