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Abstract 
If a bushfire is spreading in a quasi-steady way, only changing on a long time scale in comparison 
to the burnout time 

! 

" b, Byram’s first formula for fireline intensity 

! 

I = QmR  provides a simple 
energy balance (

! 

R  is the spread rate of the fire, 

! 

m is the fuel load and 

! 

Q  is the energy released per 
unit mass of fuel burnt).  However, Byram’s second formula for fireline intensity 

! 

I = Q" d  is a 
better approximation under unsteady conditions when Byram’s first formula is not valid 
(

! 

" = m # b  is the mean pyrolysis rate or mass-loss rate of the vegetation per unit area within the 
fire).  The flame depth 

! 

d  is simply the distance the fire has travelled over the past burnout time, so 
that 

! 

d = R(t " # ) d#0
# b$  where 

! 

"  is the elapsed time after flaming is initiated at any point in the 
fire. 

The rate of mass loss 

! 

"  is not constant, in general, being determined by the way in which the 
fire engages and degrades the vegetation structurally and over time within the flaming region.  A 
simplified but realistic formula arises if 

! 

"  is represented as a function of the elapsed time 

! 

" , in 
the form 

! 

" =# ($ ) % m /$ b. Byram’s second formula then becomes 

! 

I = Qm " (# )R(t $ # ) d# /# b0
# b% , 

in which 

! 

" (# )  serves as a weighting function, representing how changes in the energy release rate 
develop as burning progresses in the vegetation above any small area of ground. 

A dynamical model for fire spread then arises naturally since the spread rate 

! 

R must itself be a 
function of the intensity 

! 

I  in some manner, such as   

! 

R = R (I ,R ) , where 

! 

R  is the steady or 
equilibrium spread rate at which 

! 

I = I = QmR  under steady conditions.  The equilibrium spread 
rate 

! 

R  itself would depend on slope, local wind speed, moisture content, fuel load and the 
structure of the vegetation.  In considering the dynamics of a fireline it is useful to introduce the 
dimensionless ratio 

! 

B = QmR I  which may be called the Byram number. Deviation of the Byram 
number from unity indicates unsteadiness of a fireline: a fire tends to be intensifying or waxing  if 

! 

B > 1 and waning  if 

! 

B < 1. 
As yet there is very little hard data for the unsteady dependence of spread-rate on intensity 

because the paradigm for most bushfire research has focused on steady fire spread.  But the 
formulation above for intensity and spread-rate dynamics does help to explain some observed 
behaviour.  For example, oscillatory fire spread was reported by Gould et al (2007) in which wind 
dominated a low intensity fire so that it spread quickly, but the wind was blocked by the fire at 
higher intensity leading to a low spread rate.  A significant delay in the growth of intensity 
through the factor 

! 

" (# )  favours this kind of behaviour along with suitable modelling of 
  

! 

R = R (I ,R )  to allow for bimodal spread under separated and attached flow conditions.  Another 
example is simply the initial development of a fire from a line ignition, which normally 
approaches a stable equilibrium spread rate.  Any form of the dependence of 

! 

R on 

! 

I  in which the 
Byram number remains at or above a value greater than unity over a range of intensities leads to 
an eruptive form of fire growth (Dold and Zinoviev, 2009; Dold 2010). 
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1. Introduction 
 
Experimental observations have been made in which firelines advance with an intensity 

! 

I  
and spread rate 

! 

R that vary out of phase with each other.  For example, a report on Project 
Vesta (Gould et al, 2007) includes the description: 

As the wind speed increases there are surges in forward spread that ignite 
an area of fuel behind the head and increase the convection over the burnt 
ground.  If the ambient wind speed is light, this convection can be strong 
enough to block the wind from reaching the flame front.  The front will burn 
as a backing fire for a minute or so until the fuel behind the flame front has 
burnt out and the convection weakened to a point where the wind can again 
penetrate to the leading edge of the fire and blow the flames forward again 
as a heading fire. 

That is:  a low (backing) spread rate 

! 

R was observed at large flame depth 

! 

d and high 
intensity 

! 

I  when the fire was seen to wane or diminish;  a high (heading) spread rate was 
observed at small flame depth or low intensity when the fire waxed or intensified;  the 
burnout time 

! 

" b of the fire in these experiments was around a minute or so. 
This surge and stall advancement of a front is at variance with the notion that 

fireline intensity and spread rate are related by the simple formula 

! 

I =QmR , which is even 
stated as if it were a ‘definition’ in Gould et al (2007).  In this formula 

! 

m  represents the 
fuel load and 

! 

Q is the energy of combustion.  This illustrates a commonly held 
misconception that Byram (1959) intended the formula 

! 

I =QmR  as a universal law.  In fact 
the formula only applies for fires that are spreading steadily (having a constant spread rate).  
Byram’s article includes a more general formula that is explained in more detail in the next 
section. 

The fact that the spread rate was found to be high when the intensity was low, and 
vice versa, means that the evolution was not taking place with 

! 

I =QmR , for which the two 
quantities would have had to increase or decrease together.  A different manner of 
accounting for the relationships between spread rate and intensity is required to describe 
evolutions of this sort in a physically correct manner. 

Based on three concepts, this article shows how such fireline evolutions can be 
represented in a sound physical model.  These concepts are: 
• that intensity arises as an accumulation process as a fire spreads, being related to 

the history of spread rates over the past burnout time and the rate at which 
vegetation releases fuel vapour into the flames over the burnout time 

• that spread rate is a function of intensity since the latter determines, at least in part, 
how quickly energy can be fed into the vegetation ahead of the fire 

• that this dependence of spread rate on intensity can have a bimodal form in the 
presence of wind, depending on whether or not the buoyancy of the fireline is 
strong enough to overcome the wind. 

Simulations using the resulting model show that not all vegetation layers would be able to 
generate surge and stall  advancement of a fireline.  It is found that the process of energy 
release from any small area of vegetation needs to increase with elapsed time, to some 
degree, from the moment of engagement in the burning.  This would be achieved by initial 
engagement of a relatively low mass of light vegetation components, with a greater mass of 
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slightly thicker vegetation components following on to deliver the bulk of the energy 
during the later stages of the active burning process. 
 
 
2. The intensity of steadily and unsteadily spreading firelines 
 
A separate article at this conference (Dold, 2010) discusses the process of intensity 
accumulation as a fire spreads at a non-constant rate 

! 

R.  In essence, if the burnout time of 
the fire is 

! 

" b then the flame depth, measured from front to back of the region in which the 
vegetation is actively engaged in the fire, is simply 

! 

d = R(t " #) d#0
# b$ , being the distance 

travelled by the fire over the previous burnout time.  In this integral 

! 

"  measures elapsed 
time before the current time 

! 

t  and 

! 

R(t " # b) is the spread rate that the fire had exactly one 
burnout time before the present. 

If the energy release rate above unit area of ground in the flaming region remains 
constant at its mean value 

! 

Qm " b , then Byram (1959) identified the fireline intensity as 

! 

I =Qmd " b .  In Byram’s terminology 

! 

Qm " b  is the ‘combustion rate’.  If the fire is 
spreading steadily, so that the spread rate 

! 

R is constant, then the flame depth simplifies to 

! 

d = R" b  so that the intensity is given by 

! 

I =QmR  which is Byram’s commonly quoted 
expression for fireline intensity.  It must be stressed, however, that this formula only holds 
for a fire with a steady rate of spread. 

To distinguish between the two formulae it is useful to refer to 

! 

QmR as Byram’s 
steady fireline intensity (or 

! 

I = QmR ) which is, in fact, a simple energy balance for any line 
fire travelling at a constant speed 

! 

R .  The formula 

! 

I =Qmd /" b or 

! 

I =Qm R(t " #) d#0
# b$ /# b 

is more generally applicable although it too can be improved, as will be outlined next.  
Only for steadily spreading fires are the two expressions equivalent, or 

! 

I = I . 
The rate of pyrolysis of vegetation 

! 

"  above any small area of ground is not 
necessarily constant within any flaming region.  As a fire engages any section of fuel, light 
components are first to pyrolyse, with heavier fuels engaging more slowly.  The rate at 
which fuel mass is turned into vapour (which then burns with air in the flames) will change 
with time, depending on the distribution of lighter and heavier fuels in terms of their size, 
their mass and also their distribution within the vegetation layer (Dold et al: 2009, 2010). 

Although the mean value of 

! 

"  must be 

! 

m /" b a general expression that allows for a 
changing pyrolysis rate per ground area can be written as 

! 

" =#($) %m /$ b. The term 

! 

"(#)  
is a weighting function, having unit mean value, that describes how the mass loss rate of the 
vegetation changes with elapsed time from the moment when a section of vegetation first 
becomes engaged in the fire.  The distribution of 

! 

"(#)  from 

! 

" = 0 to 

! 

" = " b is then a 
reflection of the properties of the layer of vegetation.  Since the energy release rate from 
combustion of the vegetation per unit area is 

! 

Qm"(#) # b , which is a function of elapsed 
time, Byram’s general formula for fireline intensity now becomes 

! 

I =Qm "(# )R(t $ #)
0

# b% d# /# b . 
This is a more widely applicable representation of the process of intensity accumulation 
than Byram’s original formula, which is now extended to apply to cases in which 

! 

"(#)  is 
not simply equal to one. 
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3. A dynamical model for fire spread 
 
With intensity determined from the history of spread rates over one burnout time into the 
past, all that is needed to provide a closed model for the dynamical evolution of the fireline 
is for the current spread rate 

! 

R to be determined by the current intensity 

! 

I .  This would be 
provided by a relation of the form   

! 

R = R(I), for any given values of wind, moisture, 
vegetation structure and type, slope, aspect, etc.  Such a relation is quite natural, given that 
the current intensity helps to determine the rate at which energy is fed into vegetation ahead 
of the fire.  The result is a process in which a history of earlier spread rates serves to 
determine the current spread rate.  As time passes, the history of spread rates changes, 
changing the intensity which, in turn, modifies the current spread rate. 

Bearing in mind that the relation 

! 

I =QmR  holds only for steady fire spread, it is 
useful to define the ratio 

! 

B =QmR/I , which may appropriately be called the Byram 
number, to distinguish key aspects of any unsteady evolution.  In particular, if the Byram 
number is greater than one (

! 

B >1) then the current spread rate is greater than the spread 
rate that would correspond to steady spread at the current intensity.  The integral that 
determines intensity would then normally be increasing with time, representing an 
intensifying or waxing fire.  Conversely, a Byram number less than one (

! 

B <1) would 
normally be associated with a diminishing or waning fire front. 

 
 

4. Wind, intensity and spread rate 
 
In determining how the spread rate 

! 

R depends on 

! 

I , an important factor that is identified in 
the earlier quote from Gould et al (2007) is the wind.  When the intensity is low the wind is 
able to dominate the flow, preventing the buoyant hot gases from rising.  In such a case the 
hot gases are blown forwards, increasing the heat transfer rate to the fresh vegetation which 
must therefore significantly enhance the spread rate of the fire.  This boost to the spread 
rate is lost if the intensity is high enough for the buoyancy of the hot combustion products 
to overcome the wind. 

In effect, there is a bimodal nature to the spread rate relation   

! 

R = R(I) on either side 
of a wind-dependent critical intensity 

! 

Ic(w).  For intensities below 

! 

Ic the wind (speed 

! 

w) 
dominates the plume so that an attached flow-field results; at higher intensities the 
buoyancy dominates the wind so that the flow separates at the fire.  Such a transition was 
considered by Byram (1959) in terms of the relative powers, or energy fluxes due to the 
wind and due to the fire.  Byram stated that buoyant convection could also be used to 
examine this interaction although he did not provide details.  This is done now, in its 
simplest context, to establish the most basic relationships. 
 
Competition between wind and intensity : 
 
A buoyant line plume rising vertically above a long line fire in neutrally stratified air can be 
characterised by its mean vertical velocity 

! 

v(z) , mean density 

! 

"(z) and mean horizontal 
thickness 

! 

b(z)  all depending on vertical height 

! 

z .  Treated using a top-hat formulation 
(Gebhard et al, 2003) the properties are taken to be uniform across the plume; the buoyant 
force is determined using Archimedes’ principle.  In the simplest (Boussinesq) approach, 
fresh environmental air of density 

! 

"e  is taken to be entrained into the sides of the plume at 
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the transverse velocity 

! 

ve =" v  for an the entrainment constant 

! 

"  that has a value of 

! 

" # 1/8.  Conservation of mass, energy and momentum then give 

! 

(b"v)z = 2#"ev, (bv)z = 2#v, (b"v 2)z = b("e $ ")g so that b("e $ ")gv( )z = 0  

in which the final equation is arrived at by combining the first two equations; it can be used 
to replace (say) the first equation and, more importantly, its solution shows simply that the 
‘buoyancy flux’ 

! 

Fb = b("e # ")gv  remains constant in the plume.  Moreover, if 

! 

cp  is the 
specific heat and 

! 

Te is the environmental temperature around ground level, then this 
quantity can be estimated from the fireline intensity as 

! 

Fb = b("e # ")gv $ gI /(cpTe) , for a 
mean density 

! 

" , just above the flames, that is much less than 

! 

"e  (as it should be). 
Solutions of these equations approach a self-similar form as 

! 

z  increases, in which 

! 

v  
stays constant and 

! 

b increases linearly with height, having 

! 

b" 2#(z + z0), v 3 " Fb
2#$e

, $ " $e %
$eFb

2

4# 2

& 

' 
( 

) 

* 
+ 

1/ 3
1

g(z + z0)
 

where 

! 

z0 is a constant (representing a downward vertical displacement).  It can be noted 
that the Richardson number approaches a value of 

! 

2" .  That is, in the plume 

! 

Ri =
b("e # ")g

"ev
2 =

Fb

"ev
3 $ 2% so that v 3 &

gI
2% "ecpTe  

which shows that the mean velocity of rise in the plume scales with the cube root of the 
intensity. 

In a vertically rising plume, the entrainment velocity 

! 

ve =" v  must be supplied by 
the incoming wind 

! 

w  such that 

! 

w " R = ve.  It follows that 

! 

(w " R)3 #$ 2gI /(2%ecpTe )  in 
such a plume.  For a wind satisfying this relation, the plume rises vertically in a reference 
frame that moves with the fireline.  Any stronger wind will push the plume towards the 
vegetation.  Without further investigation, an order of magnitude estimate for the wind-
intensity relation at the critical point where a transition from separated to attached flow 
occurs, is 

! 

(w " R)3 # gIc
$ecpTe

or Ic # (w " R)
3 % $ecpTe /g #1%

w " R
km/h
& 

' 
( 

) 

* 
+ 

3

kW/m 

apart from an as yet unknown order one factor; the first of these relations is Byram’s 
estimate for the transition between wind and intensity dominance of the fire.  As shown 
here, if realistic values for environmental properties are inserted into the formula and 

! 

w " R  
is evaluated in 

! 

km/h then 

! 

(w " R)3  numerically estimates the value of 

! 

Ic in 

! 

kW/m.  The 
transitional intensity at 

! 

10 km/h  would thus be estimated at around 

! 

1MW/m . 
Another aspect of the interaction between wind and fire can be seen by considering 

the base of the plume.  Extrapolated to ground level (

! 

z = 0) the plume apparently sees a 
mass-flux of air rising out of the ground.  This is clearly impossible so that this air must 
actually be extracted from the surrounding atmosphere.  This mass flux is 

! 

b"v  evaluated at 
ground level which can be estimated as 

! 

b"v|z= 0# " 
"e $" Fb /g # " 

"e $" I /(cpTe)  where the mean 
density 

! 

"  at flame level is significantly less than the environmental density 

! 

"e .  Thus the 
base of the fire-plume draws in a flow of air that is proportional to the intensity 

! 

I  while the 
plume itself draws in an air flow that is proportional to the cube root of intensity. 
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I

I = Q
mR

B > 1

B < 1

c

QmR(I )

! wI 3!ecpTe/g
 

Figure 1:  A sketch of a possible bimodal dependence of spread rate 

! 

R on intensity 

! 

I  in 
which a separated plume is formed at higher intensities but an attached, wind dominated 
plume arises at lower intensities, with a transition between the two around a critical 
intensity 

! 

Ic.  Steadily spreading fires are only possible at intersections with the dotted line 
on which 

! 

I =QmR , having Byram numbers less than one below this line and greater than 
one above it.  These intersections are marked by the small circles seen in this figure.  
Simple arguments show that the steady spread at the highest (rightmost) of these 
intersections is stable with the spread at the middle intersection being unstable.  If the 
lowest intersection is unstable, it has the potential to generate surge and stall behaviour. 
 
 
Bimodal dependence of spread rate on intensity : 
 
Based on these considerations a rough sketch of the general dependence of spread rate on 
intensity can be drawn up, taking the spread to occur on horizontal terrain for simplicity.  
Given a wind speed of 

! 

w  and other known properties of vegetation, moisture, etc., a critical 
intensity 

! 

Ic divides spread rates that arise in attached flow from those in separated flow.  
Full details must depend intimately on the nature of the fuel, its moisture content, etc., so 
that a rough sketch only is considered now. 

The features shown in Figure 1 include a region of raised spread rate (because of 
flow attachment) at intensities below 

! 

Ic and lowered spread rates above 

! 

Ic, with a transition 
region around 

! 

Ic.  Because spread rates should increase with intensity for fully developed 
attached or separated flow (well below or well above 

! 

Ic) spread rates in each region should 
increase with 

! 

I .  As a result, spread rates should have a local minimum at some intensity 
above 

! 

Ic and a local maximum at a lower intensity below 

! 

Ic. 
In order for surge and stall behaviour to arise the Byram number at the local 

minimum should be less than one, so that any fire with an intensity in the vicinity of the 
minimum spread rate would be waning, causing the intensity to fall with time.  In addition, 
the Byram number at the local maximum should be greater than one, causing the intensity 
to increase with time.  Between these two is a point at which the Byram number would be 
exactly equal to one, for which a steadily spreading fire is possible (in principle).  However, 
as will be seen, the fire that spreads at this steady rate is not physically realisable if it is 
unstable so that an oscillatory or ‘surge and stall’ form of spread would emerge from the 
physical dynamics of the process.  
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QmR I

!

b"
t

"

b"

1

 
Figure 2:  Numerically simulated values of intensity 

! 

I  (the dashed line) and spread rate 

! 

R 
(plotted as 

! 

QmR on the solid line) are shown as a function of time for the weighting 
function 

! 

"(#)  shown in the subfigure, for which 

! 

"(#)  has slope 

! 

"'(#) = 0.272/# b .  This is 
a marginally stable case with weighting functions of any lesser slope leading to stable 
steady spread rates, given the spread rate dependence   

! 

R = R(I) shown in Figure 1. 

5. Numerical simulations 
 
Numerical simulations were carried out using the dynamical formulation presented in 
sections 2 and 3, along with the spread rate dependence on intensity   

! 

R = R(I) that is shown 
in Figure 1.  A natural starting point for the simulations is the steadily spreading fire whose 
intensity and spread rate are given by the lowest intersection of the curve of   

! 

R = R(I) with 
the line 

! 

I =QmR  on which the Byram number equals one. 
Only one function still needs to be specified in order to furnish all of the 

information required to carry out any simulation.  That is the weighting function 

! 

"(#) .  
Different definitions of 

! 

"(#)  lead to different simulations. 
The simulation shown in Figure 2 has 

! 

" =1+ 0.272(# /# b $ 1
2) and leads to a steady 

spread rate with 

! 

I =QmR .  Both curves illustrating 

! 

I  and 

! 

R (plotted as 

! 

QmR) lie on top of 
each other and do not change with time.  However, increasing the slope 

! 

"'(#)  destabilises 
the spread rate of the fire as seen in Figure 3, where the evolution for 

! 

" =1+ 1
2 (# /# b $ 1

2) 

! 

 

QmR

I

b!
t

"

!

b!

1

 
Figure 3:  Along the same lines as in Figure 2, the evolution of the spread rate 

! 

R and 
intensity 

! 

I  are shown for the form of 

! 

"(#)  seen in the subfigure, having 

! 

"'(#) = 1
2 /# b . 
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QmR

I

b!
t

"

!

b!

1

"

!

b!

1
QmR

I

b!
t

 

Figure 4: Along the same lines as in Figure 2, two evolutions of the spread rate 

! 

R and 
intensity 

! 

I  are shown for the forms of 

! 

"(#)  seen in each of the subfigures.  The upper 
simulation arises for 

! 

"'(#) = 3
2 /# b  and is seen to generate large amplitude surge and stall 

behaviour with a period greater than 

! 

" b.  The lower figure arises for 

! 

" =12# 2(1- # /# b) /# b
2  

and is found to give rise to large amplitude chaotic behaviour; no matter how long the 
simulations were continued no repetition of the pattern was seen to emerge. 

generates surge and stall behaviour, with 

! 

R and 

! 

I  varying out of phase with each other in a 
periodic manner, having a period equal to the burnout time 

! 

" b. 
The simulations indicate that some biasing of the weighting function 

! 

"(#)  towards 
later elapsed times 

! 

"  is necessary to achieve surge and stall behaviour.  The same property 
was observed for a variety of different expressions for the spread rate function   

! 

R = R(I), all 
having the same overall qualitative properties as seen in Figure 1.  It was also found that 
further biasing the function 

! 

"(#)  led to oscillations of increased amplitude and even 
chaotic behaviour in some cases.  These are both seen in Figure 4 where two different 
forms of bias are adopted.  The first is a linear bias of greater amplitude than in Figure 3, 
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leading to large amplitude surge and stall behaviour; it is also found that the period of 
oscillation increases above the burnout time 

! 

" b. 
The second weighting function in Figure 4 is strongly biased towards later elapsed 

times and is seen to produce chaotic evolutions of spread rate and intensity. In parts of the 
evolutions (for both the lower and upper simulations in Figure 4) spread rate and intensity 
are seen to evolve in phase with each other; these correspond to sections of the relation 
  

! 

R = R(I) in Figure 1 that are to the right of the local minimum.  Even though the Byram 
number is less than one at this stage (having 

! 

QmR < I ) parts of these evolutions involve 
increases in both spread rate and intensity with time, suggesting that the fire is at least 
temporarily waxing rather than waning.  This is a result of the delay-effect inherent in the 
accumulation process itself, exaggerated by the biasing of 

! 

"(#)  towards later value of 

! 

" ;  
the fire still wanes when 

! 

B <1, but not immediately.  The reduction of intensity over time 
can be noticeably delayed although the overall process always drives the intensity 
downwards at some stage whenever the Byram number is less than one. 

 
 

6. Conclusions 
 
Proper accounting for the intensity of a fireline, as being dependent on past spread rates 
over a burnout time rather than via the formula 

! 

I =QmR  (which is only valid for steadily 
spreading fires) is important in developing an understanding of dynamic fire behaviour. 

The formulation of a model for the unsteady evolution of a line fire is then complete 
if a dependence of the spread-rate on the current intensity   

! 

R = R(I) is specified.  For 
suitable forms of the relation   

! 

R = R(I) unsteady evolutions towards stable steady spread 
rates as well as eruptive fire behaviour can be predicted (Dold and Zinoviev, 2009; Dold et 
al 2009, 2010; Dold 2010).  The core physical mechanism that drives these evolutions is the 
accumulation process that arises in accounting for the development of intensity through an 
integral over past spread rates. 

The model has also been shown here to generate surge and stall behaviour of a 
fireline, provided two further aspects are included in the formulation.  Firstly, the relation 
  

! 

R = R(I) needs to involve a bimodal form of dependence that is consistent with differing 
air flow fields around the fire at intensities below or above a critical intensity that divides 
plume dominated from wind dominated flow.  Secondly, the process of accumulation of 
intensity needs to involve an element of delay or bias towards later elapsed times after the 
moment of first flaming of any section of vegetation.  Provided the bias is large enough, 
oscillatory spread of the line fire arises, becoming more pronounced and even chaotic if the 
bias is sufficiently extreme. 

It should be noted that not all fuel beds and not all wind speeds would lead to the 
required properties to generate surge and stall behaviour.  The analysis in this article shows 
how the nature of the fuel bed and fire-wind interactions would need to translate into 
suitable spread rate and accumulation relations for generating the phenomenon.  More 
research is needed to gain a deeper insight into the way in which the wind and vegetation 
properties determine suitable conditions.  In particular detailed experimental study is 
needed to examine situations in the field that give rise to surge and stall behaviour. 
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