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Abstract
Purpose of Review  The behaviour of wildland fires, namely their free spreading nature, destructive energy fluxes and 
hazardous environment, make it a phenomenon difficult to study. Field experimental studies and occasional wildfire 
observations underpin our understanding of fire behaviour. We aim to present a global synthesis of field-based studies in 
forest and shrublands fuel types published since 2003 with a focus on the most commonly measured fire behaviour attributes, 
namely rate of fire spread, ignition and spread sustainability, flame characteristics, fuel consumption and spotting behaviour.
Recent Findings  We present a synthesis of measured fire behaviour data collected in field experiments and wildfire environ-
ments encompassing the last two decades. We discuss the effect of a lack of standardised experimental methodologies in field 
studies, which has inhibited our quantitative understanding of the physical drivers of fire behaviour. The application of new 
fire environment and behaviour measuring sensors and methods offer opportunities for more comprehensive descriptions of 
fire spread characteristics, particularly when applied to wildfire events, to better capture scale dependent phenomena that do 
not occur at smaller experimental scales.
Summary  Fire behaviour data collected in field experiments and wildfires form the foundation of our quantitative 
understanding of fire dynamics. These data are used in the development and evaluation of predictive models with operational 
and scientific applications. We provide a broad synthesis of existing field-based studies in forest and shrubland ecosystems 
and discuss their limitations and needs for future research.

Keywords  Experimental fires · Rate of fire spread · Fire spread sustainability · Flame characteristics · Fuel consumption · 
Spotting · Integrated fire-behaviour measurements · Fuel types

Introduction

A wildland fire has three basic characteristics, namely it 
spreads, it consumes fuel, and it produces heat energy in 
a visible flaming combustion reaction. Understanding of 
wildland fire behaviour [1], namely its response to changes 
in environmental conditions and links with fire effects, is 
necessary to better mitigate and manage a fire’s impacts in 
regard to ecological and human values. Nonetheless, wild-
land fire is a poorly understood and complex phenomenon 
incorporating chemical, physical, and biological processes. 
The mechanisms influencing how a fire consumes biomass 
and propagates occur over a broad range of spatial and tem-
poral scales, from millimetres to kilometres and from sec-
onds to hours, respectively [2], and are obviously difficult to 
measure and model comprehensively.

The collection of data from fires burning in wildlands 
fuels, be it from wildfires or, more commonly, smaller 
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field-scale experimental fires and operational prescribed 
burns, is necessary to improve our understanding of wild-
land fire dynamics and development of models with opera-
tional and research applications. Modelling of wildland fire 
behaviour can be seen as following two apparently contrast-
ing approaches: (1) a so-called ‘empirical’ approach where 
statistical methods are applied to observational fire behav-
iour data to develop simple analytical descriptions of certain 
fire attributes such as rate of fire spread or flame size; or (2) 
a ‘physical’, or process-based approach, where the developed 
models are based on fundamental relations derived from first 
principles of one or more processes assumed to drive fire 
behaviour, such as mass and energy conservation, combus-
tion chemistry, fluid flow and heat transfer processes [3, 4].

The empirical approach has enabled the development 
of robust predictive models [5–7] that have been used to 
support a broad range of fire management decision making, 
from prescribed fire planning [8, 9], to supporting wildfire 
suppression and the issuing of public warnings [10]. How-
ever, these models are generally unable to give insight into 
the complex processes driving fire propagation, such as 
how different fuel layers affect overall wildfire propagation 
or the relative roles of radiative versus convective heating. 
The empirical modelling approach produces models that are 
specific to a particular fire behaviour attribute for a specific 
set of conditions (e.g. fuel type, prevailing weather, etc.). In 
contrast, physical models are able to provide a more holistic 
description of the fire behaviour processes and aim to pro-
vide insight into the mechanisms determining what a fire 
does and how it does it (e.g [4, 11, 12]). However, the physi-
cal modelling approach has not received widespread accept-
ance in operational applications, due to a number of factors 
including computational and data requirements, organiza-
tional support and training, and an overall lack of practition-
ers’ exposure to these models. The recent development of 
simplified or reduced process-based models that can run in 
near real-time have shown promise for operational use [13, 
14].These tools are still early in their development and not 
widely supported or used outside of research applications.

The empirical and physical modelling approaches should 
not be viewed as mutually exclusive, and often successful 
modelling combines elements of both the empirical and 
physical approaches (e.g [15]). ; see reviews in [16–18] and 
a timeless discussion on the “two solitudes” by C. E. Van 
Wagner [19].

The use of purposely designed outdoor experimental fire 
behaviour studies or opportunistic study of appropriate opera-
tional prescribed burns have been the main sources of fire 
behaviour data aimed at measuring fire characteristics and 
impacts in as realistic a setting as possible. This approach 
can be traced to the earliest scientific research of wildland fire 
behaviour [1]. Independently of the fire source type, experi-
mental versus prescribed burns, these types of fires have been 

used to collect data for a multitude of purposes, reflecting 
the often multi-disciplinary nature of modern wildland fire 
research. Ignition likelihood [20, 21], flame front propagation 
[22, 23], flame characteristics ( [24], energy fluxes [25–27], 
smoke emissions [28, 29], firebrand transport ( [30, 31], fuel 
consumption [32, 33], instrument calibration [34–36], testing 
personal protection equipment [37], quantifying the effective-
ness of fire retardants [38] and fuel treatments [39], and meas-
uring direct and indirect fire effects [40–42], are just a few 
examples of research subjects studied under field conditions.

In this synthesis we present and discuss studies published 
in the past two decades that focus on the collection of field-
scale fire behaviour data, and associated model development 
and evaluation, with a focus on forest and shrubland veg-
etation. In presenting published work, we separate experi-
ments into two main approaches. One approach emphasizes 
data collection across a large number of fires over a range 
of weather conditions [23, 43, 44]. This approach has been 
the primary approach utilised for much of the empirical, 
management oriented, fire behaviour research in countries 
such as Australia and Canada. A second approach aimed at 
intensive measurement of fundamental properties of a flame 
front and the surrounding environment (e.g [29]). , typically 
relies on a small, but highly instrumented, number of experi-
ments [45, 46] and aim to link data collection methods to 
the development, calibration and evaluation of a range of 
fire behaviour and effects models. We review these types 
of studies in the first two sections of this article. We also 
provide a summary of global fire behaviour data collected 
and published. Finally, we discuss some pertinent aspects 
related to experimental data and the role of wildfire data 
in improving our understanding of scale dependent wildfire 
behaviour phenomena.

Field‑scale Fire Behaviour Observations and Models

Field-based fire behaviour research in experimental and 
wildfires form the basis of much of our knowledge of wild-
land fire dynamics [1, 18, 47, 48]. This research has focused 
on a number of fire behaviour characteristics, namely the 
ignition and sustainability of fire propagation, fire accel-
eration up to pseudo steady state, fire front movement, i.e., 
rate of spread, and features of the flaming zone, i.e., energy 
release, residence time, flame size and angle, fuel consump-
tion and other phenomena such as the occurrence of second-
ary fires, i.e., spot fires. The focus on these variables stems 
from their relationship with fire effects and relevance in sup-
porting fire management activities such as suppression and 
issuing of warnings.

In reviewing published work, we constrained our analy-
sis to studies published over the last two decades that con-
tained at least 10 independent fire experiments or observa-
tions, ensuring a level of replication from which reliable 
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understanding of fire dynamics can be extracted. For earlier 
reviews see [18, 48–51].

Rate of Fire Spread

The rate of fire spread, or the speed a flame front moves, 
is the most widely studied fire behaviour quantity [47]. Its 
importance stems from the free spreading nature of the flame 
front in a wildfire, where knowledge of how a wildfire grows 
across the landscape is needed to plan suppression actions 
and ensure the safety of fire fighters and the general popula-
tion. This speed also determines how much of the available 
fine fuel is involved in combustion per unit time, which then 
determines important energy release metrics, such as the 
widely used Byram’s fireline intensity [52, 53], and a large 
array of subsequent fire effects [39].

We identified 48 studies focusing on collecting field-
based rate of fire spread data (Table 1). The overarching 
objective of these studies was to understand the effect of 
environmental variables on the forward spread rate of the 
fire, with a few studies describing also flank and back-fire 
propagation. Methods to measure the movement of the flam-
ing front varied, from ocular estimates by observers on the 
ground [e.g. 30, 54] to the use of visual and infra-red (IR) 
imagery from aircraft [55] or unmanned aerial vehicles [56]. 
Most studies considered solely time of one-dimensional 
propagation between two known points. Detailed measure-
ments incorporating the shape of the fire and the detailed 
variation of rate of spread in time and space are seldom 
conducted or described in experimental burn programs with 
a substantial number of fire replicates.

It is worth noting the developing trend of studies that 
publish their collected experimental and wildfire data [e.g. 7, 
59, 60], which then have then been used by other researchers 
in developing new models [e.g. 61], calibrating existing ones 
[e.g. 13, 62] or adjusting inputs [e.g. 63,64], or testing novel 
modelling approaches, such as genetic algorithm optimisa-
tion [e.g. 64], neural networks [e.g. 65] and other machine 
learning methods [66]. Such published data have also been 
used to independently evaluate new and existing empirical 
and process-based models [e.g. 61, 67,68].

Ignition Success and Fire Spread Sustainability

The understanding of the conditions that allow (1) an 
ignition source to successfully ignite a fuel bed and (2) a 
flame front to self-sustain its propagation in a fuel layer 
(e.g., duff, litter, canopy) are rather important, but poorly 
understood and seldom studied, processes. Ignition of 
fuels and flame propagation can be simply idealised as a 
balance between the energy released by combustion and 
transported to the unburned fuel and the energy neces-
sary to ignite these fuels. If the energy impinging in the 

unburned fuels is not enough to ignite them and maintain 
a self-sustained process, the flame front will self-extin-
guish. The understanding of fire dynamics under marginal 
burning states [69] and knowledge of the required envi-
ronmental conditions that allow for sustained flame front 
propagation are necessary to determine fire spread in less 
than optimum burning conditions, such as those associated 
with high fuel moisture contents during prescribed burn 
operations or during overnight lulls in wildfire activity [7]. 
This is also relevant when considering fire propagation 
in horizontally or vertically discontinuous fuel complexes 
such as found in semi-arid environments [70-72] or where 
vertical fire propagation, such as crowning, occurs [73]. 
Here we consider the sustainability of a spreading flame 
front, either as a surface fire, i.e., consuming litter and 
understorey vegetation, or a crown fire, i.e., involving sur-
face and crown fuels [74]. 

Often the distinction between ignition success and fire 
spread sustainability is not clearly defined. We found a 
total of 13 field-based studies (Table 2) investigating the 
threshold conditions defining ignition success and surface 
fire spread sustainability (also known as go/ no-go condi-
tions), with the data distributed mostly in shrublands (n = 5 
studies) and forests (n = 8). The different ignition types 
(i.e., point vs. line), sizes of the experiment, and vegetation 
characteristics, meant that the definition of fire spread sus-
tainability varied significantly between studies. Most of the 
studies in forests relied on smaller scale experiments, with 
sustained flame front propagation declared if an experiment 
spread over a short period of time, typically less than 5 min 
[75, 76] or a distance (varying between 1.5 m [77, 78] and 
30 m [75]. Experiments in shrublands tended be larger (fire 
runs 10–20 m) to integrate some of the natural variability 
in fuel structure and continuity [79, 80]. In discontinuous 
semi-arid shrub fuels, Cruz et al. [81] defined sustainable 
spread to occur after a 50 m wide ignition line spread over 
75 m after realising that some fires were self-extinguishing 
after spreading 35–50 m. The higher the fuel discontinuity, 
the larger the plot size requirements to ensure propagation 
encompasses the heterogeneous nature of fuel and the results 
are not biased towards sustained fire propagation.

Modelling fire spread sustainability has mostly relied on 
multiple logistic regression analysis [76, 77] and its varia-
tions [e.g. 79], although other statistical approaches, such 
as structural equation models [78], regression trees [82], 
and machine learning [83] have also been used. Dead fuel 
moisture content, or its primary drivers air temperature and 
relative humidity, has been often identified as the main con-
troller of fire spread sustainability. Wind speed and a fuel 
structure descriptor have also been found in some studies as 
significant variables. Lack of wind and fuel variability in the 
datasets often precluded the identification of these variables 
as significant in the process being analysed [e.g.79, 80].
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 c
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r f
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l d
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 c
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 p
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 d
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 d
ev

el
op

 fu
el

 m
od

el
s f

or
 th

e 
Ro

th
er

-
m

el
 [1

5]
 m

od
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 m
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 m
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 c
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 c
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 p
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r f
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 c
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 p
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 m
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 c
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 c
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ra
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 re
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l f
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 p

oi
nt

 ig
ni

tio
n 

at
 th

e 
ce

nt
re

 
of

 th
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f f
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 c
on

di
tio

ns
 w

er
e 

fo
un

d 
to

 b
e 

co
rr

el
at

ed
 

w
ith

 w
in

d 
sp

ee
d,

 fu
el

 b
ed

 d
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l. 

[2
10

]; 
to

 e
va

lu
at

e 
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 m
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s p
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r p
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 p
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s c
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 m
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 o
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 m
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. D
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 p
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r d
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r m
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 m
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at
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) d

at
a.

 R
 ra

ng
e:

 2
.5

–1
75

 m
 

m
in

−
1 .

M
od

el
 fo

r f
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ild
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 u
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 o
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fin
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 fu
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 c
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od
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 c
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 u
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 d
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]; 

to
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e 
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ad
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te
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f w
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 lo
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e 
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 c
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y 
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 b

ee
tle

, B
rit

is
h 

C
ol

um
bi

a,
 C

an
ad

a.

D
at

a 
fro

m
 e

xp
er

im
en

ta
l (

n =
 2)

 a
nd

 w
ild

fir
e 

(n
 =

 14
) c
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e.

 O
ns

et
 o

f 
cr

ow
n 
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 c
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 m
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 d
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 p
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r p
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 d
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 p
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 b
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 p
re

sc
rib

ed
 

bu
rn

in
g 

co
nd

iti
on

s i
n 

Eu
ca

ly
pt

us
 u

ro
gr

an
di

s p
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 p
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 p
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 p
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 b
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l l
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 m
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 d
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e 

op
en

 w
in

d 
sp

ee
d.

D
at

a 
fro

m
 w

ild
fir

e 
da

ta
se

ts
 (n

 =
 11

8)
 in

 sh
ru

bl
an

ds
 [7

], 
A

us
tra

lia
n 

eu
ca

ly
pt

 [6
0]

 a
nd

 N
or

th
 A

m
er

ic
an

 c
on

ife
r 

[1
88

] f
or

es
ts

. R
 ra

ng
e:

 4
.8

–1
75

 m
 m

in
−

1 .

A
 si

m
pl

e 
ap

pr
ox

im
at

io
n 

of
 fo

rw
ar

d 
w

ild
fir

e 
ra

te
 o

f 
sp

re
ad

 w
as

 p
ro

po
se

d 
as

 1
0%

 o
f w

in
d 

sp
ee

d;
 th

is
 

ap
pr

ox
im

at
io

n 
is

 o
nl

y 
ap

pl
ic

ab
le

 fo
r d

ry
 (d

ea
d 

fu
el

 
m

oi
stu

re
 <

 7%
) a

nd
 w

in
dy

 (1
0-

m
 o

pe
n 

w
in

d >
 30

 k
m

 
h−

1 ) c
on

di
tio

ns
.

N
o

Fe
rn

an
de

s e
t a

l. 
[1

81
]; 

to
 p

ro
vi

de
 a

n 
ov

er
al

l w
or

ld
w

id
e 

pi
ct

ur
e 

of
 fi

re
 b

eh
av

io
ur

 c
ha

ra
ct

er
ist

ic
s, 

pa
tte

rn
s a

nd
 

dr
iv

er
s.

D
at

a 
fro

m
 p

ub
lis

he
d 

stu
di

es
 in

cl
ud

in
g 

ab
ou

t 6
00

0 
fir

e 
be

ha
vi

ou
r e

nt
rie

s.
St

ud
y 

de
sc

rib
in

g 
BO

N
FI

R
E 

pr
oj

ec
t o

bj
ec

tiv
es

 a
nd

 m
et

h-
od

ol
og

y.
 S

om
e 

ex
pl

or
at

or
y 

da
ta

 a
na

ly
si

s c
on

du
ct

ed
, 

na
m

el
y 

ex
am

in
at

io
n 

of
 d

at
a 

by
 c

ou
nt

ry
, c

lim
at

e,
 b

io
m

e 
an

d 
fu

el
 c

om
pl

ex
 c

at
eg

or
ie

s.

N
o

C
ru

z 
et

 a
l. 

[2
14

]; 
to

 e
va

lu
at

e 
th

e 
pr

ed
ic

tiv
e 

ab
ili

ty
 o

f t
he

 
10

%
 ru

le
 o

f t
hu

m
b 

[2
13

] a
ga

in
st 

in
de

pe
nd

en
t w

ild
fir

e 
da

ta
se

ts
.

W
ild

fir
e 

R
 d

at
as

et
 fr

om
 [2

11
] (

n =
 61

) a
nd

 [1
81

] (
n =

 57
); 

R
 ra

ng
e:

 9
.1

–2
08

 m
 m

in
−

1 .
Th

e 
ru

le
 o

f t
hu

m
b 

w
as

 sh
ow

n 
to

 w
or

k 
w

el
l f

or
 h

ei
gh

t-
en

ed
 fi

re
 d

an
ge

r c
on

di
tio

ns
, w

ith
 e

rr
or

s c
om

pa
ra

bl
e 

to
 o

th
er

 m
od

el
 e

va
lu

at
io

n 
stu

di
es

 b
as

ed
 o

n 
w

ild
fir

e 
da

ta
. T

he
 re

su
lts

 sh
ow

ed
 th

at
 th

e 
co

nd
iti

on
s w

he
re

 th
e 

ru
le

 o
f t

hu
m

b 
w

or
ke

d 
be

st 
w

er
e 

m
or

e 
re

str
ic

te
d 

th
an

 
or

ig
in

al
ly

 th
ou

gh
t.

N
o

St
or

ey
 e

t a
l. 

[1
94

]; 
to

 e
xp

lo
re

 th
e 

us
e 

of
 a

 B
ay

es
ia

n 
ap

pr
oa

ch
 to

 m
od

el
lin

g 
R

 fo
r A

us
tra

lia
n 

eu
ca

ly
pt

 
fo

re
sts

.

D
at

a 
(n

 =
 22

3)
 fr

om
 w

ild
fir

e 
ob

se
rv

at
io

ns
; R

 ra
ng

e:
 

4.
8–

15
3 

m
 m

in
−

1 .
B

ay
es

ia
n 

m
od

el
lin

g 
ap

pr
oa

ch
 u

se
d 

to
 d

es
cr

ib
e 

w
ild

fir
e 

R
. 

B
es

t m
od

el
 in

cl
ud

ed
 w

in
d 

sp
ee

d,
 re

la
tiv

e 
hu

m
id

ity
 a

nd
 

so
il 

m
oi

stu
re

 (w
ea

k 
eff

ec
t).

 A
 m

od
el

 b
as

ed
 o

n 
th

e 
A

us
-

tra
lia

n 
Fo

re
st 

Fi
re

 D
an

ge
r I

nd
ex

 [1
60

] i
s a

ls
o 

pr
op

os
ed

.

N
o
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fir

e 
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od
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r d
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al
yp

t f
or

es
t o

f s
ou

th
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.
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7 
ex
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30
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 w
ild
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es
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ed
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r m
od

el
 d

ev
el
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t; 

R
 v

ar
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ng
 b

et
w

ee
n 

0.
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an
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m

 m
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od
el

 e
va

lu
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n 
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ep

en
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en
t e

xp
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im
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l fi
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s (
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])
 a

nd
 w

ild
fir

e 
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(n
 =

 90
; [

21
1,

 2
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])
 d

at
a.

 R
 ra

ng
e:

 0
.8

–1
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 m
 m

in
−

1 .

M
od

el
 fo

r t
he

 sp
re

ad
 ra

te
 o

f w
ild

fir
es

 u
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ro

ad
 

ra
ng
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ng

 c
on

di
tio

ns
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ke
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nt
o 
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id
er

at
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n 
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nt
 p

ro
pa

ga
tio

n 
st
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es

 (l
ow

, m
od

er
at

e 
to
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ig

h,
 

ve
ry

 h
ig

h 
in

te
ns
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). 

Va
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bl
es

 fo
un

d 
to

 in
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en
ce

 fi
re

 
pr

op
ag

at
io

n 
w

er
e 

10
-m

 o
pe

n 
w

in
d 

sp
ee

d 
an

d 
a 

w
in

d 
re

du
ct

io
n 

fa
ct

or
, fi

ne
 d

ea
d 

fu
el

 m
oi

stu
re

 c
on

te
nt

, 
su

rfa
ce

 fu
el

 lo
ad

 a
nd

 u
nd

er
sto

re
y 

sh
ru

b 
fu

el
 h

ei
gh

t, 
dr

ou
gh

t f
ac

to
r a

nd
 sl

op
e 

ste
ep

ne
ss

. M
od

el
 e

va
lu

at
ed

 
ag

ai
ns

t i
nd

ep
en

de
nt

 d
at

a 
an

d 
er

ro
r c

ha
ra

ct
er

is
ed

 a
lo

ng
 

a 
sp
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tru

m
 o

f b
ur

ni
ng

 c
on

di
tio

ns
.

N
o

C
ar

di
l e

t a
l. 

[5
6]

; t
o 

as
se

ss
 th

e 
pe

rfo
rm

an
ce

 o
f fi

re
 sp

re
ad

 
m

od
el

s i
m

pl
em

en
te

d 
in

 a
 sp

at
ia

l w
ild

fir
e 

si
m

ul
at

or
 

ag
ai

ns
t w

ild
fir

e 
da

ta
.

D
at

a 
fro

m
 w

ild
fir

e 
ob

se
rv

at
io

ns
 (n

 =
 18
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); 

ob
se

rv
ed

 R
 

up
 to

 4
8 

m
 m

in
−

1 ; u
nk

no
w

n 
nu

m
be

r o
f fi

re
s i

n 
fo

re
st 

fu
el

 ty
pe

s.

Ev
al

ua
tio

n 
of

 th
e 

W
ild

fir
e 

A
na

ly
st 

En
te

rp
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e 
(W

FA
-e

) 
m

od
el

lin
g 

fr
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ew
or

k 
ag

ai
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t w
ild

fir
e 

ob
se

rv
at

io
ns

. 
Fu

el
 a

nd
 w

ea
th

er
 in

pu
t d

at
a 

or
ig

in
at

ed
 fr

om
 m
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hi

ne
 

le
ar

ni
ng

 m
et

ho
ds

 a
nd

 W
ea

th
er

 R
es

ea
rc

h 
an

d 
Fo

re
ca

st 
m

od
el

, r
es

pe
ct

iv
el

y.
 G

en
er

al
 d

es
cr

ip
tio

n 
of

 e
rr

or
 g

iv
en

 
by

 b
ro

ad
 fu

el
 ty

pe
s. 

Id
en

tifi
ca

tio
n 

of
 fu

el
 ty

pe
s w

ith
 

hi
gh

er
 e

rr
or

.

N
o

K
uc

uk
 a

nd
 S

ev
in

c 
[6

6]
; t

o 
in

ve
sti

ga
te

 th
e 

ap
pl

ic
at

io
n 

of
 

m
ac

hi
ne

 le
ar

ni
ng

 m
et

ho
ds

 fo
r t

he
 p

re
di

ct
io

n 
of

 su
rfa

ce
 

R
 in

 P
in

us
 n

ig
ra

 st
an

ds
 in

 T
ur

ke
y.

D
at

a 
fro

m
 3

3 
sm

al
l s

ca
le

 e
xp

er
im

en
ts

 (1
 ×

 1,
 3

, a
nd

 5
 m

). 
N

o 
de

ta
ils

 o
n 

da
ta

 d
ist

rib
ut

io
n 

pr
ov

id
ed

. S
ee

 [1
51

] f
or

 
m

et
ho

ds
.

N
eu

ra
l n

et
w

or
k 

an
d 

de
ci

si
on

 tr
ee

 m
od

el
s u

se
d 

to
 m

od
el

 
ra

te
 o
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re

 sp
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ad
. W

ei
gh

t o
f e

xp
la

na
to

ry
 v

ar
ia

bl
es

 
fo

un
d 

to
 b

e 
de

pe
nd

en
t o

n 
th

e 
m

od
el

lin
g 

ap
pr

oa
ch

. A
rti

-
fic

ia
l N

eu
ra

l N
et

w
or

k 
ap

pr
oa

ch
 su

pe
rio

r t
o 

D
ec

is
io

n 
Tr

ee
 m

et
ho

d.

N
o

Sh
ru

bl
an

ds
B

ilg
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 a
nd

 S
ag

la
m

 [5
9]

; t
o 

ga
th

er
 fi

re
 b

eh
av

io
ur

 d
at

a 
in

 
m

aq
ui

s f
ue

ls
 o

f s
ou

th
w

es
te

rn
 T

ur
ke

y.
Ex

pe
rim

en
ta

l fi
re

s (
n =

 25
) i

n 
pl

ot
s 2

0 
(W

) x
 3

0 
(L

) m
. R

 
ra

ng
e:

 0
.8

–8
.9

 m
 m

in
−

1 .
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ud
y 

fo
un

d 
w

in
d 

sp
ee

d 
an

d 
se

ve
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l f
ue

l v
ar
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bl

es
, 

na
m

el
y 

ve
ge

ta
tio

n 
co

ve
r, 

fu
el

 lo
ad

 a
nd

 v
eg

et
at

io
n 

he
ig

ht
, t

o 
be

 si
gn

ifi
ca

nt
ly

 c
or

re
la

te
d 

w
ith

 R
. L

in
ea

r 
re

gr
es

si
on

 m
od

el
s c

om
bi

ni
ng

 th
es

e 
va

ria
bl

es
 d

ev
el

op
ed

 
fo

r R
.

Ye
s

D
av

ie
s [
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]; 

to
 d

es
cr

ib
e 

th
e 

re
la

tio
ns

hi
ps

 b
et

w
ee

n 
fir

e 
be

ha
vi

ou
r a

nd
 fu

el
 a

nd
 w

ea
th

er
 c

on
di

tio
ns

 in
 C

al
lu

na
 

vu
lg

ar
is

 m
oo

rla
nd

s, 
no

rth
-e

as
t S

co
tla

nd
.

Ex
pe

rim
en

ta
l b

ur
ns

 (n
 =

 14
) i

n 
pl

ot
s 1

5 
(W

) x
 2

0 
(L

) m
. 

R
 ra

ng
e:
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.0

–1
2.

6 
m

 m
in

−
1 .
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la

tio
ns

hi
ps

 b
et

w
ee

n 
R

 a
nd

 w
in

d 
sp

ee
d 

fo
r d

iff
er

en
t 

fu
el
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ru

ct
ur

es
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 d
is

cu
ss

ed
. M

od
el

 fo
r R

 b
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ed
 o

n 
fu

el
 

he
ig

ht
 a

nd
 w

in
d 

sp
ee

d 
pr

op
os

ed
 a

nd
 e

va
lu

at
ed

 a
ga

in
st 

in
de

pe
nd

en
t d

at
a.

Ye
s

Ve
ga

 e
t a

l. 
[1

71
]; 

to
 c

ol
le

ct
 fi

re
 b

eh
av

io
ur

 d
at

a 
ai

m
ed

 a
t 

be
tte

r m
od

el
lin

g 
fir

e 
pr

op
ag

at
io

n 
in

 Ib
er

ia
n 

Pe
ni

ns
ul

a 
sh

ru
bl

an
ds

.

Fi
re

 sp
re

ad
 o

bs
er

va
tio

ns
 (n

 =
 79

) f
ro

m
 se

ve
ra

l fi
el

d 
ca

m
-

pa
ig

ns
, e

xt
en

di
ng

 o
ve

r 1
6 

ex
pe

rim
en

ta
l a

re
as

. R
 ra

ng
e:

 
1.

4–
27

.1
 m

 m
in

−
1 .

Eff
ec

t o
f e

nv
iro

nm
en

ta
l v

ar
ia

bl
es

 q
ua

nt
ifi

ed
 th

ro
ug

h 
a 

m
od

el
lin

g 
ap

pr
oa

ch
. W

in
d 

sp
ee

d 
an

d 
sl

op
e 

fo
un

d 
to

 b
e 

si
gn

ifi
ca

nt
 v

ar
ia

bl
es

 c
on

tro
lli

ng
 fi

re
 sp

re
ad

 ra
te

.

N
o

A
sc

ol
i e

t a
l. 

[2
16

]; 
to

 u
nd

er
st

an
d 

th
e 

eff
ec

t o
f f

ue
l l

oa
d 

an
d 

R
 o

n 
fir

e 
su

pp
re

ss
ib

ili
ty

 in
 sh

ru
b 

fu
el

s, 
Ita

ly
.

D
at

a 
fro

m
 2

2 
ex

pe
rim

en
ta

l fi
re

s w
ith

 v
ar

ia
bl

e 
si

ze
 (2

5 
to

 
50

 ig
ni

tio
n 

lin
e 

le
ng

th
s)

. R
 ra

ng
e:

 0
.4

–1
7.

9 
m

 m
in

−
1 .

D
es

cr
ip

tiv
e 

an
al

ys
is

 o
f R

.
Ye

s

Le
gg

 e
t a

l. 
[2

17
]; 

un
de

rs
ta

nd
 k

ey
 fa

ct
or

s c
on

tro
lli

ng
 v

ar
i-

at
io

n 
in

 fi
re

 b
eh

av
io

ur
 in

 C
al

lu
na

 v
ul

ga
ri

s m
oo

rla
nd

s, 
no

rth
-e

as
t S

co
tla

nd
.

N
in

e 
ex

pe
rim

en
ta

l fi
re

s i
n 

20
 ×

 20
 m

 p
lo

ts
, e

xt
en

di
ng

 
[5

8]
 d

at
as

et
. R

 ra
ng

e:
 0

.0
–1

2.
6 

m
 m

in
−

1 .
A

na
ly

si
s o

f m
os

t i
nfl

ue
nt

ia
l f

ac
to

rs
 d

riv
in

g 
fir

e 
pr

op
ag
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tio

n 
in

 th
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 fu
el

 ty
pe

. M
od

el
 o

f r
at

e 
of

 fi
re

 sp
re

ad
 u

nd
er

 
pr

es
cr

ib
ed

 b
ur

ni
ng

 c
on

di
tio

ns
 d

ev
el

op
ed

 w
ith

 d
at

a 
fro

m
 th

is
 st

ud
y 

pl
us

 [5
8]

, w
ith

 w
in

d 
sp

ee
d,

 fu
el

 h
ei

gh
t 

an
d 

liv
e 

fu
el

 m
oi

stu
re

 b
ei

ng
 m

os
t r

el
ev

an
t v

ar
ia

bl
es

. 
M

od
el

 e
va

lu
at

ed
 a

ga
in

st 
in

de
pe

nd
en

t d
at

a.

Ye
s
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at
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in

 sh
ru

bl
an

ds
, 

Tu
rk

ey
.

Ex
pe

rim
en

ta
l fi

re
s (

n =
 17

) i
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 c
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de
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e 
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r c
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is

-
tic
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n 
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er
 c
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Only a few experimental field studies were found that 
dealt with the likelihood of crown fire activity. For conifer 
forests, the studies identified [84, 85] were based on exist-
ing data from historical experimental burn programs [e.g. 
5, 86,87, 88]. Combining data from different published 
studies gives a modelling dataset with a wider range of 
fuel and weather conditions that better quantifies the effect 
of environmental variables on fire processes. The onset of 
crowning in Australian semi-arid eucalypt shrublands has 
also been modelled by combining distinct datasets [81, 
83, 89].

Flame Zone Characteristics

Knowledge of flame characteristics in free spreading fires 
is needed to understand and estimate impacts of fire on 
ecosystem components [90], suppression difficulty [91], 
radiation exposure [92, 93], and to drive the development 
of more complex models of fire propagation [94, 95]. 
Flame dimensions and geometry, such as flame height, 
angle, and depth, are the most commonly observed flame 
front characteristics in fire behaviour experiments [96]. 
We identified 17 studies measuring and modelling flame 
dimensions in experimental fires (Table 3). These stud-
ies, seven in shrubland fuel types and seven in eucalypt 
and pine forests, covered a broad range of fireline intensi-
ties and flame sizes, ranging from low intensity back-fires 
with flame heights of 0.1 m to high intensity intermittent 
crowning fires with flame heights up to 14 m. It is worth 
noting that flame dimensions are often visually estimated 
during experiments or from photographic or video record-
ings [96]. The transient nature of flame characteristics and 
the lack of defined and accepted measuring methods leads 
to high uncertainty in the measurements [97, 98] and lack 
of consistency when comparing studies relating flame 
dimensions with other fire behaviour quantities and effects 
[48]. Often the characterization of flame dimensions is not 
the main aim of the study, with these characteristics being 
a secondary data type that is often obtained opportunisti-
cally. Its modelling is also often just a minor element in 
a publication with little detail provided on methods and 
analysis [e.g. 7, 54,60].

Detailed measurement of other flame properties, such 
as its temperature as it varies in time and space, radiative 
properties, and fluid flow velocities are seldom measured 
in experimental burn programs with a substantial number 
of fire replicates. This is primarily due to the difficulties in 
obtaining such measurements in free-spreading fires and the 
onerous nature of such measurements. Detailed measure-
ments of flame properties tend to be conducted in multidis-
ciplinary data measurement campaigns aimed at collecting 
fundamental energy transfer data [90]. Of note, in two of the Ta
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ev
el

op
 m

od
el

 o
f c

ro
w

n 
fir

e 
oc

cu
rr

en
ce

 in
 b

or
ea

l f
or

es
t u

si
ng

 C
an

ad
ia

n 
Fo

re
st 

Fi
re

 W
ea

th
er

 In
de

x 
(F

W
I)

 sy
ste

m
 c

om
po

ne
nt

s 
[2

12
].

D
at

a 
(n

 =
 63

) f
ro

m
 st

ud
ie

s c
ar

rie
d 

ou
t i

n 
C

an
ad

a 
en

co
m

-
pa

ss
in

g 
se

ve
ra

l d
iff

er
en

t f
or

es
t s

ta
nd

 ty
pe

s a
nd

 a
 w

id
e 

ra
ng

e 
of

 fu
el

 c
om

pl
ex

 st
ru

ct
ur

es
. D

at
a 

is
 su

bs
et

 o
f F

B
P 

Sy
ste

m
 d

at
as

et
 [5

]. 
D

at
a 

gi
ve

n 
in

 [2
06

].

D
ev

el
op

ed
 d

iff
er

en
t m

od
el

s d
es

cr
ib

in
g 

th
e 

lik
el

ih
oo

d 
of

 
cr

ow
n 

fir
e 

oc
cu

rr
en

ce
 in

 C
an

ad
a 

bo
re

al
 fo

re
st 

fro
m

 c
an

op
y 

ba
se

 h
ei

gh
t, 

10
-m

 o
pe

n 
w

in
d 

sp
ee

d,
 a

nd
 fo

ur
 c

om
po

ne
nt

s o
f 

th
e 

C
an

ad
ia

n 
FW

I S
ys

te
m

 [2
12

]: 
Fi

ne
 F

ue
l M

oi
stu

re
 C

od
e,

 
D

ro
ug

ht
 C

od
e,

 In
iti

al
 S

pr
ea

d 
In

de
x 

an
d 

B
ui

ld
up

 In
de

x.
 

M
od

el
s e

va
lu

at
ed

 a
ga

in
st 

in
de

pe
nd

en
t d

at
a 

[2
2,

 2
33

].

N
o

C
ru

z 
et

 a
l. 

[8
5]

; t
o 

de
ve

lo
p 

m
od

el
 o

f c
ro

w
n 

fir
e 

oc
cu

rr
en

ce
 b

as
ed

 o
n 

en
vi

ro
nm

en
ta

l v
ar

ia
bl

es
.

D
at

a 
(n

 =
 71

) f
ro

m
 o

ut
do

or
 e

xp
er

im
en

ta
l fi

re
s i

n 
C

an
ad

a,
 

A
us

tra
lia

 a
nd

 P
or

tu
ga

l. 
D

at
a 

gi
ve

n 
in

 [2
06

].
Lo

gi
sti

c 
re

gr
es

si
on

 a
na

ly
si

s u
se

d 
to

 d
ev

el
op

 m
od

el
 fo

r t
he

 
lik

el
ih

oo
d 

of
 c

ro
w

n 
fir

e 
oc

cu
rr

en
ce

 b
as

ed
 o

n 
10

-m
 o

pe
n 

w
in

d 
sp

ee
d,

 fu
el

 st
ra

ta
 g

ap
, e

sti
m

at
ed

 m
oi

stu
re

 c
on

te
nt

 o
f 

fin
e 

de
ad

 fu
el

s, 
su

rfa
ce

 fu
el

 c
on

su
m

pt
io

n.
 M

od
el

s e
va

lu
at

ed
 

ag
ai

ns
t i

nd
ep

en
de

nt
 d

at
a 

[2
2,

 2
33

].

N
o

Ta
ns

ka
ne

n 
et

 a
l. 

[7
5]

; t
o 

do
cu

m
en

t fi
re

 b
eh

av
io

ur
 

ch
ar

ac
te

ris
tic

s i
n 

so
ut

he
rn

 b
or

ea
l P

in
us

 sy
lv

es
tr

is
 

an
d 

Pi
ce

a 
ab

ie
s f

or
es

ts
 in

 F
in

la
nd

.

D
at

a 
fro

m
 e

xp
er

im
en

ta
l fi

re
s (

n =
 35

) i
n 

30
 ×

 30
 m

 p
lo

ts
. 

B
ur

n 
co

ve
r a

nd
 fi

re
 sp

re
ad

 su
st

ai
na

bi
lit

y 
es

tim
at

ed
.

M
od

el
 o

f b
ur

n 
su

cc
es

s s
ta

nd
s b

as
ed

 C
an

ad
ia

n 
FW

I S
ys

te
m

 
[2

12
] o

ut
pu

ts
 a

nd
 st

an
d 

ty
pe

.
Ye

s

B
ev

er
ly

 a
nd

 W
ot

to
n 

[2
0]

; t
o 

in
ve

sti
ga

te
 li

ke
lih

oo
d 

of
 su

st
ai

ne
d 

fla
m

in
g 

in
 b

or
ea

l f
or

es
t s

ur
fa

ce
 fu

el
s.

A
na

ly
si

s o
f h

ist
or

ic
al

 d
at

a 
on

 sm
al

l s
ca

le
 e

xp
er

im
en

ta
l 

fir
es

 (n
 =

 12
07

). 
Ig

ni
tio

n 
re

lie
d 

on
 u

se
 o

f h
ou

se
ho

ld
 

w
oo

de
n 

m
at

ch
 in

 c
on

ta
ct

 w
ith

 su
rfa

ce
 fu

el
s. 

Fi
re

s c
la

s-
si

fie
d 

as
 se

lf-
ex

tin
gu

is
he

d 
or

 se
lf-

su
st

ai
ne

d.

M
od

el
s f

or
 p

ro
ba

bi
lit

y 
of

 su
st

ai
ne

d 
fla

m
in

g 
pr

op
ag

at
io

n 
de

ve
lo

pe
d 

fo
r 1

0 
co

m
bi

na
tio

ns
 o

f f
ue

l t
yp

e 
an

d 
su

rfa
ce

 fu
el

 
fro

m
 th

e 
C

an
ad

ia
n 

FW
I S

ys
te

m
 [2

12
] c

om
po

ne
nt

s, 
de

ad
 

fu
el

 m
oi

stu
re

 c
on

te
nt

 a
nd

 re
la

tiv
e 

hu
m

id
ity

. F
in

e 
de

ad
 fu

el
 

m
oi

stu
re

 c
on

te
nt

 fo
un

d 
to

 b
e 

th
e 

m
os

t i
nfl

ue
nt

ia
l v

ar
ia

bl
e 

de
te

rm
in

in
g 

su
st

ai
ne

d 
fla

m
in

g.
Fe

rn
an

de
s e

t a
l. 

[7
6]

; t
o 

id
en

tif
y 

th
e 

en
vi

ro
nm

en
ta

l 
va

ria
bl

es
 d

et
er

m
in

in
g 

se
lf-

su
st

ai
ne

d 
pr

op
ag

at
io

n 
of

 a
 li

ne
 fi

re
 in

 m
ar

iti
m

e 
pi

ne
 st

an
ds

 o
f P

or
tu

ga
l; 

to
 d

ev
el

op
 p

re
di

ct
iv

e 
m

od
el

.

D
at

a 
fro

m
 2

65
 a

ss
es

sm
en

ts
 o

f fi
re

 sp
re

ad
 su

st
ai

na
bi

lit
y,

 
w

ith
 5

7 
co

rr
es

po
nd

in
g 

to
 n

on
-s

us
ta

in
ed

 p
ro

pa
ga

tio
n.

 
Fi

re
 si

ze
s r

an
ge

d 
fro

m
 fi

re
 su

st
ai

na
bi

lit
y 

tri
al

s w
ith

 2
 m

 
w

id
e 

lin
e 

fir
es

 to
 la

rg
er

 fi
re

 b
eh

av
io

ur
 e

xp
er

im
en

ts
 in

 
10

–1
5 

m
 w

id
e 

pl
ot

s.

D
ea

d 
fu

el
 m

oi
stu

re
 c

on
te

nt
, u

nd
er

sto
re

y 
w

ea
th

er
 m

ea
su

re
-

m
en

ts
 a

nd
 fu

el
 c

om
pl

ex
 d

es
cr

ip
to

rs
 h

ad
 si

gn
ifi

ca
nt

 in
flu

en
ce

 
on

 th
e 

pr
ob

ab
ili

ty
 o

f s
el

f-
su

st
ai

ne
d 

fir
e 

sp
re

ad
. L

og
ist

ic
 

re
gr

es
si

on
 a

na
ly

si
s u

se
d 

to
 m

od
el

 li
ke

lih
oo

d 
of

 fi
re

 sp
re

ad
, 

in
co

rp
or

at
in

g 
th

e 
eff

ec
t o

f d
ea

d 
fu

el
 m

oi
stu

re
 c

on
te

nt
, fi

re
 

sp
re

ad
 d

ire
ct

io
n 

(fo
rw

ar
d 

or
 b

ac
kw

ar
d)

, f
ue

l t
yp

e 
an

d 
am

bi
-

en
t t

em
pe

ra
tu

re
.

N
o

C
ru

z 
et

 a
l. 

[8
1]

; g
en

er
al

 st
ud

y 
ai

m
ed

 to
 d

ev
el

op
 

m
od

el
s d

es
cr

ib
in

g 
th

e 
eff

ec
t o

f f
ue

l a
nd

 w
ea

th
er

 
on

 fi
re

 b
eh

av
io

ur
 in

 S
ou

th
 A

us
tra

lia
 se

m
i-a

rid
 

eu
ca

ly
pt

 sh
ru

bl
an

ds
, A

us
tra

lia
.

D
at

a 
(n

 =
 67

) f
ro

m
 e

xp
er

im
en

ta
l fi

re
s a

nd
 o

pe
ra

tio
na

l 
pr

es
cr

ib
ed

 b
ur

ns
 w

ith
 li

ne
ar

 ig
ni

tio
n 

lin
es

 v
ar

yi
ng

 
be

tw
ee

n 
75

 to
 1

25
 m

. A
 to

ta
l o

f 3
4 

fir
es

 fa
ile

d 
to

 
sp

re
ad

.

A
 n

um
be

r o
f m

od
el

s w
ith

 d
iff

er
en

t f
ue

l s
tru

ct
ur

e 
va

ria
bl

es
 

de
ve

lo
pe

d 
fo

r t
he

 p
re

di
ct

io
n 

of
 fi

re
 sp

re
ad

 su
st

ai
na

bi
lit

y 
an

d 
cr

ow
n 

fir
e 

oc
cu

rr
en

ce
. D

ea
d 

fu
el

 m
oi

stu
re

 c
on

te
nt

 a
nd

 w
in

d 
sp

ee
d 

w
er

e 
th

e 
co

m
m

on
 v

ar
ia

bl
es

 a
cr

os
s a

ll 
m

od
el

s.

N
o
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Ta
bl

e 
2  

(c
on

tin
ue

d)

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
bl

is
he

d

A
nd

er
so

n 
an

d 
A

nd
er

so
n 

[7
9]

; t
o 

de
te

rm
in

e 
th

e 
va

ria
bl

es
 th

at
 a

ffe
ct

ed
 ig

ni
tio

n 
an

d 
su

st
ai

ne
d 

fir
e 

sp
re

ad
 in

 g
or

se
 (U

le
x 

eu
ro

pa
eu

s)
 st

an
ds

 in
 N

ew
 

Ze
al

an
d;

 to
 d

ev
el

op
 p

re
di

ct
iv

e 
m

od
el

.

D
at

a 
fro

m
 p

oi
nt

 ig
ni

tio
n 

(n
 =

 37
) a

nd
 sp

re
ad

 su
st

ai
na

bi
l-

ity
 (n

 =
 19

) e
xp

er
im

en
ts

. P
lo

ts
 v

ar
ie

d 
be

tw
ee

n 
7–

15
 m

 
(W

) x
 8

–2
4 

m
 (L

).

Pr
ob

ab
ili

ty
 o

f i
gn

iti
on

 a
nd

 su
st

ai
ne

d 
sp

re
ad

 m
od

el
le

d 
th

ro
ug

h 
or

di
na

l l
og

ist
ic

 re
gr

es
si

on
 fr

om
 th

e 
el

ev
at

ed
 d

ea
d 

fin
e 

fu
el

 
m

oi
stu

re
 c

on
te

nt
 a

lo
ne

. S
m

al
l n

um
be

r o
f fi

re
s, 

w
ith

 n
ot

e 
th

at
 “

Fu
rth

er
 in

ve
sti

ga
tio

n 
of

 th
e 

eff
ec

t o
f w

in
d 

sp
ee

d 
an

d 
ad

di
tio

na
l d

at
a 

co
lle

ct
io

n 
fro

m
 a

 g
re

at
er

 ra
ng

e 
of

 w
in

d 
an

d 
fu

el
 m

oi
stu

re
 c

on
di

tio
ns

 a
re

 n
ec

es
sa

ry
” 

[7
9]

.

N
o

D
av

ie
s a

nd
 L

eg
g 

[1
70

]; 
to

 d
et

er
m

in
e 

th
e 

ro
le

 o
f 

w
ea

th
er

 a
nd

 fu
el

 m
oi

stu
re

 in
 g

ov
er

ni
ng

 ig
ni

tio
n 

an
d 

su
st

ai
ne

d 
co

m
bu

sti
on

 o
f fi

re
s i

n 
C

al
lu

na
 

vu
lg

ar
is

 sh
ru

bl
an

ds
, S

co
tla

nd
.

D
at

a 
(n

 =
 20

) f
ro

m
 p

oi
nt

 a
nd

 li
ne

 ig
ni

tio
ns

 e
xp

er
im

en
ts

 
in

 2
 ×

 2 
m

 p
lo

ts
.

B
es

t m
od

el
 fo

r i
gn

iti
on

 a
nd

 su
st

ai
ne

d 
pr

op
ag

at
io

n 
ha

d 
a 

fu
el

 
m

oi
stu

re
 fa

ct
or

 c
om

pr
is

in
g 

th
e 

m
oi

stu
re

 c
on

te
nt

 o
f t

he
 

lo
w

er
 c

an
op

y 
an

d 
m

os
s/

lit
te

r l
ay

er
. R

es
ul

ts
 a

ls
o 

id
en

tif
y 

th
e 

pa
tc

hy
 b

eh
av

io
ur

 o
f g

oi
ng

 fi
re

s, 
lik

el
y 

in
di

ca
tin

g 
th

at
 la

rg
er

 
fir

es
 w

ou
ld

 b
e 

ne
ce

ss
ar

y 
fo

r c
on

cl
us

iv
e 

re
su

lts
.

Ye
s

Fo
nt

ai
ne

 e
t a

l. 
[8

0]
; t

o 
ex

am
in

e 
th

e 
eff

ec
t o

f f
ue

l 
ag

e 
an

d 
w

ea
th

er
 v

ar
ia

bl
es

 o
n 

fir
e 

be
ha

vi
ou

r o
n 

Pr
ot

ea
ce

ae
-d

om
in

at
ed

 k
w

on
ga

n 
sh

ru
bl

an
ds

 o
f 

W
es

te
rn

 A
us

tra
lia

Ex
pe

rim
en

ta
l fi

re
s (

n =
 35

) a
t t

hr
ee

 d
ist

in
ct

 si
te

s w
ith

 
va

ria
bl

e 
pl

ot
 si

ze
 (m

ed
ia

n 
si

ze
 ~

 0.
5 

ha
). 

10
 fi

re
s f

ai
le

d 
to

 p
ro

pa
ga

te
.

Ti
m

e 
si

nc
e 

fir
e 

w
as

 a
 st

ro
ng

 p
re

di
ct

or
 o

f fi
re

 p
ro

pa
ga

tio
n.

 
Li

ttl
e 

su
pp

or
t i

n 
th

e 
da

ta
 fo

r t
he

 e
ffe

ct
 o

f fi
re

 w
ea

th
er

 v
ar

i-
ab

le
s i

n 
de

te
rm

in
in

g 
fir

e 
su

st
ai

na
bi

lit
y 

“w
ith

in
 th

e 
ra

ng
e 

of
 

ex
pe

rim
en

ta
l c

on
di

tio
ns

”.
 S

hr
ub

la
nd

 ty
pe

 a
ls

o 
no

t r
el

at
ed

 to
 

lik
el

ih
oo

d 
of

 fi
re

 p
ro

pa
ga

tio
n.

Ye
s

C
ru

z 
et

 a
l. 

[7
1]

; t
o 

de
ve

lo
p 

fir
e 

be
ha

vi
ou

r p
re

di
c-

tio
n 

m
od

el
s f

or
 se

m
i-a

rid
 e

uc
al

yp
t s

hr
ub

la
nd

s, 
A

us
tra

lia
.

Ex
pe

rim
en

ta
l a

nd
 p

re
sc

rib
ed

 b
ur

n 
da

ta
 (n

 =
 61

) f
ro

m
 

[8
9]

 a
nd

 [8
1]

; v
ar

ia
bl

e 
ig

ni
tio

n 
lin

e 
le

ng
th

s. 
W

ild
fir

e 
an

d 
op

er
at

io
na

l p
re

sc
rib

ed
 b

ur
n 

da
ta

 u
se

d 
fo

r m
od

el
 

va
lid

at
io

n.

Li
ke

lih
oo

d 
of

 su
st

ai
ne

d 
fir

e 
sp

re
ad

 a
nd

 c
ro

w
n 

fir
e 

pr
op

ag
a-

tio
n 

m
od

el
le

d 
us

in
g 

lo
gi

sti
c 

re
gr

es
si

on
 a

na
ly

si
s. 

Fi
re

 sp
re

ad
 

su
st

ai
na

bi
lit

y 
w

as
 p

rim
ar

ily
 a

 fu
nc

tio
n 

of
 li

tte
r f

ue
l m

oi
stu

re
 

co
nt

en
t w

ith
 w

in
d 

sp
ee

d 
ha

vi
ng

 a
 se

co
nd

ar
y 

bu
t s

til
l s

ig
-

ni
fic

an
t e

ffe
ct

. T
he

 c
on

tin
ui

ty
 o

f fi
ne

 fu
el

s c
lo

se
 to

 g
ro

un
d 

le
ve

l w
as

 a
ls

o 
si

gn
ifi

ca
nt

. O
ns

et
 o

f c
ro

w
ni

ng
 d

et
er

m
in

ed
 b

y 
w

in
d 

sp
ee

d.

Ye
s

M
cR

ae
 e

t a
l. 

[5
5]

; t
o 

pr
es

en
t a

nd
 d

is
cu

ss
 fi

nd
in

gs
 

fro
m

 a
 se

rie
s o

f e
xp

er
im

en
ta

l fi
re

s i
n 

th
e 

C
an

a-
di

an
 b

or
ea

l f
or

es
t.

D
at

a 
fro

m
 2

1 
ex

pe
rim

en
ta

l fi
re

s i
n 

C
an

ad
ia

n 
bo

re
al

 fo
r-

es
t. 

D
at

a 
pe

rta
in

 to
 e

xp
er

im
en

ts
 w

ith
 d

iff
er

en
t i

gn
iti

on
 

ty
pe

s a
nd

 si
ze

s.

D
es

cr
ip

tiv
e 

stu
dy

 w
ith

 d
at

a 
pr

es
en

te
d 

an
d 

di
sc

us
se

d 
w

ith
in

 
th

e 
co

nt
ex

t o
f t

he
 u

nc
er

ta
in

tie
s i

n 
fir

e 
be

ha
vi

ou
r, 

eff
ec

t o
f 

ig
ni

tio
n 

ty
pe

 a
nd

 fi
re

 g
ro

w
th

.
Fi

lh
o 

et
 a

l. 
[7

7]
; t

o 
pr

ed
ic

t t
he

 p
ro

ba
bi

lit
y 

of
 fi

re
 

sp
re

ad
 a

nd
 to

 im
pr

ov
e 

un
de

rs
ta

nd
in

g 
of

 fi
re

 
pr

op
ag

at
io

n 
in

 ra
in

fo
re

st 
fu

el
s, 

B
ra

zi
l.

D
at

a 
fro

m
 7

2 
po

in
t-i

gn
iti

on
 e

xp
er

im
en

ta
l fi

re
s a

t 1
8 

di
ffe

re
nt

 si
te

s, 
un

de
r n

o 
w

in
d 

co
nd

iti
on

s. 
Pl

ot
s w

er
e 

ci
rc

ul
ar

 w
ith

 a
 1

.5
 m

 ra
di

us
.

M
od

el
s o

f i
gn

iti
on

 su
cc

es
s d

ev
el

op
ed

 fr
om

 lo
gi

sti
c 

re
gr

es
-

si
on

 a
na

ly
si

s i
nc

or
po

ra
tin

g 
th

e 
eff

ec
t o

f l
itt

er
 fu

el
 m

oi
stu

re
 

co
nt

en
t a

nd
 li

tte
r h

ei
gh

t.

Ye
s

C
aw

so
n 

an
d 

D
uff

 [2
1]

; i
de

nt
ify

 th
e 

ke
y 

fu
el

-b
ed

 
at

tri
bu

te
s i

nfl
ue

nc
in

g 
ig

ni
ta

bi
lit

y 
un

de
r m

ar
-

gi
na

l fi
re

 w
ea

th
er

 c
on

di
tio

ns
 in

 e
uc

al
yp

t f
or

es
ts

, 
A

us
tra

lia
.

D
at

a 
fro

m
 4

5 
in

de
pe

nd
en

t i
gn

iti
on

s i
n 

fiv
e 

di
ffe

re
nt

 
op

er
at

io
na

l p
re

sc
rib

ed
 b

ur
ns

.
Pr

ob
ab

ili
ty

 o
f i

gn
iti

on
 m

od
el

le
d 

th
ro

ug
h 

lo
gi

sti
c 

re
gr

es
si

on
 

an
al

ys
is

. S
ur

fa
ce

 fi
ne

-f
ue

l m
oi

stu
re

 c
on

te
nt

 a
nd

 o
ve

ra
ll 

fu
el

 
ha

za
rd

 (i
.e

. f
ue

l a
rr

an
ge

m
en

t) 
w

er
e 

th
e 

str
on

ge
st 

pr
ed

ic
to

rs
 

of
 ig

ni
tio

n 
lik

el
ih

oo
d.

N
o
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Ta
bl
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(c
on

tin
ue

d)

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
bl

is
he

d

N
ew

be
rr

y 
et

 a
l. 

[7
8]

; t
o 

un
de

rs
ta

nd
 h

ow
 v

eg
et

at
io

n 
str

uc
tu

re
 c

on
tro

ls
 fi

re
 ig

ni
tio

n 
an

d 
pr

op
ag

at
io

n 
in

 
sa

va
nn

a-
fo

re
st 

in
 C

er
ra

do
 v

eg
et

at
io

n,
 B

ra
zi

l.

D
at

a 
fro

m
 1

02
 e

xp
er

im
en

ta
l fi

re
s i

n 
3 ×

 3 
m

 p
lo

ts
 o

ve
r a

 
ra

ng
e 

of
 sa

va
nn

a-
fo

re
st 

str
uc

tu
re

s.
Lo

gi
sti

c 
re

gr
es

si
on

 a
nd

 st
ru

ct
ur

al
 e

qu
at

io
n 

m
od

el
s u

se
d 

to
 

in
ve

sti
ga

te
 m

ai
n 

dr
iv

er
s o

f s
us

ta
in

ed
 p

ro
pa

ga
tio

n.
 R

es
ul

ts
 

in
di

ca
te

 b
as

al
 a

re
a 

an
d 

w
ea

th
er

 v
ar

ia
bl

es
 su

ch
 a

s r
el

at
iv

e 
hu

m
id

ity
, a

ir 
te

m
pe

ra
tu

re
, a

nd
 v

ap
ou

r p
re

ss
ur

e 
de

fic
it,

 a
s 

m
ai

n 
in

flu
en

ci
ng

 v
ar

ia
bl

es
.

N
o

C
aw

so
n 

et
 a

l. 
[8

2]
; t

o 
un

de
rs

ta
nd

 th
e 

dr
iv

er
s o

f l
it-

te
r i

gn
ita

bi
lit

y 
fro

m
 fl

am
in

g 
fir

eb
ra

nd
s i

n 
w

et
 a

nd
 

da
m

p 
eu

ca
ly

pt
 fo

re
sts

, A
us

tra
lia

.

D
at

a 
fro

m
 1

59
0 

ig
ni

tio
n 

at
te

m
pt

s a
cr

os
s t

w
o 

fir
e 

se
as

on
s 

an
d 

si
x 

si
te

s. 
Ig

ni
tio

n 
w

ith
 fl

am
in

g 
fir

eb
ra

nd
s. 

Th
e 

ig
ni

tio
n 

w
as

 su
st

ai
ne

d 
if 

th
e 

fir
e 

co
nt

in
ue

d 
bu

rn
in

g 
fo

r 
5 

m
in

 o
r b

ur
nt

 0
.5

 m
 fr

om
 th

e 
po

in
t o

f i
gn

iti
on

.

Ex
pl

or
at

io
n 

of
 th

e 
eff

ec
t o

f a
 la

rg
e 

nu
m

be
r o

f v
ar

ia
bl

es
. 

Re
gr

es
si

on
 tr

ee
 a

na
ly

si
s i

de
nt

ifi
ed

 th
e 

m
oi

stu
re

 c
on

te
nt

 o
f 

lit
te

r a
nd

 n
ea

r s
ur

fa
ce

 fu
el

s, 
pl

us
 in

-fo
re

st 
va

po
r p

re
ss

ur
e 

de
fic

it 
as

 m
ai

n 
va

ria
bl

es
 d

et
er

m
in

in
g 

ig
ni

tio
n 

an
d 

su
st

ai
ne

d 
ig

ni
tio

n.

N
o

Pe
rr

ak
is

 e
t a

l. 
[2

34
]; 

to
 u

nd
er

st
an

d 
an

d 
m

od
el

 th
e 

pr
ob

ab
ili

ty
 o

f c
ro

w
n 

fir
e 

oc
cu

rr
en

ce
 in

 C
an

ad
ia

n 
co

ni
fe

r f
or

es
ts

.

D
at

a 
(n

 =
 11

3)
 fr

om
 e

xp
er

im
en

ta
l fi

re
s c

ar
rie

d 
ou

t i
n 

C
an

ad
a 

be
tw

ee
n 

19
60

 a
nd

 2
01

9.
 B

as
e 

da
ta

 is
 re

fin
ed

 
fro

m
 d

at
a 

us
ed

 b
y 

[8
5]

.

A
lte

rn
at

iv
e 

in
pu

ts
 te

ste
d.

 B
es

t m
od

el
s d

es
cr

ib
e 

cr
ow

n 
fir

e 
pr

ob
ab

ili
ty

 a
s a

 fu
nc

tio
n 

of
 o

pe
n 

w
in

d 
sp

ee
d,

 fu
el

 st
ra

ta
 

ga
p,

 li
tte

r m
oi

stu
re

 c
on

te
nt

 a
nd

 su
rfa

ce
 fu

el
 c

on
su

m
pt

io
n.

 
M

od
el

s p
re

di
ct

ed
 c

or
re

ct
ly

 9
2%

 o
f t

he
 d

at
a 

us
ed

 in
 m

od
el

 
de

ve
lo

pm
en

t.

N
o

K
ha

nm
oh

am
m

ad
i e

t a
l. 

[8
3]

; t
o 

te
st 

ar
tifi

ci
al

 in
te

l-
lig

en
ce

 m
et

ho
ds

 in
 c

la
ss

ify
in

g 
fir

e 
su

st
ai

na
bi

lit
y 

an
d 

cr
ow

n 
fir

e 
oc

cu
rr

en
ce

.

D
at

a 
fro

m
 [7

1]
 c

om
pr

is
in

g 
ex

pe
rim

en
ta

l a
nd

 p
re

sc
rib

ed
 

bu
rn

 d
at

a 
[8

1,
 8

9]
 fo

r m
od

el
 fi

tti
ng

 a
nd

 w
ild

fir
e 

an
d 

ot
he

r p
re

sc
rib

ed
 b

ur
n 

da
ta

 fo
r m

od
el

 e
va

lu
at

io
n.

Se
ve

ra
l m

ac
hi

ne
-le

ar
ni

ng
 (M

L)
 c

la
ss

ifi
er

 a
pp

ro
ac

he
s t

es
te

d.
 

Su
pp

or
t V

ec
to

r M
ac

hi
ne

 w
as

 d
et

er
m

in
ed

 a
s t

he
 o

pt
im

um
 

M
L 

cl
as

si
fie

r b
as

ed
 o

n 
m

od
el

 o
ve

ra
ll 

ac
cu

ra
cy

 a
ga

in
st 

an
 

in
de

pe
nd

en
t e

va
lu

at
io

n 
da

ta
se

t.

N
o
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O
bj

ec
tiv

es
, d

at
a,

 a
nd

 fi
nd

in
gs

 o
f fl

am
e 

zo
ne

 c
ha

ra
ct

er
ist

ic
s s

tu
di

es

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
bl

is
he

d

B
ut

le
r e

t a
l. 

[2
5]

; t
o 

co
lle

ct
 sp

at
ia

lly
 a

nd
 te

m
po

-
ra

lly
 re

so
lv

ed
 m

ea
su

re
m

en
t o

f e
ne

rg
y 

in
te

ns
ity

 
an

d 
ai

r t
em

pe
ra

tu
re

s i
n 

fu
ll-

sc
al

e 
cr

ow
n 

fir
es

, 
N

or
th

w
es

t T
er

rit
or

ie
s, 

C
an

ad
a

R
ad

ia
nt

 h
ea

t fl
ux

es
 a

nd
 fl

am
e 

ra
di

om
et

ric
 te

m
pe

ra
tu

re
s 

fro
m

 m
ul

tip
le

 m
ea

su
re

m
en

t l
oc

at
io

ns
 in

 6
 e

xp
er

im
en

ta
l 

cr
ow

n 
fir

es
 [2

2]
.

D
es

cr
ip

tiv
e 

an
al

ys
is

. P
ea

k 
fla

m
e 

te
m

pe
ra

tu
re

s e
xc

ee
de

d 
13

30
 °C

, a
nd

 m
ax

im
um

 ra
di

an
t e

ne
rg

y 
flu

xe
s r

ea
ch

ed
 2

90
 

kW
 m

−
2 . M

ax
im

um
 v

al
ue

s o
cc

ur
re

d 
in

 th
e 

up
pe

r t
hi

rd
 o

f t
he

 
fo

re
st 

st
an

d 
w

he
re

 th
e 

bu
lk

 o
f c

ro
w

n 
fu

el
 is

. M
ea

su
re

d 
fla

m
e 

te
m

pe
ra

tu
re

s s
ho

w
ed

 v
ar

ia
tio

n 
w

ith
 v

er
tic

al
 h

ei
gh

t i
n 

th
e 

ca
no

py
.

N
o

Ta
yl

or
 e

t a
l. 

[1
38

]; 
to

 c
ol

le
ct

 fl
am

e 
fro

nt
 re

si
-

de
nc

e 
tim

e,
 ti

m
e-

te
m

pe
ra

tu
re

 c
ur

ve
s a

nd
 fl

am
e 

te
m

pe
ra

tu
re

 p
ro

fil
es

 in
 b

or
ea

l f
or

es
ts

, N
or

th
w

es
t 

Te
rr

ito
rie

s, 
C

an
ad

a.

D
at

a 
on

 fl
am

e 
fro

nt
 te

m
pe

ra
tu

re
 a

nd
 re

si
de

nc
e 

tim
e 

in
 

ni
ne

9 
ex

pe
rim

en
ta

l fi
re

s [
22

].
D

es
cr

ip
tiv

e 
stu

dy
 o

f fl
am

e 
te

m
pe

ra
tu

re
 d

yn
am

ic
s w

ith
 h

ei
gh

t 
on

 h
ig

h 
in

te
ns

ity
 fi

re
s. 

Pe
ak

 fl
am

e 
te

m
pe

ra
tu

re
s u

p 
to

 
13

00
 °C

; r
es

id
en

ce
 ti

m
es

 ra
ng

ed
 u

p 
to

 9
4 

s. 
C

on
tra

st 
be

tw
ee

n 
vi

de
o 

an
d 

th
er

m
oc

ou
pl

e 
da

ta
 u

se
d 

to
 d

er
iv

e 
fla

m
e 

re
si

de
nc

e 
tim

e.

 N
o

D
av

ie
s [

58
]; 

to
 d

es
cr

ib
e 

th
e 

re
la

tio
ns

hi
ps

 b
et

w
ee

n 
fir

e 
be

ha
vi

ou
r a

nd
 fu

el
 a

nd
 w

ea
th

er
 c

on
di

tio
ns

 in
 

C
al

lu
na

 v
ul

ga
ri

s m
oo

rla
nd

s, 
no

rth
-e

as
t S

co
tla

nd
.

Fo
ur

te
en

 e
xp

er
im

en
ta

l b
ur

ns
 in

 p
lo

ts
 1

5 
m

 (W
) x

 2
0 

m
 

(L
). 

Fl
am

e 
he

ig
ht

 ra
ng

e:
 0

.4
–1

.9
 m

.
M

od
el

s o
f fl

am
e 

le
ng

th
 b

as
ed

 o
n 

fir
el

in
e 

in
te

ns
ity

 o
r a

 C
an

op
y 

D
en

si
ty

 In
de

x 
ap

pl
ic

ab
le

 to
 p

re
sc

rib
ed

 b
ur

ni
ng

 c
on

di
tio

ns
.

Ye
s

A
nd

er
so

n 
et

 a
l. 

[4
9]

; t
o 

ga
th

er
 in

fo
rm

at
io

n 
on

 
fla

m
e 

ch
ar

ac
te

ris
tic

s f
ro

m
 re

ce
nt

 la
bo

ra
to

ry
 a

nd
 

fie
ld

 e
xp

er
im

en
ts

, a
nd

 fi
t m

od
el

s t
ha

t h
av

e 
be

en
 

pr
op

os
ed

 in
 th

e 
lit

er
at

ur
e.

Pu
bl

is
he

d 
an

d 
un

pu
bl

is
he

d 
da

ta
 fr

om
 si

x 
di

ffe
re

nt
 

so
ur

ce
s, 

on
ly

 o
ne

 b
ei

ng
 fi

el
d 

ex
pe

rim
en

ts
 [2

09
].

Ex
pl

or
at

or
y 

an
al

ys
is

 o
f a

 n
um

be
r o

f fl
am

e 
le

ng
th

, h
ei

gh
t a

nd
 

an
gl

e 
m

od
el

s a
ga

in
st 

th
e 

da
ta

. F
ou

nd
 d

iff
er

en
t t

re
nd

s b
as

ed
 

on
 la

bo
ra

to
ry

 (v
ar

yi
ng

 w
ith

 so
ur

ce
) a

nd
 fi

el
d 

so
ur

ce
s.

N
o

Le
gg

 e
t a

l. 
[2

17
]; 

to
 u

nd
er

st
an

d 
ke

y 
fa

ct
or

s c
on

-
tro

lli
ng

 v
ar

ia
tio

n 
in

 fi
re

 b
eh

av
io

ur
 in

 C
al

lu
na

 
vu

lg
ar

is
 m

oo
rla

nd
s, 

no
rth

-e
as

t S
co

tla
nd

.

N
in

e 
ex

pe
rim

en
ta

l fi
re

s i
n 

20
 ×

 20
 m

 p
lo

ts
, e

xt
en

di
ng

 
[5

8]
 d

at
as

et
. F

la
m

e 
le

ng
th

 ra
ng

e:
 0

.4
–1

.9
 m

.
M

od
el

 o
f fl

am
e 

le
ng

th
 b

as
ed

 o
n 

fir
el

in
e 

in
te

ns
ity

 u
nd

er
 

pr
es

cr
ib

ed
 b

ur
ni

ng
 c

on
di

tio
ns

. P
ro

vi
de

d 
co

nt
ra

st 
be

tw
ee

n 
ph

ot
og

ra
ph

ic
 fl

am
e 

le
ng

th
 a

nd
 fi

el
d 

es
tim

at
ed

 fl
am

e 
le

ng
th

.

Ye
s

G
ou

ld
 e

t a
l. 

[3
0]

; t
o 

stu
dy

 fi
re

 b
eh

av
io

ur
 in

 d
ry

 
eu

ca
ly

pt
 fo

re
st 

(J
ar

ra
h,

 E
. m

ar
gi

na
ta

) u
nd

er
 d

ry
 

su
m

m
er

 c
on

di
tio

ns
 in

 so
ut

he
rn

 A
us

tra
lia

.

N
in

et
y-

ei
gh

t e
xp

er
im

en
ts

 in
 p

lo
ts

 2
00

 ×
 20

0 
m

 o
ve

r a
 

ra
ng

e 
of

 fu
el

 a
ge

s. 
Fl

am
e 

he
ig

ht
 ra

ng
e:

 0
.3

 to
 1

4 
m

; 
re

si
de

nc
e 

tim
e 

ra
ng

e:
 4

6–
87

 s.

D
es

cr
ip

tiv
e 

an
al

ys
is

 o
f r

es
id

en
ce

 ti
m

es
 a

nd
 fl

am
e 

te
m

pe
ra

tu
re

s 
(s

ee
 W

ot
to

n 
et

 a
l. 

[2
4]

 b
el

ow
). 

M
od

el
lin

g 
of

 fl
am

e 
he

ig
ht

 
us

in
g 

R
 a

nd
 sh

ru
b 

fu
el

 h
ei

gh
t a

s e
xp

la
na

to
ry

 v
ar

ia
bl

es
. S

ee
 

al
so

 [2
3]

 fo
r d

at
a 

de
sc

rip
tio

n 
an

d 
[6

0]
 fo

r f
ol

lo
w

 u
p 

m
od

el
-

lin
g.

N
o

Fe
rn

an
de

s e
t a

l. 
[5

4]
; t

o 
be

tte
r u

nd
er

st
an

d 
su

rfa
ce

 
fir

e 
be

ha
vi

ou
r i

n 
Pi

nu
s p

in
as

te
r f

or
es

ts
 u

nd
er

 
m

ild
 w

ea
th

er
.

D
at

a 
fro

m
 1

86
 m

ea
su

re
m

en
ts

 o
f h

ea
d 

an
d 

ba
ck

 fi
re

 fl
am

e 
di

m
en

si
on

s i
n 

10
 ×

 15
 m

 e
xp

er
im

en
ta

l fi
re

s. 
Fl

am
e 

he
ig

ht
 a

nd
 le

ng
th

 ra
ng

e:
 0

.0
5–

4.
2 

m

Pr
es

en
te

d 
di

ffe
re

nt
 m

od
el

lin
g 

op
tio

ns
 o

f fl
am

e 
he

ig
ht

 a
nd

 
le

ng
th

s. 
D

iff
er

en
t m

od
el

s f
or

 b
ac

k 
an

d 
fo

rw
ar

d 
pr

op
ag

at
io

n.
 

M
od

el
s i

m
pl

em
en

te
d 

in
 p

re
sc

rib
ed

 b
ur

n 
gu

id
es

 [2
35

].

N
o

K
na

pp
 e

t a
l. 

[2
10

]; 
to

 e
va

lu
at

e 
fir

e 
be

ha
vi

ou
r a

nd
 

eff
ec

ts 
in

 m
as

tic
at

ed
 fu

el
s i

n 
Pi

nu
s p
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largest scale field experiment projects ever conducted in for-
est fuel types, Project Vesta in Australia [30] and the Inter-
national Crown Fire Modelling Experiment in (ICFME) in 
northwestern Canada [44], detailed measurements of flame 
temperatures, residence times [24] and radiant emissive 
power [25] were obtained on a large number of experiments. 
Some of this fundamental data were then used to parameter-
ize a physics-based fire spread model [95, 99].

Fuel Consumption

Fuel consumption, i.e., the amount (on a dry basis) of dead 
and live biomass consumed by fire is an important fire 
behaviour property for the determination of fire character-
istics such as the energy and CO2 release, smoke production, 
and fire effects on ecosystem components. Fuel consumed 
can be divided by combustion type: flaming or glowing — 
although it should be recognised that it is virtually impossi-
ble to measure biomass consumption in flaming combustion 
in isolation in a field setting. Fuel consumption is often given 
as absolute biomass consumed [100] or a proportion of pre-
fire fuels consumed [101, 102]. Often field studies assume 
that all fine fuels are consumed in flaming combustion [52], 
with remaining fuels, such as duff fuel layers and coarse 
woody debris, consumed in glowing combustion behind the 
flame front. Studies on fuel consumption on shrubland fuels 
(Table 4) generally consider consumption of all fine live and 
dead fuels) within the shrub canopy [59, 103].

Studies in forest systems (Table 4) often consider fuel 
consumption by layer and fuel type, e.g., litter, duff, coarse 
woody debris class [104, 105]. A substantial number of stud-
ies focused on the consumption of coarse woody debris, the 
largest carbon pool impacted by fires [32, 33, 104, 106–109]. 
See Kreye et al. [110] for a review of field studies in masti-
cated fuels. The consumption of fuels in distinct layers/types 
is largely influenced by the moisture contents of the different 
fuel layers/elements. Studies also found a direct effect of fire 
intensity [102] or remotely sensed fire severity metrics on 
the proportion of fuel consumed [111]. Given the dominant 
effect of moisture content in the fuel consumption process, 
development of predictive models requires datasets covering 
a broad range of fuel and landscape dryness conditions [101, 
104, 112]. See [51, 104] and [113] for reviews of pre-2010 
experimental and modelling work.

Spotting

 Spotting, the process by which lofted firebrands transported 
downwind of the flame zone ignite new fires outside the 
active fire perimeter, is a complex process influencing land-
scape wildfire growth. Considering the transport and den-
sity of firebrands (i.e. not the generation of firebrands and 
ignition of new spot fires), the study of these processes and 

influential variables is constrained in an experimental field 
setting by the size of the experiment, the energy released and 
the associated plume development. Experimental fire studies 
have aimed to characterise short-range spotting distances 
and densities and have been restricted to one [31, 46, 114] 
or a few experiments [23, 30] (Table 5); see also the review 
by Wadhwani et al. [115]. Given the scale dependence of 
some of the processes determining spotting densities and 
distances, as influenced by plume dimensions and the inte-
grated energy release over a broad area, it is unlikely that 
experimental fires will be able to adequately replicate the 
processes driving medium to long-range spot fire dynamics 
in wildfires.

Studies based on thermal infrared imagery collected 
in wildfires [116] have provided new insights into the 
phenomena, in particular identifying patterns of spot fire 
distribution and the fire and environmental factors domi-
nating spotting behaviour in north-western US conifer 
[117] and southern Australia eucalypt forests [118, 119]. 
Wind speed, fire size and growth trend, and topography 
were identified as key drivers of long-distance spotting.

Integrated Data Collection Campaigns

To support a more robust understanding of the physical 
and biological processes that drive fire behaviour and its 
linkage to fire effects and smoke, scientists are increasingly 
designing and carrying out interdisciplinary measurement 
campaigns [29, 44, 120]. The most salient feature of these 
campaigns is that data collection is designed to assist in 
multiple scientific endeavours, including evaluating various 
predictive models, testing specific a priori hypotheses, and 
providing opportunities to explore data and generate new 
hypotheses. Such campaigns are exemplified by the ICFME 
[44], RxCADRE [29], the New Zealand Scion/USDA Mis-
soula Fire Laboratory experiments [121, 122], FASMEE 
[120], along with a host of other experiments [e.g. 13, 123, 
124, 125].

Though data collection during integrated measurement 
campaigns varies depending upon the specific goals, they 
typically involve making measurements of fundamental 
environmental (wildland fuels and vegetation, atmos-
pheric conditions, terrain, fuel moisture content), fluid 
dynamics and heat transfer, fire behaviour and effects 
attributes [29]. In these experiments, collection of envi-
ronmental and fire behaviour data aims to be detailed, 
with high spatial and temporal resolution. This results in 
large data sets comprising multiple linked data products 
that are collected for each experiment, irrespectively of 
their size.

Vegetation and fuel data collection on recent integrated 
measurement campaigns are linking traditional field data 
with terrestrial and airborne based remote sensing tools, 
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m

 e
xp

er
i-

m
en

ta
l b

ur
n 

da
ta

 c
ov

er
in

g 
lo

w
 to

 m
od

er
at

e 
bu

rn
-

in
g 

co
nd

iti
on

s. 
Fu

el
 c

on
su

m
pt

io
n 

w
as

 m
od

el
le

d 
as

 
a 

fu
nc

tio
n 

of
 su

rfa
ce

 a
nd

 c
an

op
y 

fu
el

 lo
ad

.

Ye
s

Sa
gl

am
 e

t a
l. 

[1
03

]; 
to

 in
cr

ea
se

 th
e 

un
de

rs
ta

nd
in

g 
of

 th
e 

eff
ec

t o
f s

lo
pe

 o
n 

fir
e 

pr
op

ag
at

io
n 

in
 sh

ru
bl

an
ds

, T
ur

ke
y.

Ex
pe

rim
en

ta
l fi

re
s (

n =
 17

) i
n 

15
 ×

 25
 m

 p
lo

ts
 o

ve
r a

 
ra

ng
e 

of
 sl

op
e 

ste
ep

ne
ss

 u
p 

to
 1

5%
. F

ue
l c

on
su

m
pt

io
n 

ra
ng

e:
 1

.0
–2

.3
 k

g 
m

−
2 . S

ee
 a

ls
o 

Ta
bl

e 
1.

Fu
el

 c
on

su
m

pt
io

n 
re

la
te

d 
to

 fu
el

 st
ru

ct
ur

e 
va

ria
bl

es
 

su
ch

 a
s f

ue
l l

oa
d,

 c
ov

er
, a

nd
 h

ei
gh

t. 
M

oi
stu

re
 

co
nt

en
t v

ar
ia

bl
es

 n
ot

 si
gn

ifi
ca

nt
 in

 e
xp

la
in

in
g 

fu
el

 
co

ns
um

pt
io

n.
 F

ue
l c

on
su

m
pt

io
n 

m
od

el
le

d 
fro

m
 

fin
e 

fu
el

 lo
ad

.

Ye
s

B
ra

dl
ey

 e
t a

l. 
[2

39
]; 

to
 e

xa
m

in
e 

fu
el

 c
on

su
m

pt
io

n 
in

 m
as

ti-
ca

te
d 

fu
el

s b
ur

ne
d 

in
 m

ix
ed

 sh
ru

b 
w

oo
dl

an
ds

, U
SA

Pr
es

cr
ib

ed
 b

ur
ns

 in
 te

n 
tre

at
m

en
t b

lo
ck

s w
ith

 m
ea

su
re

-
m

en
ts

 c
on

du
ct

ed
 a

t 1
 m

−
2  su

bp
lo

t l
ev

el
.

A
ll 

fir
es

 w
er

e 
ba

ck
in

g 
w

ith
 re

sp
ec

t t
o 

sl
op

e 
an

d/
or

 
w

in
d.

 F
ue

l c
on

su
m

pt
io

n 
re

su
lts

 g
iv

en
 in

 g
ra

ph
ic

al
 

fo
rm

.

N
o

G
ou

ld
 e

t a
l.[

30
]; 

de
sc

rib
es

 a
 b

ro
ad

 st
ud

y 
on

 fi
re

 b
eh

av
io

ur
 in

 
dr

y 
eu

ca
ly

pt
 fo

re
st 

(J
ar

ra
h,

 E
. m

ar
gi

na
ta

) u
nd

er
 d

ry
 su

m
-

m
er

 c
on

di
tio

ns
 in

 so
ut

he
rn

 A
us

tra
lia

.

Ex
pe

rim
en

ta
l fi

re
s (

n =
 98

) i
n 

pl
ot

s 2
00

 ×
 20

0 
m

 o
ve

r 
a 

ra
ng

e 
of

 fu
el

 a
ge

s;
 B

ar
k 

fu
el

 c
on

su
m

pt
io

n 
gi

ve
n 

in
 

m
m

. S
ee

 a
ls

o 
Ta

bl
e 

1.

Re
po

rt 
de

sc
rib

es
 m

et
ho

ds
 u

se
d 

to
 q

ua
nt

ify
 b

ar
k 

fu
el

 
co

ns
um

pt
io

n.
 B

ar
k 

co
ns

um
pt

io
n 

w
as

 fo
un

d 
to

 b
e 

re
la

te
d 

pr
im

ar
ily

 to
 p

re
-fi

re
 b

ar
k 

qu
an

tit
y.

 R
es

ul
ts

 
va

rie
d 

w
ith

 si
te

. S
ee

 [2
3]

 fo
r f

ur
th

er
 a

na
ly

si
s o

f 
fu

el
 c

on
su

m
pt

io
n.

N
o

de
 G

ro
ot

 e
t a

l. 
[2

40
]; 

to
 d

ev
el

op
 m

od
el

s o
f s

ur
fa

ce
 fu

el
 

co
ns

um
pt

io
n 

fo
r C

an
ad

ia
n 

bo
re

al
 fo

re
st 

fu
el

 ty
pe

s.
D

at
ab

as
e 

co
m

pr
is

in
g 

ex
pe

rim
en

ta
l fi

re
s a

ss
oc

ia
te

d 
w

ith
 

th
e 

C
an

ad
ia

n 
Fo

re
st 

Fi
re

 B
eh

av
io

ur
 P

re
di

ct
io

n 
(F

B
P)

 
Sy

ste
m

 [5
]. 

(n
 =

 59
) c

ou
pl

ed
 w

ith
 w

ild
fir

e 
sa

m
pl

in
g 

(n
 =

 69
). 

R
an

ge
 o

f f
ue

l c
on

su
m

pt
io

n 
on

ly
 g

iv
en

 g
ra

ph
i-

ca
lly

.

Fu
el

 c
on

su
m

pt
io

n 
in

 w
ild

fir
es

 e
sti

m
at

ed
 fr

om
 

pa
ire

d 
un

bu
rn

ed
 si

te
s. 

M
od

el
s o

f f
or

es
t fl

oo
r f

ue
l 

co
ns

um
pt

io
n 

gi
ve

n 
as

 fu
nc

tio
n 

of
 m

ul
tip

le
 p

os
-

si
bl

e 
in

pu
ts

, w
ith

 b
es

t e
xp

la
na

to
ry

 v
ar

ia
bl

es
 b

ei
ng

 
fu

el
 la

ye
r b

ul
k 

de
ns

ity
, D

ro
ug

ht
 C

od
e 

an
d 

B
ui

ld
 

up
 In

de
x.

 F
or

es
t fl

oo
r f

ue
l l

oa
d 

al
so

 fo
un

d 
as

 a
 

si
gn

ifi
ca

nt
 v

ar
ia

bl
e.

N
o

H
ol

lis
 e

t a
l. 

[3
2]

; t
o 

ev
al

ua
te

 th
e 

pr
ed

ic
tiv

e 
ca

pa
ci

ty
 o

f 
w

oo
dy

 fu
el

 c
on

su
m

pt
io

n 
m

od
el

s i
n 

so
ut

he
rn

 A
us

tra
lia

n 
eu

ca
ly

pt
 fo

re
sts

.

Ex
pe

rim
en

ta
l a

nd
 o

pe
ra

tio
na

l p
re

sc
rib

ed
 b

ur
n 

da
ta

 
(n

 =
 39

) f
ro

m
 d

ist
in

ct
 st

ud
ie

s. 
C

on
su

m
pt

io
n 

of
 li

tte
r, 

fin
e 

an
d 

co
ar

se
 w

oo
dy

 fu
el

s. 
W

oo
dy

 fu
el

 c
on

su
m

pt
io

n 
up

 to
 5

2 
kg

 m
−

2 .

W
oo

dy
 fu

el
 c

on
su

m
pt

io
n 

w
as

 fo
un

d 
to

 b
e 

hi
gh

ly
 

va
ria

bl
e 

be
tw

ee
n 

si
te

s. 
Re

la
tio

ns
hi

ps
 b

et
w

ee
n 

w
oo

dy
 fu

el
 c

on
su

m
pt

io
n 

an
d 

th
e 

pr
im

ar
y 

m
od

el
 

dr
iv

er
s w

er
e 

w
ea

k.

Ye
s

K
na

pp
 e

t a
l.[

21
0]

; t
o 

ev
al

ua
te

 fu
el

 c
on

su
m

pt
io

n 
in

 m
as

ti-
ca

te
d 

fu
el

be
d 

in
 P

in
us

 p
on

de
ro

sa
 st

an
ds

 b
ur

ne
d 

un
de

r 
pr

es
cr

ip
tio

n 
co

nd
iti

on
, U

SA
.

D
at

a 
fro

m
 e

ig
ht

 0
.0

4 
ha

 p
lo

ts
 b

ur
ne

d 
un

de
r p

re
sc

rib
ed

 
bu

rn
s c

on
di

tio
ns

. O
ve

ra
ll 

fu
el

 c
on

su
m

pt
io

n 
va

rie
d 

be
tw

ee
n 

1.
6 

an
d 

3.
7 

kg
 m

−
2 .

B
rie

f p
re

se
nt

at
io

n 
of

 a
ve

ra
ge

 a
bs

ol
ut

e 
an

d 
pe

rc
en

t 
fu

el
 c

on
su

m
pt

io
n 

by
 si

te
.

N
o

H
ol

lis
 e

t a
l. 

[1
02

]; 
to

 in
ve

sti
ga

te
 th

e 
re

la
tio

ns
hi

p 
be

tw
ee

n 
fir

el
in

e 
in

te
ns

ity
 a

nd
 w

oo
dy

 fu
el

 c
on

su
m

pt
io

n 
ac

ro
ss

 d
if-

fe
re

nt
 A

us
tra

lia
n 

eu
ca

ly
pt

 fo
re

sts
.

D
at

a 
fro

m
 e

xp
er

im
en

ta
l, 

op
er

at
io

na
l p

re
sc

rib
ed

 b
ur

ns
 

an
d 

w
ild

fir
es

 p
ub

lis
he

d 
in

 d
iff

er
en

t s
tu

di
es

. W
oo

dy
 fu

el
 

co
ns

um
pt

io
n 

ra
ng

e:
 0

.8
–5

2 
kg

 m
−

2 .

G
en

er
al

is
ed

 li
ne

ar
 m

od
el

s d
es

cr
ib

in
g 

w
oo

dy
 fu

el
 

co
ns

um
pt

io
n 

as
 a

 fu
nc

tio
n 

of
 fi

re
lin

e 
in

te
ns

ity
 

de
ve

lo
pe

d.
 O

ne
 re

str
ic

te
d 

to
 p

re
sc

rib
ed

 fi
re

 
en

vi
ro

nm
en

ts
 a

nd
 th

e 
ot

he
r a

cr
os

s t
he

 fu
ll 

ra
ng

e 
of

 
fir

el
in

e 
in

te
ns

iti
es

.

N
o



Current Forestry Reports            (2025) 11:8 	 Page 17 of 33      8 

Ta
bl

e 
4  

(c
on

tin
ue

d)

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
bl

is
he

d

H
ol

lis
 e

t a
l. 

[1
04

]; 
to

 d
ev

el
op

 a
n 

em
pi

ric
al

ly
 b

as
ed

 m
od

el
 

fo
r w

oo
dy

 fu
el

 c
on

su
m

pt
io

n 
by

 fi
re

s i
n 

A
us

tra
lia

n 
so

ut
he

rn
 

eu
ca

ly
pt

 fo
re

st 
fir

es

D
at

a 
fro

m
 e

xp
er

im
en

ta
l fi

re
s, 

op
er

at
io

na
l p

re
sc

rib
ed

 
bu

rn
 a

nd
 w

ild
fir

es
 p

ub
lis

he
d 

in
 d

iff
er

en
t s

tu
di

es
. 

W
oo

dy
 fu

el
 c

on
su

m
pt

io
n 

ra
ng

e:
 0

.8
–5

2 
kg

 m
−

2 .

Va
ria

tio
n 

in
 fi

re
 b

eh
av

io
ur

 fo
un

d 
to

 p
ot

en
tia

lly
 h

av
e 

a 
gr

ea
te

r i
m

pa
ct

 o
n 

w
oo

dy
 fu

el
 c

on
su

m
pt

io
n,

 th
an

 
do

es
 v

ar
ia

tio
n 

in
 fu

el
 c

ha
ra

ct
er

ist
ic

s. 
D

ev
el

op
ed

 
m

od
el

s f
or

 w
oo

dy
 fu

el
 c

on
su

m
pt

io
n 

by
 si

ze
 c

la
ss

 
an

d 
st

ag
e 

of
 th

e 
co

m
bu

sti
on

 p
ro

ce
ss

. A
us

tra
lia

n 
Fo

re
st 

Fi
re

 D
an

ge
r I

nd
ex

 [1
60

] u
se

d 
as

 e
xp

la
na

-
to

ry
 v

ar
ia

bl
e.

N
o

W
rig

ht
 [2

41
]; 

to
 d

ev
el

op
 e

m
pi

ric
al

 m
od

el
s t

o 
pr

ed
ic

t f
ue

l 
co

ns
um

pt
io

n 
in

 p
in

e 
fla

tw
oo

ds
 fo

re
st 

ec
os

ys
te

m
s o

f t
he

 
So

ut
he

as
te

rn
 U

SA
.

D
at

a 
(n

 =
 30

) f
ro

m
 o

pe
ra

tio
na

l p
re

sc
rib

ed
 b

ur
ns

. S
hr

ub
 

co
ns

um
pt

io
n 

ra
ng

ed
 fr

om
 0

.0
2 

to
 0

.6
 k

g 
m

−
2 , a

nd
 to

ta
l 

bi
om

as
s c

on
su

m
pt

io
n 

(o
f fi

ne
 fu

el
s a

nd
 u

p 
to

 1
0-

 h
r 

fu
el

s)
 v

ar
ie

d 
be

tw
ee

n 
0.

1 
an

d 
1.

6 
kg

 m
−

2 .

Se
ve

ra
l m

od
el

s p
ro

po
se

d 
fo

r c
on

su
m

pt
io

n 
of

 d
iff

er
-

en
t f

ue
l c

om
po

ne
nt

s. 
Fu

el
 c

on
su

m
pt

io
n 

a 
fu

nc
tio

n 
of

 p
re

 fi
re

 fu
el

 lo
ad

, s
ea

so
n 

an
d 

m
oi

stu
re

 c
on

te
nt

 
va

ria
bl

es
. M

od
el

s e
va

lu
at

ed
 a

ga
in

st 
in

de
pe

nd
en

t 
da

ta
.

Ye
s

Fe
rn

an
de

s a
nd

 L
ou

re
iro

 [1
01

]; 
to

 c
ha

ra
ct

er
iz

e 
fu

el
 c

on
su

m
p-

tio
n 

an
d 

th
e 

in
flu

en
ce

 o
f f

ue
l m

oi
stu

re
 c

on
te

nt
 in

 su
rfa

ce
 

fir
es

 in
 m

ar
iti

m
e 

pi
ne

 st
an

ds
, P

or
tu

ga
l.

D
at

a 
(n

 =
 90

) f
ro

m
 p

re
sc

rib
ed

 b
ur

ns
 a

t fi
ve

 d
iff

er
en

t 
lo

ca
tio

ns
. C

on
su

m
pt

io
n 

of
 d

iff
er

en
t s

ur
fa

ce
 fu

el
 la

ye
rs

 
(F

 a
nd

 L
 la

ye
rs

, s
hr

ub
s)

. O
ve

ra
ll 

co
ns

um
pt

io
n 

up
 to

 
95

%
.

Pr
op

or
tio

na
l f

ue
l c

on
su

m
pt

io
n 

fo
r t

he
 in

di
vi

du
al

 
fu

el
 la

ye
rs

, a
nd

 c
om

bi
na

tio
n 

of
, m

od
el

le
d 

th
ro

ug
h 

ge
ne

ra
lis

ed
 li

ne
ar

 m
od

el
lin

g 
us

in
g 

fu
el

 m
oi

stu
re

 
m

et
ric

s a
nd

 re
gi

on
al

 le
ve

l F
W

I s
ys

te
m

 [2
12

] 
co

de
s. 

B
es

t fi
t o

bt
ai

ne
d 

w
ith

 fu
el

 m
oi

stu
re

 v
ar

i-
ab

le
s.

N
o

Vo
lk

ov
a 

an
d 

W
es

to
n 

[1
07

]; 
to

 e
st

ab
lis

h 
ba

se
lin

e 
kn

ow
le

dg
e 

of
 th

e 
di

str
ib

ut
io

n 
of

 fo
re

st 
ca

rb
on

 in
 e

uc
al

yp
t f

or
es

ts
 o

f 
so

ut
he

rn
 A

us
tra

lia
.

D
at

a 
(n

 =
 9)

 fr
om

 lo
w

-in
te

ns
ity

 p
re

sc
rib

ed
 b

ur
ns

, e
ac

h 
on

e 
w

ith
 4

 in
de

pe
nd

en
t p

lo
ts

 fo
r m

ea
su

re
m

en
ts

 o
f f

ue
l 

co
ns

um
pt

io
n,

 a
nd

 c
ar

bo
n 

lo
ss

 a
nd

 g
ai

n.

C
on

su
m

pt
io

n 
gi

ve
n 

in
 te

rm
s o

f c
ar

bo
n 

lo
ss

 fr
om

 
lit

te
r, 

co
ar

se
 w

oo
dy

 d
eb

ris
, b

ar
k 

an
d 

un
de

rs
to

re
y 

ve
ge

ta
tio

n.
 E

xp
lo

ra
to

ry
 d

at
a 

an
al

ys
is

.

N
o

A
po

nt
e 

et
 a

l. 
[1

08
]; 

to
 st

ud
y 

th
e 

eff
ec

ts
 o

f r
ep

ea
te

d 
lo

w
 

in
te

ns
ity

 p
re

sc
rib

ed
 fi

re
s o

n 
C

W
D

 st
oc

ks
 a

nd
 a

ttr
ib

ut
es

 in
 

eu
ca

ly
pt

 fo
re

st 
of

 so
ut

h 
ea

ste
rn

 A
us

tra
lia

.

D
at

a 
fro

m
 lo

w
 in

te
ns

ity
 p

re
sc

rib
ed

 b
ur

ns
 a

cr
os

s fi
ve

 
si

te
s, 

ea
ch

 si
te

 w
ith

 fi
ve

 tr
ea

tm
en

ts
.

D
es

cr
ip

tiv
e 

an
al

ys
is

 o
f t

he
 e

ffe
ct

 o
f fi

re
 o

n 
th

e 
at

tri
bu

te
s o

f c
oa

rs
e 

w
oo

dy
 d

eb
ris

, a
nd

 lo
ng

-te
rm

 
sto

ck
s.

N
o

Vo
lk

ov
a 

an
d 

W
es

to
n 

[1
05

]; 
to

 e
xp

lo
re

 re
la

tio
ns

hi
ps

 a
m

on
g 

fu
el

 c
on

su
m

pt
io

n,
 o

r C
 lo

ss
, b

ur
n 

co
nd

iti
on

s a
nd

 fo
re

st 
ty

pe
 in

 p
la

nn
ed

 b
ur

ns
 in

 d
ry

 e
uc

al
yp

t f
or

es
ts

 o
f S

E 
A

us
-

tra
lia

.

D
at

a 
fro

m
 4

0 
pr

es
cr

ib
ed

 b
ur

ns
 o

ve
r a

 ra
ng

e 
of

 fo
re

st 
pr

od
uc

tiv
ity

.
C

on
su

m
pt

io
n 

gi
ve

n 
in

 te
rm

s o
f C

 lo
ss

 fr
om

 li
tte

r 
an

d 
de

ad
w

oo
d,

 b
ut

 n
o 

da
ta

 p
re

se
nt

ed
. G

en
er

al
is

ed
 

Li
ne

ar
 M

od
el

s d
ev

el
op

ed
 to

 e
xp

la
in

 C
 lo

ss
 fr

om
 

pr
ed

ic
to

rs
 su

ch
 a

s l
itt

er
 m

oi
stu

re
, fi

re
lin

e 
in

te
ns

ity
 

an
d 

fo
re

st 
ty

pe
.

N
o

H
ol

lis
 e

t a
l. 

[2
42

]; 
to

 d
es

cr
ib

e 
w

oo
dy

 fu
el

 c
on

su
m

pt
io

n 
in

 
so

ut
he

rn
 A

us
tra

lia
 e

uc
al

yp
t f

or
es

ts
 a

nd
 e

va
lu

at
e 

ex
ist

in
g 

m
od

el
s.

D
at

a 
(n

 =
 19

) f
ro

m
 p

re
sc

rib
ed

 b
ur

ns
 a

nd
 w

ild
fir

es
 

bu
rn

in
g 

in
 F

O
R

ES
TC

H
EC

K
 p

lo
ts

 [2
43

]. 
W

oo
dy

 fu
el

 
co

ns
um

pt
io

n 
up

 to
 4

.5
 k

g 
m

−
2 .

D
es

cr
ip

tiv
e 

an
al

ys
is

 o
f d

at
a 

an
d 

m
od

el
 fi

t.
N

o

H
ud

ak
 e

t a
l. 

[2
44

]; 
to

 re
la

te
 n

ad
ir 

an
d 

ob
liq

ue
 fi

re
 ra

di
at

iv
e 

en
er

gy
 w

ith
 su

rfa
ce

 fu
el

 c
on

su
m

pt
io

n 
in

 p
re

sc
rib

ed
 b

ur
ns

, 
U

SA
.

D
at

a 
fro

m
 1

1 
pr

es
cr

ib
ed

 b
ur

n 
bl

oc
ks

. F
ue

l c
on

su
m

pt
io

n 
ra

ng
e:

 1
.4

–6
.4

 k
g 

m
−

2 ; r
el

at
iv

e 
co

ns
um

pt
io

n 
44

–8
5%

.
Fu

el
 c

on
su

m
pt

io
n 

de
riv

ed
 fr

om
 b

ot
h 

ai
rb

or
ne

 L
W

IR
 

im
ag

er
y 

an
d 

va
rio

us
 g

ro
un

d 
va

lid
at

io
n 

se
ns

or
s 

ap
pr

oa
ch

ed
 a

 li
ne

ar
 re

la
tio

ns
hi

p 
w

ith
 o

bs
er

ve
d 

fu
el

 c
on

su
m

pt
io

n.

Ye
s

Je
nk

in
s e

t a
l. 

[1
09

]; 
to

 d
et

er
m

in
e 

w
ha

t b
io

m
as

s f
ra

ct
io

ns
 a

re
 

ty
pi

ca
lly

 c
on

su
m

ed
 b

y 
a 

pl
an

ne
d 

fir
e 

in
 so

ut
he

rn
 A

us
tra

lia
 

eu
ca

ly
pt

 fo
re

sts
.

D
at

a 
fro

m
 9

 lo
w

-in
te

ns
ity

 p
re

sc
rib

ed
 b

ur
ns

, e
ac

h 
on

e 
w

ith
 4

 in
de

pe
nd

en
t p

lo
ts

 fo
r m

ea
su

re
m

en
ts

 o
f f

ue
l 

co
ns

um
pt

io
n 

of
 o

ve
rs

to
re

y,
 u

nd
er

sto
re

y,
 c

oa
rs

e 
w

oo
dy

 
de

br
is

, fi
ne

 li
tte

r a
nd

 p
yr

og
en

ic
 c

ar
bo

n.

D
es

cr
ip

tiv
e 

an
al

ys
is

 w
ith

 q
ua

nt
ifi

ca
tio

n 
of

 b
io

m
as

s 
co

ns
um

pt
io

n.
N

o
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Ta
bl
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(c
on

tin
ue

d)

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
bl

is
he

d

Sp
ar

ks
 e

t a
l. 

[2
36

]; 
to

 re
la

te
 fi

re
 ra

di
at

iv
e 

flu
x 

w
ith

 tr
ee

 
re

sp
on

se
; p

ro
vi

de
s f

ue
l c

on
su

m
pt

io
n 

da
ta

 in
 p

re
sc

rib
ed

 
bu

rn
s, 

U
SA

.

D
at

a 
fro

m
 9

 p
re

sc
rib

ed
 b

ur
ns

. F
ue

l c
on

su
m

pt
io

n 
up

 to
 

6.
6 

kg
 m

−
2 .

A
na

ly
si

s d
oe

s n
ot

 fo
cu

s o
n 

fu
el

 c
on

su
m

pt
io

n,
 b

ut
 

da
ta

 is
 p

ro
vi

de
d.

 F
ire

 p
ro

pa
ga

tio
n 

da
ta

 a
ls

o 
pr

o-
vi

de
d.

 N
o 

an
al

ys
is

 o
f f

ue
l c

on
su

m
pt

io
n.

Ye
s

G
ra

u-
A

nd
ré

s e
t a

l. 
[1

12
]; 

to
 u

nd
er

st
an

d 
th

e 
ro

le
 o

f l
ow

 fu
el

 
m

oi
stu

re
 c

on
te

nt
 in

 fi
re

 se
ve

rit
y,

 a
s d

es
cr

ib
ed

 b
y 

fu
el

 c
on

-
su

m
pt

io
n,

 in
 C

al
lu

na
-d

om
in

at
ed

 sh
ru

bl
an

ds
, S

co
tla

nd
.

D
at

a 
fro

m
 1

9 
ex

pe
rim

en
ta

l fi
re

s (
25

 ×
 30

 m
) d

ist
rib

ut
ed

 
ac

ro
ss

 tw
o 

co
nt

ra
sti

ng
 lo

ca
tio

ns
. M

os
s a

nd
 li

tte
r l

ay
er

 
co

ns
um

pt
io

n 
m

ea
su

re
d 

an
d 

gi
ve

n 
in

 c
m

. C
on

su
m

pt
io

n 
up

 to
 5

 c
m

 in
 d

ep
th

.

M
od

el
s o

f m
os

s/
lit

te
r f

ue
l l

ay
er

 c
on

su
m

pt
io

n 
bu

ild
 

fro
m

 fu
el

 m
oi

stu
re

 c
on

te
nt

N
o

Pr
ic

ha
rd

 e
t a

l. 
[3

3,
 2

45
]; 

to
 d

et
er

m
in

e 
w

he
th

er
 re

gi
on

al
ly

 
sp

ec
ifi

c 
fu

el
 c

on
su

m
pt

io
n 

eq
ua

tio
ns

 w
er

e 
w

ar
ra

nt
ed

, U
SA

.
D

at
a 

fro
m

 1
20

 p
re

sc
rib

ed
 b

ur
ns

 in
 p

in
e 

do
m

in
at

ed
 

fo
re

sts
 in

 th
e 

w
es

te
rn

 a
nd

 so
ut

h-
ea

ste
rn

 U
SA

. C
on

-
su

m
pt

io
n 

of
 d

iff
er

en
t f

ue
l l

ay
er

s q
ua

nt
ifi

ed
. T

ot
al

 fu
el

 
co

ns
um

pt
io

n 
up

 to
 3

.4
 k

g 
m

−
2 .

M
od

el
s f

or
 c

on
su

m
pt

io
n 

of
 d

iff
er

en
t f

ue
l l

ay
er

s 
de

ve
lo

pe
d 

fo
r s

ou
th

ea
ste

rn
 a

nd
 w

es
te

rn
 d

at
as

et
s. 

Fu
el

 c
on

su
m

pt
io

n 
ex

pl
ai

ne
d 

m
os

tly
 b

y 
pr

e-
fir

e 
fu

el
 q

ua
nt

ity
 a

nd
 fo

r s
om

e 
la

ye
rs

 it
s m

oi
stu

re
 

co
nt

en
t. 

Re
su

lts
 w

ar
ra

nt
 d

ev
el

op
m

en
t o

f r
eg

io
na

l 
sp

ec
ifi

c 
m

od
el

s. 
D

at
a 

gi
ve

n 
in

 [2
45

].

Ye
s

H
ol

lis
 e

t a
l. 

[1
06

]; 
to

 in
ve

sti
ga

te
 h

ow
 th

e 
ch

ar
ac

te
ris

tic
s o

f 
w

oo
dy

 fu
el

 p
ar

tic
le

s a
ffe

ct
 th

e 
va

rio
us

 p
ha

se
s o

f c
om

-
bu

sti
on

 a
nd

 th
ei

r o
ve

ra
ll 

eff
ec

t o
n 

fu
el

 c
on

su
m

pt
io

n;
 in

 
so

ut
he

rn
 A

us
tra

lia
 e

uc
al

yp
t f

or
es

ts
.

W
oo

dy
 fu

el
 c

on
su

m
pt

io
n 

at
 p

ar
tic

le
 le

ve
l w

ith
 2

86
6 

ob
se

rv
at

io
ns

. D
at

a 
is

 su
bs

et
 o

f d
at

a 
in

 [1
02

, 1
04

].
M

od
el

s f
or

 w
oo

dy
 v

ol
um

e 
re

du
ct

io
n,

 ig
ni

tio
n 

su
c-

ce
ss

, p
ar

tia
l c

on
su

m
pt

io
n 

an
d 

fu
ll 

co
ns

um
pt

io
n 

de
ve

lo
pe

d 
fro

m
 G

en
er

al
 L

in
ea

r M
od

el
 a

na
ly

si
s. 

D
is

cu
ss

io
n 

on
 th

e 
eff

ec
t o

f f
ue

l c
ha

ra
ct

er
ist

ic
s o

n 
w

oo
dy

 fu
el

 c
on

su
m

pt
io

n.

N
o

Ly
on

 e
t a

l. 
[2

46
]; 

to
 u

nd
er

st
an

d 
fir

e 
be

ha
vi

ou
r i

n 
m

as
tic

at
ed

 
fu

el
 tr

ea
tm

en
ts

 in
 P

in
us

 p
on

de
ro

sa
 st

an
ds

, U
SA

.
M

as
tic

at
ed

 fu
el

 c
on

su
m

pt
io

n 
at

 p
lo

t l
ev

el
. S

tu
dy

 b
as

ed
 in

 
da

ta
 fr

om
 7

5 
pr

es
cr

ib
ed

 b
ur

ns
. P

ro
vi

de
s d

at
a 

fro
m

 1
5 

bu
rn

s. 
Fu

el
 c

on
su

m
pt

io
n 

ra
ng

e:
 1

.5
–8

.o
 k

g 
m

−
2 .

Re
su

lts
 e

xp
lo

re
 th

e 
re

la
tio

ns
hi

p 
be

tw
ee

n 
m

as
tic

at
io

n 
fu

el
 (c

oa
rs

e 
vs

. fi
ne

) a
nd

 d
ry

ne
ss

 c
on

di
tio

ns
 w

ith
 

fir
e 

be
ha

vi
ou

r. 
Re

su
lts

 sh
ow

 la
bo

ra
to

ry
 d

er
iv

ed
 

fir
e 

be
ha

vi
ou

r r
el

at
io

ns
hi

ps
 n

ot
 to

 h
ol

d 
to

 fi
el

d 
co

nd
iti

on
s.

Ye
s

de
 G

ro
ot

 e
t a

l.[
24

7]
; t

o 
de

ve
lo

p 
m

od
el

s o
f c

an
op

y 
fu

el
 c

on
-

su
m

pt
io

n 
fo

r C
an

ad
ia

n 
bo

re
al

 fo
re

st 
fu

el
 ty

pe
s.

D
at

ab
as

e 
co

m
pr

is
in

g 
ex

pe
rim

en
ta

l fi
re

s s
pr

ea
di

ng
 a

s 
su

rfa
ce

, i
nt

er
m

itt
en

t c
ro

w
n,

 a
nd

 fu
lly

 d
ev

el
op

ed
 c

ro
w

n 
fir

es
 (n

 =
 59

; 8
 d

ist
in

ct
 e

xp
er

im
en

ta
l b

ur
n 

pr
og

ra
m

s 
co

nd
uc

te
d 

be
tw

ee
n 

19
74

 a
nd

 2
00

0)
. C

an
op

y 
fu

el
 c

on
-

su
m

pt
io

n 
va

rie
d 

be
tw

ee
n 

0.
0 

an
d 

2.
2 

kg
 m

−
2 .

M
od

el
s f

or
 c

an
op

y 
fu

el
 c

on
su

m
pt

io
n 

gi
ve

n 
as

 fu
nc

-
tio

n 
of

 ra
te

 o
f fi

re
 sp

re
ad

 a
nd

 c
an

op
y 

fu
el

 lo
ad

, 
w

hi
ch

 w
as

 se
pa

ra
te

d 
in

to
 li

ve
 fo

lia
ge

 a
nd

 fi
ne

 
de

ad
 b

ra
nc

hw
oo

d.
 R

es
ul

ts
 a

re
 d

is
cu

ss
ed

 w
ith

in
 th

e 
co

nt
ex

t o
f fi

re
 b

eh
av

io
ur

 a
nd

 c
ar

bo
n 

em
is

si
on

s.

Ye
s

Pr
ic

e 
et

 a
l. 

[1
11

]; 
to

 im
pr

ov
e 

es
tim

at
es

 o
f t

ot
al

 fu
el

 
co

ns
um

pt
io

n,
 a

nd
 it

s r
el

at
io

ns
hi

p 
w

ith
 fi

re
 se

ve
rit

y 
an

d 
fir

e 
ty

pe
 (p

re
sc

rib
ed

 b
ur

n 
vs

. w
ild

fir
e)

 in
 so

ut
h 

ea
ste

rn
 

A
us

tra
lia

n 
eu

ca
ly

pt
 fo

re
sts

.

D
at

a 
co

lle
ct

ed
 in

 p
re

sc
rib

ed
 fi

re
s (

n =
 11

), 
cu

ltu
ra

l b
ur

ns
 

(n
 =

 3)
 a

nd
 w

ild
fir

es
 (n

 =
 6)

.
D

es
cr

ip
tiv

e 
an

al
ys

is
 o

f f
ue

l c
on

su
m

pt
io

n 
by

 fu
el

 
co

m
po

ne
nt

 a
nd

 fi
re

 se
ve

rit
y.

N
o
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Ta
bl
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O
bj

ec
tiv

es
, d

at
a,

 a
nd

 fi
nd

in
gs

 o
f s

po
tti

ng
 d

ist
an

ce
 o

r s
po

t fi
re

 ig
ni

tio
n 

lik
el

ih
oo

d 
stu

di
es

St
ud

y 
an

d 
ob

je
ct

iv
e

D
at

a
Fi

nd
in

gs
D

at
a 

pu
b-

lis
he

d

G
ou

ld
 e

t a
l.[

30
]; 

to
 st

ud
y 

fir
e 

be
ha

vi
ou

r i
n 

dr
y 

eu
ca

ly
pt

 
fo

re
st 

(J
ar

ra
h,

 E
uc

al
yp

tu
s m

ar
gi

na
ta

) u
nd

er
 d

ry
 su

m
m

er
 

co
nd

iti
on

s i
n 

so
ut

he
rn

 A
us

tra
lia

.

Sh
or

t- 
an

d 
lo

ng
-r

an
ge

 sp
ot

tin
g 

de
ns

iti
es

 a
nd

 d
ist

an
ce

s i
n 

8 
ex

pe
rim

en
ta

l fi
re

s. 
Sp

ot
tin

g 
di

st
an

ce
s r

an
ge

: 1
5–

11
45

 m
.

M
os

tly
 d

es
cr

ip
tiv

e 
stu

dy
. E

va
lu

at
io

n 
of

 sp
ot

tin
g 

di
st

an
ce

 
m

od
el

s a
nd

 fi
tti

ng
 o

f s
po

tti
ng

 d
en

si
ty

 m
od

el
.

Ye
s

M
cC

aw
 e

t a
l. 

[2
3]

; t
o 

de
sc

rib
e 

th
e 

m
et

ho
do

lo
gy

 a
nd

 
re

su
lts

 o
f a

 se
rie

s o
f h

ig
h-

in
te

ns
ity

 e
xp

er
im

en
ta

l fi
re

s i
n 

dr
y 

eu
ca

ly
pt

 fo
re

st 
(J

ar
ra

h,
 E

. m
ar

gi
na

ta
) i

n 
so

ut
he

rn
 

A
us

tra
lia

.

Fu
rth

er
 d

es
cr

ib
es

 a
nd

 a
na

ly
se

s d
at

a 
fro

m
 si

x 
of

 th
e 

ex
pe

ri-
m

en
ta

l fi
re

s i
n 

[3
0]

.
M

os
tly

 d
es

cr
ip

tiv
e 

an
al

ys
is

 o
f e

xp
er

im
en

ta
l r

es
ul

ts
.

Ye
s

Pa
ge

 e
t a

l. 
[1

17
]; 

to
 a

na
ly

se
 th

e 
in

flu
en

ce
 o

f s
ev

er
al

 
en

vi
ro

nm
en

t-,
 v

eg
et

at
io

n-
, a

nd
 fi

re
-r

el
at

ed
 v

ar
ia

bl
es

 o
n 

m
ax

im
um

 sp
ot

tin
g 

di
st

an
ce

s i
n 

w
ild

fir
es

, U
SA

.

C
om

pi
le

d 
da

ta
se

t o
f s

po
t fi

re
 d

ist
an

ce
s i

n 
w

ild
fir

es
; 

id
en

tifi
ed

 7
21

4 
un

iq
ue

 sp
ot

 fi
re

s o
ve

r t
he

 c
ou

rs
e 

of
 4

47
 

di
ffe

re
nt

 fi
re

-d
ay

 c
om

bi
na

tio
ns

. S
po

t fi
re

 d
ist

an
ce

 ra
ng

e:
 

<
50

–2
70

0 
m

.

D
is

cu
ss

io
n 

of
 m

et
ho

do
lo

gi
es

 u
se

d.
 D

es
cr

ip
tiv

e 
an

al
ys

is
 

of
 sp

ot
 fi

re
 d

ist
an

ce
s a

nd
 sp

ot
 fi

re
 si

ze
s. 

M
ix

ed
 e

ffe
ct

s 
re

gr
es

si
on

 a
na

ly
si

s o
f m

ax
im

um
 sp

ot
 fi

re
 d

ist
an

ce
s. 

A
 

si
gn

ifi
ca

nt
 p

os
iti

ve
 c

or
re

la
tio

n 
be

tw
ee

n 
th

e 
m

ax
im

um
 

ob
se

rv
ed

 sp
ot

 fi
re

 d
ist

an
ce

 a
nd

 a
n 

in
te

ra
ct

io
n 

be
tw

ee
n 

fir
e 

gr
ow

th
 a

nd
 w

in
d 

sp
ee

d 
w

er
e 

fo
un

d.
 C

om
pa

ris
on

 
w

ith
 A

lb
in

i’s
 [2

48
] m

ax
im

um
 sp

ot
 fi

re
 d

ist
an

ce
 m

od
el

.

N
o

St
or

ey
 e

t a
l. 

[1
19

]; 
to

 in
ve

sti
ga

te
 th

e 
en

vi
ro

nm
en

ta
l d

riv
er

s 
of

 lo
ng

-d
ist

an
ce

 sp
ot

tin
g,

 m
ax

im
um

 sp
ot

 fi
re

 d
ist

an
ce

s 
an

d 
nu

m
be

r o
f l

on
g-

di
st

an
ce

 sp
ot

 fi
re

s i
n 

eu
ca

ly
pt

 fo
r-

es
ts

, A
us

tra
lia

.

D
at

a 
fro

m
 3

38
 w

ild
fir

e 
ob

se
rv

at
io

ns
. S

po
t fi

re
 d

ist
an

ce
 

ra
ng

e:
 5

.0
–1

3.
9 

km
.

G
en

er
al

is
ed

 li
ne

ar
 m

od
el

s u
se

d 
in

 a
na

ly
si

s. 
W

ild
fir

e 
ar

ea
 

w
as

 th
e 

m
os

t i
m

po
rta

nt
 p

re
di

ct
or

 o
f m

ax
im

um
 sp

ot
tin

g 
di

st
an

ce
. W

ea
th

er
 (s

ur
fa

ce
 a

nd
 u

pp
er

 le
ve

l),
 v

eg
et

at
io

n 
an

d 
to

po
gr

ap
hi
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such as LiDAR, to provide detailed 3D maps of the fuel 
complex structure [126, 127]. This information can then 
be directly linked with the spatially explicit fire behaviour 
observations to investigate the direct effect of small-scale 
fuel features on fire dynamics [127, 128].

Similarly, atmospheric data is often comprehensively 
measured during such experiments. Networks of ground-
based in situ weather stations are used to measure bound-
ary layer wind flow and turbulence around an experimen-
tal burn. In some experiments, wind instruments are also 
located within the experimental plot to measure 3D fluid 
flow as the fire passes by [124, 129]. The vertical structure 
of the atmosphere above a fire can be characterised through 
vertical atmospheric profilers and other instruments, such 
as Doppler LiDAR and radar systems, and can be used to 
monitor plume pulse structure and fire-atmosphere interac-
tions [120, 124].

Fire behaviour information collected in integrated 
measurement campaigns include the basic data measured 
in studies aimed at the development and evaluation of 
management-oriented models, including the type of fire 
(e.g. surface fire, or active crowning), the rate of spread, 
fireline intensity, and flame length of the head, back 
of flank fires, and fuel consumption by fuel layer, size 
class, and condition. A distinct feature of typical inte-
grated measurement campaigns is the collection of more 
detailed data, namely airborne and tower-based measure-
ments of energy release and radiative and convective heat 
fluxes [25, 26, 130], flame zone depth [131] and resi-
dence time [36] and the near-fire atmospheric conditions 
including measurements of the number, location and size 
of fire plumes, entrainment, and turbulence [120, 132]. 
The detailed measurement of fire behaviour enables plot-
ting of fine scale spatiotemporal maps of fire behaviour 
metrics that can be co-located with 3D estimates of the 
fuels complex and fire environment [133]. The inclusion 
of a broader list of fire behaviour metrics along with a 
focus on spatial-temporal data collection methods support 
the evaluation of a wide range of models, offers insights 
into the mechanisms driving fire behaviour and provide 
critical data to link fire behaviour to effects and smoke 
transport [120].

It is worth noting that integrated fire-behaviour measur-
ing campaigns often involve significant investment to bring 
together the researchers, skills and equipment required to 
meet the measurement campaign objectives, in addition 
to the necessary coordination with land and fire managers 
responsible for safely conducting the large-scale experi-
mental fires under the desired conditions. Ottmar et al. [29], 
Prichard et al. [120] and McNamara and Mell [133] provide 
excellent overviews and data requirements for integrated 
campaigns.

A Global Synthesis of Fire Behaviour Characteristics

The range of fire behaviour characteristics, such as rate of fire 
spread and fireline intensity vary greatly, both among fuel 
types and across fire weather conditions. Variation in fire-
behaviour characteristics in forests, woodlands, and shrub-
lands is affected by vegetation structure, including the vertical 
stratification and whether or not fire can transition between 
fuel layers, namely from surface to canopy fuels. A gradient 
of increasing surface fire rate of spread in relation to surface 
fuel layer type is expected in the direction of litter—logging 
slash—shrub—grass, reflecting the combined effects of fuel 
particles’ fineness and fuel-bed compactness, and this is appar-
ent within a given forest type [e.g. 54]. Also, fires in light 
grassy fuels and fires in heavy downed woody fuels represent 
the extremes of the combination between the rate of spread and 
flame residence time, respectively high-low and low-high, with 
fires in shrubland and forest in-between [134].

Based on experimental data compiled by [51], Page et al. 
[134] graphed the general fire behaviour ranges for conifer 
forests, shrublands, and logging slash, indicating respec-
tive approximate maximum values of 5, 3.5, and 2.5 km 
h−1 for the forward rate of fire spread. The weight of Cana-
dian data in their systematization is apparent, and temper-
ate to boreal conifer forests and woodlands in Canada are 
arguably the forest types for which fire behaviour has been 
more thoroughly quantified through field experimentation. 
Faster spreading and higher intensity crown fires occur in 
black spruce (Picea mariana) and jack (Pinus banksiana) 
and lodgepole (P. contorta) pine stands, while surface fire 
is more prevalent in red (P. resinosa) and white (P. strobus) 
pine forests and in ponderosa pine (P. ponderosa) — Doug-
las-fir (Pseudotusga menziesii) stands [5].

While other surface fuels may be scarce in boreal forests, 
a distinctive feature is a common presence or dominance of 
a lichen or moss surface fuel layer with a very fast drying 
response [135] that can be the main vector for fire spread [136, 
137]. The likelihood of crown fire is a combined function of 
surface fire intensity and canopy base height [87] or of the gap 
between surface and canopy fuels [85]. Stand structure plays a 
decisive role in the variability and patterns of fire behaviour in 
boreal conifer forests, implying that fire type is responsive to 
short-term variation in wind speed [55, 88] plus spatial vari-
ation in canopy fuels [138]. In black spruce-lichen woodland, 
canopy base height is low enough to facilitate passive crown-
ing [137], as well as in immature jack pine, where in addition 
extreme stand density favours active crowning [88]. However, 
the wind speed (fuel moisture) threshold for fire spread is 
higher (lower) in immature and/or dense conifer stands [55, 
75]. Because the likelihood of crown fire related with forest 
structure decreases as stands mature and vertical continuity 
decreases [139] and in-stand winds increase [55], the trade-off 
between stand structure and weather is relevant. The result 
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is a wide fire-behaviour range in mature stands, namely in 
jack pine – black spruce [140]. Still, crown fire development 
can be hindered even when the surface fire is intense, e.g., in 
Siberian Scots pine (Pinus sylvestris) stands [141], which is 
consistent with generally lower wildfire intensity (as inferred 
from remote sensing) in Eurasian versus in North-American 
boreal forests [142]. Finally, further fire behaviour exacerba-
tion occurs in crown-fire-prone conifer stands killed by insect 
outbreaks, namely by the eastern spruce budworm (Choristo-
neura fumiferana) in balsam fir (Abies balsamea) [143] and 
by the mountain pine beetle (Dendroctonus ponderosae) in 
lodgepole pine [144], but a proper understanding of the rea-
sons is lacking [145].

Surface fires are prevalent in the experimental burn programs 
carried out in non-boreal conifer forests. The transition from 
surface to crown fire can reflect trade-offs between the nature 
and quantity of surface fuels. This implies that a fast-spreading 
fire in light litter-grass often remains a surface fire, as in south-
eastern USA longleaf pine (Pinus palustris) [146–148], whereas 
a slower-spreading fire in heavy litter-shrub can burn the canopy, 
as in the maritime pine (P. pinaster) case study described by 
Fernandes et al. [149]. Variation in surface fire behaviour in 
Mediterranean Basin pine stands (P. pinaster, P. nigra, P. brutia) 
under mild fuel moisture conditions is driven by wind speed [54, 
150, 151], with crowning readily occurring under drier condi-
tions in short or immature stands [100, 152].

In mixed conifer—deciduous broadleaved forests the 
deciduous component is assumed to moderate fire behav-
iour proportionally to its relative cover [5, 153], although 
empirical data showing this effect is non-existent. Consistent 
quantitative knowledge about fire behaviour in deciduous 
boreal and temperate forests is limited to the North Ameri-
can quaking aspen (Populus tremuloides). Aspen-dominated 
stands consistently support fire spread only in the fall and 
early spring (but see [153]), when surface fuel availability 
(litter plus scattered cured herbs) and exposure to wind are 
higher and before the overstorey and understorey leaf flush. 
The windier and/or drier conditions in the experiments of 
[154] and [155] produced fire-spread rates in the 5–10 m 
min−1 range and flame lengths of ~ 1.5 m. Reports of fire 
behaviour characteristics in deciduous oak (Quercus spp.) 
and oak-dominated forests in the USA are extensive, but 
most data pertain to prescribed burning effects studies and 
reflect an interaction between flame fronts. The seasonal 
effects mentioned for aspen apply to these, albeit to a lesser 
extent, and the fire behaviour magnitude is similar. However, 
faster and more intense fire is likely in oak stands with a 
litter—shrub understorey surface fuel complex [156, 157].

Other than in eucalypts, fire behaviour experimentation 
in temperate and Mediterranean evergreen broadleaved for-
ests and woodlands is almost non-existent. Near-surface 
fuels — i.e. low or prostrated understorey vegetation and 
suspended litter — are the most significant fuel driver of 

fire spread in Australian dry eucalypt forests (Eucalyptus 
sieberi [158], ; E. marginata [60]), . Depending on weather 
and fuel conditions, short-range spotting from bark com-
bustion can be a significant driver of forward fire spread 
[159]. The involvement of eucalypt canopy in fire spread is 
distinct from observations in conifer forests, with an area of 
dense spot fire coalescence preceding canopy ignition, i.e. 
canopy consumption typically occurs behind the flame front 
leading edge [160]. Experimentation in eucalypt forests has 
been extensive but most efforts consisted of experiments 
conducted under dry summer conditions under less than 
elevated fire danger [159]. The highest rates of spread and 
flame sizes recorded — up to 23 m min−1 and 14 m in [60] 
— are far from the extremes possible in eucalypt wildfires 
[159], in contrast with boreal conifer experiments.

Fire in undisturbed tropical evergreen broadleaves is lim-
ited to seasonal forests, as fire spread is generally precluded 
by the high relative humidity prevalent in tall, closed-canopy 
rainforests [161]. Experimental fire behaviour in these systems 
has been described for Brazil [77, 162,163,164], Venezuela 
[161], and Thailand [165], mostly involving point-ignited fires 
under calm conditions. Forest structure and disturbance his-
tory induce variability [166, 167], but rates of spread and flame 
heights never exceed 1.0 m min−1 and 1.0 m, respectively, even 
in the few instances when low (< 10%) litter moisture content 
combines with significant wind. Comparatively, deciduous 
tropical forests (leafless during the hot and dry season) often 
comprise a grass fuel component and have higher fuel load and 
less sheltered in-stand conditions (e.g. dry dipterocarp forests in 
Thailand). This enables faster fire spread rates and taller flames 
than in evergreen tropical forests, up to 4 m min−1 and 1.5 m, 
respectively [e.g.78, 168, 169].

We previously noted the indirect (through wind speed 
reduction and dead fuel moisture content increase) but deci-
sive influence of vegetation structure on fire behaviour. In 
open vegetation types, namely shrublands, such an effect 
translates into faster fuel-level wind speed and lower fuel 
moisture in relation to forests, as well as faster drying after 
rainfall. This degree of exposure, combined with the nature 
of shrub fuels (fine, elevated, aerated), accounts for the high-
intensity fire behaviour observed under low fire danger [7] 
once the threshold in dead fuel moisture for sustained fire 
spread is attained, [e.g. 79]; such on/off threshold can be 
particularly high, as in UK’s Calluna spp. heathlands, which 
is attributed to seasonally low live fuel moisture content 
[112, 170]. As an example, autumn to spring fire-spread 
rates in a range of mesic to dry shrublands in north-western 
Iberia peninsulacan reach up to 15—25 m min-1 [171, 172]. 
Shrublands are thus intrinsically flammable, notwithstand-
ing substantial variability in physiognomy and fuel charac-
teristics such as load and dead fuel fraction. The effect of 
wind speed on shrubland fire-spread rate and the correlation 
with fuel properties are both strong, and the compounded 
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fuel-structure effect is usually attributed to vegetation height 
or bulk density [e.g.7]. Thus, the current understanding is 
that shrublands of similar height and cover are expected to 
show comparable rates of spread if burnt under the same 
wind speed and dead fuel moisture content, regardless of 
their floristic composition.

Disruptions in the horizontal or vertical continuity of shrub 
fuels can hinder or disturb fire spread [80, 173, 174,175]. This 
is especially relevant in the open shrublands typical of semi-
arid environments, which are structurally more heterogene-
ous, examples including sagebrush (Artemisia spp.) [176] 
and Prosopis—Acacia [177] in the USA, and mallee-heath 
in Australia [71]. As a consequence, higher (lower) thresholds 
in wind speed (dead fuel moisture) are required for sustained 
horizontal and/or vertical fire spread.

Comparison of fire behaviour characteristics among 
vegetation types is complicated by the numerous sources 
of experimental variability in addition to those inherent to 
fuel characteristics and the range of weather data within 
each study. Fire development is affected by the method of 

ignition, i.e. whether ignition points or lines are used, the 
length of the ignition line, and how the line is established, 
as well as the size of the experimental plot (see Discus-
sion). Where and how wind speed is measured is a source of 
substantial variability, relevant factors including the height 
at which measurements are taken and the density and loca-
tion of anemometers in relation to the plot, the period and 
rate of sampling, and whether they are placed in-stand or in 
open terrain [55, 178, 179]. Finally, how rate of spread is 
measured and calculated also matters [141, 180]. Ultimately, 
and considering all the experimental set-up variation, all fire 
behaviour field studies are unique.

Within the BONFIRE database [181], we considered 
the studies comprising a minimum of 5 experimental fires, 
n = 92 (Supplementary material). We calculated the study 
means of forward fire-spread rate and its two main environ-
mental drivers (wind speed and fine dead fuel moisture con-
tent), plus ignition line length given the scale-dependency 
of fire behaviour. Plots of fire-spread rate versus these vari-
ables (Fig. 1 for forests, and Fig. 2 for woody but treeless 

Fig. 1   Variation of experimental forward fire-spread rate in forest as a 
function of wind speed, fine dead fuel moisture content, and ignition 
line length. Solid and open symbols respectively denote experiments 

where wind was measured inside the stand at a height of 1.5–2 m, or 
at 10-m in the open. Data sources are presented as supplementary 
information
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environments) show rate of spread varying by approximately 
one order of magnitude for any given value of each inde-
pendent variable and suggest increased variability for condi-
tions increasingly favourable for fire spread.

The observed scatter is substantial, but the collective pat-
terns conform to results from individual studies [182]: the 
fire-spread rate response to wind speed, dead fuel moisture 
content, and ignition line length, respectively, follows a near-
linear increase, a non-linear decay, and a steep increase to 
a plateau up to an ignition length of 50–100 m. To quantify 
the drivers of rate of fire spread, we modelled its log-trans-
formed form from fuel type, generic type of vegetation (for-
est or non-forest), and log-transformed wind speed and igni-
tion line length. These variables (all significant at p < 0.01) 
accounted for 64.1% of the existing variation, with relative 
effect sizes of 4.8 (fuel type), 3.4 (wind speed), 2.8 (igni-
tion line length), and 1 (vegetation type). Fuel moisture con-
tent was inversely autocorrelated with ignition line length 
(p = 0.042) and was associated to fuel type (p = 0.0040) 
and its inclusion in the model was not warranted (p > 0.05). 
The fuel-type effect is also likely confounded with the 

experimental idiosyncrasies of the various studies — includ-
ing slope (although 75% of the studies were carried out on 
slopes of < 5º) and fuel characteristics — and so its actual 
influence should be lower. Wind-measurement height was 
not influential, but all the stronger wind speeds in forest 
experiments were measured at 10-m in the open; Fig. 1 sug-
gests that adjustment (reduction) to in-stand surface condi-
tions (~ 2-m height) would increase the ability of wind speed 
to explain fire-spread rate variability.

The fastest fires in forest were observed in boreal coni-
fers, where less conservative burn conditions are more 
represented, i.e. stronger wind, lower dead fuel moisture 
content, and larger plot size, clearly contrasting with non-
boreal conifers. Thus, it is not possible to ascertain if boreal 
conifer forests are intrinsically more prone to high-intensity 
crown fire in comparison with conifer forests elsewhere. The 
number of studies available for other forest types is limited 
and precludes sound comparisons, but the scatter in Fig. 1 
is consistent with the description made early in this section.

The response of fire-spread rate to wind speed and igni-
tion line length appears more scattered in open woody 

Fig. 2   Variation of experimental forward fire-spread rate in woody 
open vegetation types, including forest slash, as a function of wind 
speed, fine dead fuel moisture content, and ignition line length. Solid 

and open symbols respectively denote experiments where wind was 
measured at a height of 1.5–2 m, or at 10-m in the open. Data sources 
are presented as supplementary information
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vegetation than in forest (Fig. 2). Open shrubland recorded 
the highest spread rates, coinciding with distinctly lower 
fuel moisture contents. Fire-spread rate in slash fuels does 
not reach the expected potential [5], given the prevalence of 
weak winds, moderately high fuel moistures, and relatively 
short ignition lengths. Again, generalization of differences 
between vegetation types is not allowed by the data.

Discussion

A Note on Ignition Type and Experimental Fire Size

Many of the main flame front and wildfire behaviour prop-
erties, such as spread rate and radiative heat transfer are 
scale dependent [7, 183]. Ignition type (e.g. point versus 
line) and pattern will influence how fire propagates and the 
behaviour it exhibits. Plot size may hinder the flame front 
reaching the pseudo-steady-state rate of fire spread by limit-
ing the length of the ignition line [6, 7]. Also, plot size may 
reduce the representativeness of fire measurements because 
some distance is required for a fire to attain the pseudo-
steady-state condition [184]. As such, a small-scale experi-
mental fire might not exhibit the dynamics expected to be 
observed in a wildfire propagating at a pseudo steady state 
for the prevailing burning conditions. Similarly, an experi-
ment ignited through a complex ignition pattern to replicate 
prescribed fire behaviour will not represent the behaviour of 
free spreading wildfire.

In Australian dry eucalypt forests, an instantaneous 
120-m long ignition line was found to quickly (within 
25 m) produce a free spreading fire in equilibrium with 
the conditions under moderate to high fire spread potential 
[23, 30]. The size of the required ignition line length to 
quickly attain a pseudo-steady state is dependent on burn-
ing conditions [184] and has not been adequately quanti-
fied in other forest and shrubland fuel types. Similarly, 
the size of a fire run, or multiple runs when considering 
micro-plots [185], should cover a long enough period that 
integrates the transient nature of wind flow, i.e., including 
at least a full wind gust/lull cycle [71, 186]. When con-
sidering the results described in the previous section, it 
was found that a large number of experimental campaigns 
produced fires that were likely not in equilibrium with 
the environment and more likely were still undergoing 
the development phase [187]. An analysis of published 
research results needs to consider the motivations and 
objectives driving the studies (e.g., an intensive small-
scale study vs. large scale project driven by operational 
needs), and the commensurate constraints related to fund-
ing and ignition of outdoor fires in fire-prone landscapes. 
Often the size of the experimental fires and their intensity 
are a compromise between the aims of the researchers and 

the restrictions imposed by academic, operational, finan-
cial, safety and legal considerations. Care nevertheless 
should be taken when amalgamating data from different 
datasets, as experimental fire size and environmental and 
fire measuring methods can differ substantially and lead 
to biases.

The Role of Wildfire Data

For years, wildfire data has had an important role in the 
development of operationally relevant, empirically based, fire 
spread rate models applicable for wildfire spread prediction 
[5, 97] and the evaluation of fire spread models developed 
from experimental fire data [7, 60, 62, 188]. Wildfire data has 
also been used to investigate the importance of the detailed 
description of fire – atmosphere coupling in understanding 
and better modelling wildfire propagation [e.g. 189, 190, 191].

Wildfires tend to occur at unexpected and remote loca-
tions, often not easily accessible to researchers, and their 
violent nature makes them life threatening events, and not 
easily amenable for direct study. In the past, wildfire data 
has been often derived from careful documentation of obser-
vations of wildfire events into case studies [192]. In more 
recent years, the availability of detailed fire management 
agency records in digital formats and modelled spatially-
explicit fuel and weather data, coupled with the widespread 
use of new remote sensing tools, such as thermal infrared 
imagery, have allowed the development of large wildfire 
behaviour datasets [56, 117, 119, 144, 193–195]. Use of 
satellite infra-red sensors have also potential to capture fire 
propagation in wildfire settings [196], although temporal and 
spatial resolution limit the accuracy and frequency of meas-
urements. An important consideration in using wildfire data 
is the rather high uncertainty in these datasets compared to 
what can be obtained in a dedicated experiment. Nonethe-
less, what is lost in accuracy and detail is gained in insights 
into fire processes that cannot be gathered in even the larg-
est of experimental fires. These datasets can further support 
not only the development [194] and evaluation of empirical 
fire behaviour models as described above, but also the study 
and modelling of other less commonly studied, but very 
important phenomena, such as fire-atmosphere interactions 
[197–199], fire whirls [200, 201] and large scale vortices 
development [201, 202] and vorticity-driven lateral spread 
[203, 204], just to name a few.

Conclusions

Empirical field-based observations and measurements of fire 
behaviour are the foundation of our understanding of the com-
plex processes determining wildland fire propagation and the 
basis of existing operational models describing the effects of 
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environmental variables on prescribed burn and wildfire behav-
iour. As we connect distinct fire behaviour datasets collected 
over the past two decades from across the world, it is clear 
that there is a considerable amount of ‘noise’ that precludes 
a comprehensive and robust analysis of fire behaviour trends.

Two main issues contribute to this. Firstly, there is no 
defined or accepted best practice for the measurement of 
the behaviour of free-spreading landscape fires. Methods 
used to sample fire behaviour, weather and fuel variables 
vary widely between studies and can include direct, derived 
and interpolated estimates of key drivers of fire behaviour. 
Fire behaviour fuels and weather data uncertainty are likely 
to vary widely across different studies depending upon the 
instrumentation. Direct measures at the point or small scale 
are likely to have the lowest uncertainty while estimates that 
are interpolated from point measures or derived from a proxy 
measure are likely to have larger uncertainties. Methods 
used in any study are often a compromise as a consequence 
of constraints imposed by the availability of resources and 
operational and safety considerations. It is also important 
to recognize that our understanding of fire behaviour phe-
nomena and our ability to use fire behaviour data to evaluate 
various models depend in part on these uncertainties.

Secondly, the transient nature of fire propagation and behav-
iour, due primarily to the small-scale variability in environmen-
tal conditions, adds inherent noise to fire behaviour observations, 
particularly in smaller experimental fires. Large experimental 
fires are required to capture mean fire behaviour conditions for 
the environment under which a fire is spreading [179, 186]. 
These issues point out the need for the research community 
to define a set of best practices and minimum requirements to 
guide future experimental fire behaviour research.

The validity of fire behaviour data collected in field con-
ditions is paramount when one of the uses of the data is 
the parameterization and evaluation of fire behaviour mod-
els aimed at supporting fire management decision making. 
Biases in the data collected will result in erroneous model 
behaviour that can compromise forest and fire management 
practices with long-term negative impacts.
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