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a b s t r a c t

The degree of accuracy in model predictions of rate of spread in wildland fires is dependent on the
model’s applicability to a given situation, the validity of the model’s relationships, and the reliability of
the model input data. On the basis of a compilation of 49 fire spread model evaluation datasets involving
1278 observations in seven different fuel type groups, the limits on the predictability of current oper-
ational models are examined. Only 3% of the predictions (i.e. 35 out of 1278) were considered to be exact
predictions according to the criteria used in this study. Mean percent error varied between 20 and 310%
and was homogeneous across fuel type groups. Slightly more than half of the evaluation datasets had
mean errors between 51 and 75%. Under-prediction bias was prevalent in 75% of the 49 datasets ana-
lysed. A case is made for suggesting that a �35% error interval (i.e. approximately one standard devia-
tion) would constitute a reasonable standard for model performance in predicting a wildland fire’s
forward or heading rate of spread. We also found that empirical-based fire behaviour models developed
from a solid foundation of field observations and well accepted functional forms adequately predicted
rates of fire spread far outside of the bounds of the original dataset used in their development.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Wildland fire behaviour is broadly defined as the manner in
which fuel ignites, flame develops, fire spreads and exhibits other
related phenomena as determined by the interactions of fire with
its environment e i.e. fuels, weather and topography. The imme-
diate needs of fire operations personnel with respect to fire
behaviour information can be decidedly different from the interests
of fire researchers. Nevertheless, as Van Wagner (1985) has stated,
“If one could boil down the whole science of fire behaviour to its
practical essence, it might be to put in the hands of the fire boss a
decent estimate of how fast his newly-reported fire will advance”
(Fig. 1). In this respect, the knowledge of a free-burning fire’s rate of
spread (Albini, 1984) is often central to being able to compute or
estimate other fire behaviour characteristics (Fig. 2).

Models for predicting rate of fire spread and other characteris-
tics of behaviour are typically distinguished on the basis of three
broad categories: (i) physical, (ii) empirical or (iii) semi-empirical
models (Sullivan, 2009a,b). Physical or process-based models are
mostly developed with theoretical purposes in mind, aiming to
ces and Climate Adaptation
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better understand the physical and chemical processes controlling
fire propagation. The justification for empirical or semi-empirical
models is largely to support a decision making process. Emphasis
on the purpose and perfection of the process description is not
necessarily sought (Alexandrov et al., 2011).

Irrespective of the model approach taken, a pertinent question
facing any wildland fire behaviour modeller is: how accurately can
one expect to predict the spread rate of a wildland fire with
currently available models? The aim of this study was to address
this question by examining error statistics associated with studies
that have used independent datasets derived from field observa-
tions as means of evaluating the performance of models used in the
prediction of surface and crown fires rates of spread for operational
decision-making or as planning and research tools. Given the
existing evidence we also wished to determine what should be
considered an acceptable error.
2. Background information

2.1. Predicting wildland fire rate of spread

When observed closely, a free-burning fire spreads through
highly variable and chaotic motions, although if one considers the
rights reserved.
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Fig. 1. The view from space of the Cobbler Road Fire near Yass, New South Wales, Australia, spreading through fully-cured grasslands on the afternoon of 8 January 2013 under the
influence of exceptionally strong averagewinds (w50 km/h).Wind-driven fires typically exhibit very elongated, elliptical shapes in such situations. Photo credit: Chris Hadfield/NASA.
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time scales of practical interest, spread can be taken as effectively
continuous, giving rise to the concept of a ‘pseudo-steady’ fire
propagation state. In near-real time forecasting of wildland fire
behaviour, presently the objective is to be able to predict the spread
rate of a fire propagating at this pseudo-steady state over time
intervals of 30min or longer (Rothermel,1983,1991; Andrews et al.,
2007; Cheney and Sullivan, 2008).

Empirical-based models developed from experimental fires
carried out under field conditions and covering a broad range of
fuel complexes (from open grasslands to conifer and eucalypt for-
ests) and weather conditions are typically but not always (e.g.
Burrows et al., 2009) able to predict the source dataset with mean
absolute percent errors between 20 and 40% (Fig. 3). The main
sources of error in model predictions of wildland fire behaviour are
considered to be a lack of model applicability, internal inaccuracy,
and data input errors (Albini,1976; Alexander and Cruz, 2013b). The
error is expected to be higher when the models are applied to
predict fire spread rates in an operational setting due to the natural
variability in fuels and uncertainties in forecasted weather condi-
tions over broad spatial and temporal scales (Rothermel, 1983). It is
also expected that in general terms, fire behaviour data collected in
an operational setting has a higher degree of uncertainty due to the
logistical and time constraints to set up measuring equipment and
directly observe fire behaviour.

2.2. Variability in rate of fire spread

The above mentioned wide variability in fire behaviour in time
and space, in even the most homogenous environments, led
Rothermel (1983) to point out that it is quite unlikely that the
minute-by-minute movement of a fire will ever be accurately
predictable with any degree of certainty in the foreseeable future.
This is largely due to the capricious nature of the prevailing surface
winds (Albini, 1982; Cheney et al., 1993; Sullivan and Knight, 2001),
horizontal and vertical fuel heterogeneity (Hiers et al., 2009),
chaotic nature of turbulent flow driving the fire propagation pro-
cesses (Clark et al., 1999), and the dynamic feedback mechanisms
associated with the fire and the surrounding environment (Nelson
et al., 2012). These fine scale variations in the drivers of fire prop-
agation are the cause of an apparent paradoxical phenomenawhere
more accurate predictions are made in forecasting the spread of
15e30 min fire runs with average wind speeds then making pre-
dictions for short spread durations (i.e. 1e3 min) based on the
nearby measured wind speed (Cheney et al., 1993).

Detailed measurements of rate of spread in experimental fires
have revealed unsteady fire behaviour and high variability over
short time periods but consistency over longer time periods
(Fig. 4). Several authors have described how fluctuations in wind
speed and direction (Crosby and Chandler, 1966), and subtle
changes in fuel structure can lead to dramatic changes in fire
spread (Anderson et al., 1982; Cheney and Gould, 1995; Fernandes
et al., 2000, 2004). Cruz et al. (2013), for example, quantified fire
spread variability in 200e400 m long experimental fire runs in
shrublands, finding maximum rates of spread to be 1.8 to 5.9 faster
than the average, and the coefficient of variation (i.e. the ratio of
the standard deviation to the mean expressed as a percentage)
varying between 56 and 167. Similarly, Taylor et al. (2004) found
maximum rates of spread to be 1.6e2.9 times the average in 75e



Fig. 2. Flow chart illustrating the linkages that forward rate of fire spread has to the
flame front dimensions and other characteristics of surface fire behaviour. The same
flow processes apply to crown fires but with the addition of available canopy fuel
consumption to the determination of fireline intensity.
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150 m crown fire runs in conifer forests. A measure of the inherent
fine-scale variability in wildland fires is also observable in labo-
ratory fires, where even under constant environment conditions
with replicated fuelbeds, there can be as much as �20% unex-
plained variation in observed spread rates (Catchpole et al., 1993,
1998).

Given the variability in rate of fire spread associated with vari-
ations in winds, fuels, and fire e wind field interactions, an
experimental fire run that does not extend over at least three or
four gustelull cycles might not be representative of the average
wind speed measured nearby. As a general rule of thumb, Canadian
fire behaviour researchers have ideally wanted experimental fires
to burn for at least 10 min (Alexander and Quintilio, 1990). Linn
et al. (2012) used a physics-based numerical model and data from
experimental crown fires (Stocks et al., 2004) to highlight these
time and space scale issues surrounding the effects of transient
wind and the required length of time to adequately sample an
experimental fire run.

3. Methods

Data were compiled for as many fire behaviour model performance studies as
possible. This relied upon the authors’ combined knowledge of the relevant litera-
ture and their personal reference collections. The resultant sources included sci-
entific peer-reviewed journal articles, conference and workshop papers, technical
reports from government agencies, and postgraduate university theses.

The principal requirement for inclusion of a given study was that the evaluation
data, collected on outdoor experimental fires, operational prescribed fires and (or)
wildfires, involved a single head-fire line source ignition pattern similar to a free-
burning wildfire (Fig. 1), as opposed to a point-source fire(s) or strip-head fires
(Wade and Lunsford, 1989). Furthermore, the dataset could not have been used in
the model development (i.e. the predictions are being compared against completely
independent observational data).

Experimental fires carried out in fuelbeds or with head-fire widths judged too
narrow to yield realistic pseudo-steady state rates of spread (Anderson, 1968;
Cheney et al., 1993; Wotton et al., 1999) were excluded (e.g. Brown, 1972;
Lindenmuth and Davis, 1973; Davies et al., 2009), including laboratory studies (e.g.
McAlpine and Xanthopolous, 1989; Catchpole et al., 1993; Weise et al., 2010). To
ensure that each study included in the analysis had sufficient data to discern model
adequacy for the particular fuel type and burning conditions, we restricted the
analysis to studies with more than five paired observations. Thus, the studies by
Butler and Reynolds (1997), Hély et al. (2001), Streeks et al. (2005), and Stephens
et al. (2008) for example were excluded from the analysis. Finally, studies where
model outputs were not fully independent, as a result of authors fine tuning model
predictions in relation to the observed rates of fire spread (e.g. Norum, 1982), were
also not selected for the analysis.

The calculated error statistics for rate of fire spread were the root mean square
error (RMSE), the mean absolute error (MAE), the mean absolute percent error
(MAPE), and the mean bias error (MBE) (Appendix A). In most cases, these statistics
were not reported so we computed them from the data contained in the associated
publication or by contacting the investigators directly for the data.

The percentages of under-, exact, and over-predictions were also calculated. To
our knowledge, no definition of an exact prediction exists. For the purposes of this
study, an exact prediction was arbitrarily defined as one where the error was less
than �2.5% of the observed rate of fire spread (i.e., a 5% error band around an
observed value).

The methods used to measure environmental and fire behaviour variables var-
ied considerably between studies. As a result, it is expected that the data reliability
or quality used in the evaluation of models in the various studies will vary accord-
ingly. The largest differences in data reliability are expected to be found between
data collected in experimental fire programs and wildfire situations. Experimental
studies are characterized by detailed sampling of fuel structure, weather and fire
behaviour (e.g. Gould, 1994; Stocks et al., 2004; Cheney et al., 2012) whereas wildfire
case studies tend to rely on broad assumptions regarding fuels and representa-
tiveness of weather data (e.g. Alexander and Cruz, 2006; Athanasiou and
Xanthopoulos, 2010). An excellent discussion regarding the reliability of wildfire
behaviour data can be found in Gould et al. (2011) and Cheney et al. (2012). Even
within experimental fire studies it is expected to find wide variation in data quality
arising from the sampling intensity of environmental variables, methods used to
measure rate of fire spread (e.g. visual observation, video recording, tags, thermo-
couple grids, infrared imagery) and the length of the fire run. The paucity of infor-
mation onmatters of data quality included in the published studies did not allow for
inclusion of qualitative or quantitative variables describing data reliability in our
analysis as Cheney et al. (2012) was able to undertake for example.

We tested for significant differences in over- and under-prediction errors among
(i) type of data (experimental fire, prescribed fire and wildfire) and (ii) fuel type
using analysis of variance (ANOVA). If statistically significant (p < 0.05) ANOVA
results were found, the Scheffé S multiple comparison test (Scheffé, 1959) was used
to determine which particular means differ.

4. Results

Our search for fire spreadmodel performance studies resulted in
the identification of 49 suitable studies for a total of 1278 individual
rate of spread observationeprediction pairs. Each individual data
pair comprises the rate of spread measured for an individual fire
and a model prediction associated with the prevailing environ-
mental conditions during the period of fire spread. Most studies
involved comparison of observed spread rate with a single pre-
dictive model, whereas others evaluated multiple models (e.g.
Burrows, 1994; McCaw et al., 2008). The data covered a wide range
of fuel complexes and fire propagation regime types (i.e. surface
fire, passive crown fire, active crown fire). The broad fuel type
groups consisted of grasslands (n ¼ 6), shrublands (n ¼ 9), logging
slash (n ¼ 3), conifer forest (n ¼ 17), hardwood forest (n ¼ 3),
mixedwood forest (n ¼ 2), and eucalypt forest (n ¼ 9). The studies
were geographically distributed as follows: Africa (n ¼ 3), Australia
(n ¼ 14), Europe (n ¼ 3), and North America (i.e. Canada and US;
n ¼ 29).

The error statistics associated with the comparison of model
predictions of rate of spread versus observations as found in the
various studies are presented in Table 1, with the results being
stratified by MAPE. A selection of the studies reported in Table 1 is



Fig. 3. Observed rates of spread used in model development versus model predictions for experimental surface fires in (a) grasslands fires (Cheney et al., 1998), (b) surface fire in
maritime pine forest (Fernandes et al., 2009), (c) surface fire in dry eucalypt forest (Cheney et al., 2012), (d) surface and crown fires in mallee-heath shrublands (Cruz et al., 2013), (e)
buttongrass moorlands (Marsden-Smedley and Catchpole, 1995), and (f) crown fires in conifer forests (Cruz et al., 2005). MAPE ¼ mean absolute percent error.
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also graphically portrayed in Figs. 5 and 6. All of the studies asso-
ciated with Table 1 deal with empirical or semi-empirical models. A
brief description of the 13 rate of fire spreadmodels associatedwith
Table 1 is given in Table 2. Comparisons involving Rothermel’s
(1972) surface fire spread model figured into 30 of the 49 com-
parisons. The omission of any physics-based fire behaviour model
comparisons from Table 1 simply reflects the fact that there has
been minimal evaluation against empirical data to date (Alexander
and Cruz 2013a).

The lowest MAPE values given in Table 1 varied between 20 and
30%, involving seven comparison studies. These errors were asso-
ciated with experimental fire and prescribed fire studies where all



Fig. 4. Variability in head fire rate of spread at 2-min intervals versus elapsed time
since ignition for an experimental fire in grassland (spinifex) fuels in Western Australia
(adapted from data presented in Burrows et al., 1991): (a) rate of fire spread as a
function of time from ignition to extinction; (b) changes in rate of fire spread about the
mean (46.9 m min�1); and (c) change in rate of spread from the previous 2-min time
interval.
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the fuel and weather variables were measured on site. Approxi-
mately half of the studies listed in Table 1 (i.e. 25 out of the total of
49) had a MAPE between 51 and 75%. For comparisons dealing
exclusively with wildfire data, the MAPE values varied between 33
and 59%.

Considering the overall dataset, no significant differences were
found for under- and over-prediction errors by the type of data
source (i.e. experimental fire, prescribed fire, or wildfire) (Table 3).
Only two models associated with Table 1, Cruz et al. (2005) and
Cheney et al. (2012), were separately evaluated against experi-
mental fire and wildfire datasets. The models predicted lower
average errors for the experimental datasets (i.e. 26 and 35% MAPE
respectively) than for the wildfire datasets (i.e. 46 and 52% MAPE
for Cruz et al., 2005; 54% MAPE for Cheney et al., 2012). This in-
crease in mean error is expected given the uncertain nature of the
exact environmental conditions driving the propagation of the
various wildfires. However, this is not identifiable in the overall
analysis between the types of fires presented in Table 3 because of
the wide range of models tested and the variability in the quality of
data involved. Noteworthy, in this evaluation against wildfire data
both models were extended beyond the bounds of dead fuel
moisture content, wind speed, and rate of fire spread present in the
datasets used in their development. As an example, the maximum
rates of fire spread in the model development datasets used in Cruz
et al. (2005) and Cheney et al. (2012) were 51.4 and 22.7 m min�1

respectively. Fig. 6d and f does not show evidence of bias or loss of
predictability above these values for the Cruz et al. (2005) and
Cheney et al. (2012) models, respectively. This suggests that the
underlying functional relationships for the effect of dead fuel
moisture content and wind speed in these models are valid for
more severe burning conditions (i.e. drier and windier), than the
ones used in the model development.

Analysis of variance identified significant differences for mean
under- and over- prediction errors among fuel types. Table 4 pro-
vides the mean and standard deviation for under- and over-
prediction errors by fuel type. Although one can observe marked
differences in the number of fires and the range in rate of spread,
the error statistics can be considered somewhat similar. For the
under-prediction cases, the multiple comparison method only
found differences (p < 0.05) between the grasslands and logging
slash subsets. For the over-prediction cases, the multiple compar-
ison method showed the mean error for the grassland fires to be
significantly higher (p < 0.05) from the shrubland and eucalypt
forest fuel types. No significant differences were observed for all
other possible fuel type group combinations. The highest error
found for the grassland fires was the result of the Burrows et al.
(1991) evaluation of the Griffin and Allan (1984) model, where
the average under-prediction error was found to be 217%.

Another important error component to consider with respect to
model performance is its inherent bias. An interesting outcome of
our analysis is that models are more likely to under-predict than
over-predict field observations (Fig. 7; Tables 3 and 4). Of the 1278
individual model predictions versus observations, under-prediction
occurred in 64% of the cases. Mean under-prediction was 49%
(standard deviation of 24%) of the observed rate of fire spread.
Mean over-prediction was 89% (standard deviation of 125%) above
the observed value. Average under-predictions are lower than over-
predictions because the maximum under-prediction is bound to
100% of the observed value, whereas the over-prediction can be
several times the observed value. When analysing under- and over-
prediction trends at the study level, under-predictions were prev-
alent in 76% (i.e. 37 out of 49) of the model comparisons given in
Table 1. Noteworthy, the above mentioned model evaluation
against wildfire datasets did not produce an under-prediction bias
(Fig. 6d and f). Although the range in rate of spread in the inde-
pendent wildfire datasets was much higher than in the datasets
used in model development (e.g. Fig. 3c v. Fig. 6f and Fig. 3f v.
Fig. 6d), themodel structure allowed for consistent predictions over
the full range of observed fire behaviour.

In most of the cases, the under-prediction bias was small and
not easily discernible. However, a careful analysis revealed that
there were combinations of fire spread model e fuel type group
that result in a predominant, if not total, under-prediction bias (e.g.
Figs. 5b, 6b and 6e).

Further examination of the results reported in Table 1 show
that the concept of an exact prediction of rate of fire spread is an
elusive one. One could argue that perhaps the only certainty about
wildland fire behaviour predictions is that it is extremely unlikely
that a prediction will exactly match the observed fire behaviour
characteristic as readily evident from the information presented in
Table 1. Only 3% of the predictions (i.e. 35 out of 1278) were
considered to be exact predictions according to the criteria used in
this study.

5. Discussion

There are at least four implications for fire research and man-
agement emanating from the results of this study that areworthy of
discussion. These can be posed as questions to be addressed: Is the
spread rate of crown fires more difficult to predict than for surface
fires? What would constitute an acceptable error for evaluating



Table 1
Summary of statistics and related information associated with studies that have relied upon independent data derived from field observations in order to evaluate the
performance of models used to predict the rate of spread (ROS) of wildland fires. ROSmodels: AGM62¼McArthur (1962); CAW05¼ Cruz et al. (2005); CGMA12¼ Cheney et al.
(2012); CMAG13¼ Cruz et al. (2013); FCCS¼ Schaaf et al. (2007); FFBT¼ Sneejuwagt and Peet (1998) Forest Fire Behaviour Tables; FFDM¼McArthur (1967) Forest Fire Danger
Meter; FBPS ¼ Forestry Canada Fire Danger Group (1992) Fuel Type C-4 (Immature Jack or Lodgepole Pine); GA84 ¼ Griffin and Allan (1984); GFDM ¼ McArthur (1966)
Grassland Fire Danger Meter; MSC95 ¼ Marsden-Smedley and Catchpole (1995); RCR72 ¼ Rothermel (1972); and RCR91 ¼ Rothermel (1991). Type of data:
E ¼ experimental fire; P ¼ prescribed fire; and W ¼wildfire. Type of fire: S ¼ surface fire; PC ¼ passive crown fire; and AC¼ active crown fire. Fuel type group: G ¼ grassland;
S ¼ shrubland; LS ¼ logging slash; CF ¼ conifer forest; HF ¼ hardwood forest; MF ¼ mixedwood forest; and EF ¼ eucalypt forest. Error statistics: RMSE ¼ root mean square
error; MAE ¼ mean absolute error; MAPE ¼ mean absolute percentage error; and MBE ¼ mean bias error (see Appendix A). U e E � O predictions: U ¼ Under-prediction;
E ¼ Exact prediction (defined as a prediction with an error of less than �2.5%); and O ¼ Over-prediction.

Reference
ROS
model

Type Of
Data

Type of
fire

Fuel type
group

No. of
fires

ROS Range
(m min�1)

RMSE MAE
(m min�1)

MAPE
(%)

MBE U e E � O
predictions (%)

MAPE 30% or less
McCaw (1997) RCR72 E S, AC S 13 7.68e66 6.58 5.18 20 �1.8 54 e 0 e 46
Brose (1997) RCR72 E S HF 15 0.1e2.5 0.12 0.09 20 0.03 40 e 33 e 27
P. Hefner eRothermel and

Rinehart (1983)
RCR72 P S G 15 0.9e150.9 17.9 13 22 �0.10 53 e 14 e 33

Hough and Albini (1978) RCR72 E S CF 31 1.9e14.2 1.78 1.5 26 0.9 71 e0 e 29
Cruz et al. (2005) CAW05 E AC CF 10 22.3e70.1 14.5 11.4 26 7.7 70 e 10 e 20
Marsden-Smedley and

Catchpole (1995)
MSC95 E, W S S 9 1.1e8.7 0.93 0.79 27 0.2 56 e 0 e 44

van Wilgen et al. (1985) RCR72 E S S 10 2.4e53.4 7.18 6.17 30 �2.1 43 e 0 e 57
MAPE between 31 and 50%
Cheney et al. (2012) CGMA12 E S, PC, AC EF 16 2.5e16 2.86 2.16 35 0.03 50 e 0 e 50
Everson et al. (1988) RCR72 E S G 40 1.8e93.6 14.35 8.44 39 2.5 50e13 e 37
Cruz and Fernandes (2008) RCR72 E S CF 17 0.8e6.1 1.13 0.75 42 0.4 65 e 0 e 35
Schaaf et al. (2007) FCCS W AC CF 15 10.7e90 22.2 15.2 42 15.0 93e0 e 7
Gould (1991) RCR72 E S G 75 19.2e124.2 35.4 29.5 44 11.0 71 e 3 e26
Athanasiou and Xanthopoulos (2010) RCR72 W S S 27 1.7e55.2 8.54 6.15 44 �1.7 33 e 8 e 59
Gould (1994) AGM62 P S EF 37 0.43e3.91 0.84 0.61 45 0.6 89 e 0 e 11
Cronan and Jandt (2008) CAW05 W PC, AC CF 5 4.8e43.1 9.27 7.1 46 �6.3 20 e 0 e 80
Tolhurst et al. (1992) AGM62 P S EF 41 0.1e2.5 0.41 0.26 48 0.12 59 e 2 e 39
MAPE between 51 and 75%
Masters and Engle (1994) RCR72 P S MF 6 8.3e20 8.9 7.87 52 7.9 100 e 0 e 0
Alexander and Cruz (2006) CAW05 W AC CF 57 10.7e107 18.9 14.9 52 �6.6 30 e 0 e 70
Sneeuwjagt and Frandsen (1977) RCR72 E, W S G 42 0.2e61.0 10.8 3.4 53 �2.1 55 e 7 e 38
Cruz et al. (2013) CMAG13 E, P, W S, AC S 12 7.5e125 22.3 18.2 53 3.1 75 e 0 e 25
van Wagtendonk and Botti (1984) e fa RCR72 P S S 16 2.6e36 10.46 6.59 53 4.8 56 e 6 e 38
Grabner (1996);Grabner et al. (1999) RCR72 E S HF 28 0.3e10.1 2.06 1.38 53 0.6 57 e 0 e 43
Cruz et al. (2005) RCR91 E PC CF 14 3.35e15.8 5.2 3.96 53 1.2 50 e 7 e 43
Burrows (1994,1999) FFBT E S EF 35 0.25e9.9 1.27 0.84 54 0.4 51 e 0 e 49
Stocks et al. (2004) FBPS E PC, AC CF 11 15.8e69.8 26.5 23.4 54 23.4 100 e 0 e 0
Cheney et al. (2012) CGMA12 W PC, AC EF 25 10e175 41.05 26.4 54 �6.8 32 e 0 e 68
McCaw et al. (2008) FFBT E S, PC EF 97 0.24e19.4 4.94 3.78 55 3.6 85 e 2 e 13
Burrows (1994,1999) FFDM E S EF 35 0.25e9.9 1.78 1.13 56 0.89 66 e 0 e 34
Bevins (1976) RCR72 E S LS 9 0.2e4.5 0.903 0.59 57 0.3 45 e 22 e 33
van Wagtendonk and Botti (1984) e ba RCR72 P S CF 18 1.0e4.3 1.54 1.23 57 1.2 94 e 0 e 6
Lawson (1972) RCR72 E S CF 8 0.86e2.0 0.76 0.69 58 0.7 100 e 0 e 0
Alexander and Cruz (2006) RCR91 W AC CF 54 10.7e107 30.7 25.3 59 25.3 100 e 0 e 0
Bushey (1985) RCR72 E S S 6 2.0e32.9 4.27 3.37 60 0.6 67 e 0 e 33
van Wagtendonk and Botti (1984) e ea RCR72 P S CF 5 0.3e1.53 0.6 0.47 60 0.4 80 e 0 e 20
Cuiñas et al. (1996) RCR72 E S S 51 0.28e16.0 3.85 2.66 60 2.2 84 e 0 e 16
Quintilio (1972),b RCR72 E S LS 20 0.6e19.8 5.74 4.22 63 3.8 75 e 0 e 25
van Wagtendonk and Botti (1984) e da RCR72 P S CF 11 0.35e1.5 0.63 0.51 63 0.5 82 e 0 e 18
Stocks and Walker (1972)b RCR72 E S LS 24 1.8e37.7 10.47 7.20 64 6.9 92 e 0 e 8
McCaw et al. (2008) FFDM E S, PC EF 97 0.24e19.4 5.31 3.98 65 3.6 81 e 1 e 18
Grabner (1996);Grabner et al. (1999) RCR72 E S HF 30 0.3e13.4 4.41 3.04 67 3.0 87e13 e 0
Cruz et al. (2005) RCR91 E AC CF 25 7.5e51.4 18.9 16.1 68 16.1 100 e 0 e 0
Dell’Orfano (1996) RCR72 E S MF 9 0.3e7.9 2.41 1.68 71 0.9 56 e 11 e 33
MAPE 76% and greater
Cruz et al. (2005) CAW05 E PC CF 14 3.35e15.8 5.9 5.2 79 �2.5 27 e 0 e 73
van Wagtendonk and Botti (1984) e ca RCR72 P S CF 18 0.3e3 0.91 0.65 83 �0.1 22 e 28 e 50
van Wilgen and Wills (1988) RCR72 E S G 10 2.5e60.1 10.1 8.4 86 �3.5 40 e 0 e 60
Burrows (1994,1999) RCR72 E S EF 35 0.25e9.9 1.15 0.94 95 �0.11 40 e 0 e 60
Gelobter et al. (1998) RCR72 W S S 12 1e87 21.1 13.8 125 5.5 50 e 0 e 50
Burrows et al. (1991) GA84 E S G 58 4.3e66.6 49.3 43.4 217 �43.4 100 e 0 e 0
van Wagtendonk and Botti (1984) e aa RCR72 P S CF 8 0.3e15.2 3.78 2.17 310 �0.4 13 e 0 e 87

a The six fuel types of vanWagtendonk and Botti (1984) are: a e bear clover, be ponderosa pine, cemixed conifer-pine, demixed conifer-fir, e� true fir, and femontane
chaparral.

b The statistics describing the performance of the Rothermel (1972) model against the experimental fires in logging slash documented by Quintilio (1972) and Stocks and
Walker (1972) were calculated as part of the present study. Fine dead fuel moisture was estimated as per Rothermel (1983). A wind adjustment factor of 0.4 was assumed
(Andrews, 2012). Fuel Model 12 e Medium Logging Slash (Anderson, 1982) was used for all of the rate of spread predictions.
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Fig. 5. Observed rates of spread versus model predictions for a selection of studies presented in Table 1 featuring ‘moderately slow’ spreading fires (i.e. less than 20 m min�1). The
dashed lines around the line of perfect agreement indicate the �35% error interval. Refer to Table 2 for the meaning of the model abbreviations (e.g. AGM62 ¼ McArthur, 1962).
MAPE ¼ mean absolute percent error.
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model performance? What are the consequences of model error in
rate of spread predictions? And given the realities of model pre-
dictions and the uncertainties associated with predicting wildland
fire behaviour what, if anything, can be done operationally to
reduce the average error?
5.1. Surface fire versus crown fire rates of spread prediction

There is a perception amongst some fire researchers that the
behaviour of crown fires is more unpredictable than that of surface
fires (e.g. McAllister et al., 2012; Finney et al., 2013). This is



Fig. 6. Observed rates of spread versus model predictions for a selection of studies presented in Table 1 featuring both ‘moderately slow’ and ‘exceedingly fast’ spreading fires (i.e.
upwards of w150 m min�1). The dashed lines around the line of perfect agreement indicate the �35% error interval. Refer to Table 2 for the mean of the model abbreviations (e.g.
RCR72 ¼ Rothermel, 1972). MAPE ¼ mean absolute percent error.
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partially due to the high-energy release rates, strong interaction
between the fire and the local wind field and small-scale chaotic
dynamics. However, examination of the error metrics obtained for
surface and crown fires in this study, shows no differences in
predictability. The fact that the highest MAPE were obtained for
surface fires lends some credence to the contention of Van Wagner
(1979) that “the prediction of surface fire behaviour is, in fact,
probably more difficult than the prediction of crowning potential,
because of the multiplicity of possible forest floor and understory
fuel complexes”.



Table 2
List and brief description of the wildland fire rate of spread (ROS) models associated with Table 1.

Rate of fire
spread Model

Principal reference Technical basis Primary fuel type(s) and geographical area of origin Fire propagation
regime type

Fire management
application

AGM62 McArthur (1962) Empirical Dry sclerophyll eucalypt forest (Australia) Surface fire Prescribed fire
GFDM McArthur (1966) Empirical Grassland (Australia) Surface fire Wildfire
FFDM McArthur (1967) Empirical Dry sclerophyll eucalypt forest (Australia) Surface and

crown fires
Wildfire

RCR72 Rothermel (1972) Semi-empirical Grass, shrub, litter and slash (US)a Surface fire Wildfire
GA84 Griffin and Allan (1984) Empirical Semi-arid spinifex grasslands (Australia) Surface fire Prescribed fire
FFBT Sneeuwjagt and Peet (1998) Empirical Dry sclerophyll eucalypt forest (Western

Australia, Australia)
Surface and
crown fire

Prescribed fire
and wildfire

RCR91 Rothermel (1991) Empirical Conifer forests (Northern Rocky Mountains, US) Crown fire Wildfire
FBPS Forestry Canada Fire

Danger Group (1992)
Empirical Conifer, mixedwood and deciduous forests, slash,

grasslands (Canada)
Surface and
crown fires

Wildfire

MSC95 Marsden-Smedley and
Catchpole (1995)

Empirical Buttongrass moorlands (Tasmania, Australia) Surface fire Prescribed fire
and wildfire

CAW05 Cruz et al. (2005) Empirical Conifer forests
(Canada)

Crown fire Wildfire

FCCS Schaaf et al. (2007) Semi-empirical Conifer forests (US) Crown fire Wildfire
CGMA12 Cheney et al. (2012) Empirical Dry sclerophyll eucalypt forest (Australia) Surface fire Wildfire
CMAG13 Cruz et al. (2013) Empirical Semi-arid mallee-heath shrublands (Australia) Surface and

crown fires
Prescribed fire
and wildfire

a The Rothermel (1972) model has received world-wide use.
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The predictability of the spread rate of crown fires is partially
due to the fact that after a crown fire is established, its sustained
propagation is to a large degree a function of the wind speed and
fuel moisture content (Rothermel, 1991; Cruz et al., 2005), and the
heat release rates, while very high, occur over a relative narrow
range (i.e. within an order of magnitude). For a surface fire spread
model to be successful, it needs to be able to describe spread rates
and fireline intensities spanning 3 or 4 orders of magnitude. They
also need to be able to adequately describe fire propagation over
distinct entrainment and combustion regimes (Nelson et al., 2012),
and capture the effect of small-scale variation in fuel structure
under marginal burning conditions (i.e. high fuel moisture con-
tents). The level of detail required to satisfactorily describe the full
range of surface fire behaviour inwildland fuels is not yet present in
currently available empirical and physical-based fire behaviour
models.

5.2. Acceptable error for evaluation of model performance

No universally agreed upon standard currently exists within the
wildland fire community in regards to fire behaviour model per-
formance, and in particular what constitutes an acceptable error in
a fire rate of spread prediction. Andrews (1980) and Alexander and
Cruz (2006) point out that the definition of such quantity would
depend to a large degree on the values-at-risk, user requirements,
and human psychology. Given the inherent variation in wildland
fire behaviour, Albini (1976) suggested that model builders
consider models successful if the relationships predict fire behav-
iour within a factor of two or three over a range of two or three
orders of magnitude. McArthur (1977) felt that the forest and
Table 3
Sample size, range in rate of fire spread (ROS), and summary of error statistics by type o

Type of data No. of
fires

ROS range
(m min�1)

Exact
predictions

Under-pre

No. of
fires

Prescribed fire 182 0.1e150.9 7 121
Experimental fire 891 0.1e124.2 25 575
Wildfire 204 1.65e175 3 112
grassland fire danger meters that he developed for Australia could
predict rate of spread and other fire characteristics to within �20%
of the actual observed fire behaviour (e.g. if the predicted rate of
spread was 15 m min�1 then the observed rate of spread should
vary from 12 to 18 m min�1). On the basis of what has been re-
ported here, an assertion such as McArthur’s (1977) would be
considered as quite optimistic.

The 1984 interim edition of the Canadian Forest Fire Behaviour
Prediction System presented graphs associated with head fire rate
of spread e Initial Spread Index models with confidence intervals
where observed spread rates could be expected to fall within
about 70% of the time (Lawson et al. (1985). Similarly, Rothermel
(1991) presented nomographs for predicting crown fire rate of
spread with 75% confidence intervals although no rationale was
provided for the definition of the width of these confidence
intervals.

Alexander and Cruz (2006) had suggested that a �25% error for
individual predictions would represent an excellent level of pre-
diction accuracy for rate of fire spread based on the performance of
a crown fire model against wildfire observations (Fig. 6d). Consid-
ering average error, the degree of inherent unexplained variation
evident from the results obtained to date from experimental fire
and wildfire observations (Table 1) suggest that higher errors are to
be expected.

What would a reasonable standard for fire spread rate model
performance be? In this study, only 3 out of 49 studies (i.e. 6.3%)
had MAPE values below 25%. Considering that at an alpha level of
0.05, one would find by chance one study out of every twenty with
an error lower than 25%, one would conclude that predictions with
an average error lower than this value are unlikely.
f data for the studies listed in Table 1.

dictions Over-predictions

Mean
MAPE (%)

Standard
deviation

No. of fires Mean
MAPE (%)

Standard
deviation

49% 21% 54 102% 164%
49% 24% 291 101% 133%
50% 22% 89 63% 60%



Table 4
Sample size, range in rate of fire spread (ROS), and summary of error statistics per fuel type for the studies listed in Table 1.

Fuel type group No. of
fires

ROS range
(m min�1)

Exact
predictions

Under-predictions Over-predictions

No. of fires Mean
MAPE (%)

Standard
deviation

No. of
fires

Mean
MAPE (%)

Standard
deviation

Grasslands 240 0.2e124.2 12 106 42% 25% 122 140% 174%
Shrublands 161 0.3e150.9 3 98 46% 29% 60 49% 45%
Hardwood forest 73 0.1e13.4 8 49 54% 30% 16 72% 93%
Conifer forest 318 0.3e107 6 214 50% 22% 98 86% 126%
Eucalypt forest 418 0.1e175 4 289 49% 21% 125 80% 95%
Mixedwood forest 15 0.3e20 1 11 62% 17% 3 89% 58%
Logging slash 53 0.2e37.7 1 42 58% 20% 10 86% 67%
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Admittedly, it may not be possible to directly extract absolute
guidance from Table 1 as to what could constitute an acceptable
error for fire spread model performance. Alternatively, one might
consider that a �1 standard deviation as a measure of acceptable
error. Assuming a normal distribution, one standard deviation
corresponds to 34.1% departure from the mean. For practical pur-
poses this number can be rounded to 35%. Eight of the model
comparisons in Table 1 (i.e. 17%) had a MAPE equal or lower than
35%, suggesting that this could constitute a more realistic bench-
mark by which to judge good model performance when accurate
input data is available. Such a benchmark would be deemed as only
applicable to research studies. In operational practice, the uncer-
tainty in the estimation of the input data, often times involving
large spatial (e.g. > 1000 ha) and temporal (i.e. from one to several
hours) scales, would understandably result in wider error intervals.

On the basis of (i) the average errors associated with the
development of empirical fire behaviour models (Fig. 3), (ii) pre-
viously reported suggestions in the wildland fire behaviour science
literature regarding a model performance error threshold as
described above, (iii) the results obtained from an analysis of 49
model evaluation datasets and (iv) other considerations described
in the preceding paragraph, it would appear that a �35% error
Fig. 7. . Distribution of under and over-prediction expressed as a percent errors for the
fires associated with Table 1.
would constitute a reasonable and conservative standard for fire
spread rate model performance.
5.3. Error propagation in model predictions of wildland fire
behaviour

This study has focused on the rate of spread characteristic
associated with wildland fire behaviour. However, it should be clear
that given the inter-relationships between rate of fire spread and
other fire characteristics (Fig. 2) in fire behaviour prediction sys-
tems, that there is considerable potential for error propagation. For
example, predictions of rate of fire spread and fuel consumed are
used to calculate fireline intensity (Byram, 1959; Catchpole et al.,
1992) and various flame front dimensions such as length, height
and depth (Fons et al., 1963; Alexander and Cruz, 2012) on either a
linear or areal basis, which are in turn used to gauge the onset of
crowning (Van Wagner, 1977), firebreak breaching (Byram, 1959;
Wilson, 1988), and maximum spotting distance (Albini et al., 2012),
as well certain fire impacts like crown scorch height (Van Wagner,
1973) and coarse woody fuel consumption (Hollis et al., 2011a).

As models becomemore complex to better describe fuel and fire
dynamics, a higher number of intermediate calculations are
required. Cruz et al. (2004) have shown that the compounding er-
rors arising from the choice of fuel model and fuel availability for
flaming combustion can result in a five-fold under-prediction bias
in the threshold for crowning when linking Rothermel’s (1972) rate
of fire spread model with VanWagner’s (1977) crown fire initiation
model. Simpler models that directly relate the output (e.g. onset of
crowning and crown fire rate of spread) to the main controlling
environmental variables and thereby limit error propagation are
perhaps best for fire management applications (Cruz et al., 2004;
Hollis et al., 2011b). Setting aside slope steepness for the moment,
for a given fuel type most fire behaviour characteristics are deter-
mined principally by fuel moisture and wind speed (e.g. Forestry
Canada Fire Danger Group, 1992; Fernandes et al., 2009; Cheney
et al., 2012).
5.4. On dealing operationally with uncertainty in model predictions

Traditionally, the operational use of fire behaviour models has
largely followed a deterministic approach to a simulation or pre-
diction based on the notion of providing the best possible estimates
of the input variables (Rothermel, 1983). One of the limitations of
this approach is that it fails to provide any indication of the con-
ditions of uncertainty surrounding the model predictions (Gill,
2001). Several authors have previously suggested that a predic-
tion of the likely distributions of rate of fire spread and fireline
intensity would be preferable to a deterministic approach (e.g.
Salazar and Bradshaw, 1986). The application of multiple predic-
tion, or ensemble, and data assimilation methods has the potential



Table A1
Equations and explanation of deviation statistics used to quantify rate of fire spread
model performance in Table 1. RMSE is the root mean square error, MAE is the mean
absolute error, MAPE is the mean absolute percent error, MBE is the mean bias error,
yi is the observed rate of fire spread, byi is the predicted value, and n is the sample
size. See Willmott (1982) for further information on the individual statistics.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðbyi � yiÞ2

n

s
The RMSE is a useful overall measure of model
performance. The RMSE provides a measure of
the precision of the estimates in the same units
as the dependent variable (e.g., rate of fire
spread, m min�1). A “good” model will provide
low values of the RMSE. Because large errors
are weighted heavily, this can result in a large
RMSE even though the errors may be otherwise
small.

MAE ¼
Pjbyi � yij

n
MAE, which like the RMSE is expressed in the
same units as the original data, is a quantity
used to measure how close predictions are to
observed value. As the name suggests, the MAE
is an average of the absolute error. The MAE is
similar to the RMSE but is less sensitive to
large errors.

MAPE ¼
P�jbyi � yij

yi

�
n

100 The MAPE is a very popular measure of the
accuracy of a predictive model or system. It
represents the summed differences between
the individual predicted versus observed values
divided by the observed value; multiplying it
by 100 makes it a percentage error. If a perfect
fit is obtained then the MAPE is zero. A MAPE of
10% is considered a very good result. A MAPE in
the range of 20e30% or even higher is quite
common.

MBE ¼
Pðbyi � yiÞ

n
The MBE describes the dispersion or spread
of the residual distribution about the estimate
of the mean. A positive value indicates an
over-prediction trend while a negative is an
indication of an under-prediction trend.
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to reduce the users grasp of the degree of uncertainty associated
with a fire behaviour forecast.

Ensemble methods are commonly used to quantify errors in
forecasting the behaviour of phenomena with significant uncer-
tainty, such as in meteorology (Zhu, 2005), hydrology (Cloke and
Pappenberger, 2009) and climatology (Benestad, 2004). The po-
tential for the operational use of ensemble methods in fire behav-
iour prediction has not yet been fully realized. Kourtz (1972)
suggested the application of ensemble methods to improve the
interpretation of fire danger rating forecasts. Anderson et al. (2007)
and Finney et al. (2010) have recently applied ensemble methods in
spatially explicit fire growth simulators in order to quantify the
effect of perturbations in weather variables in overall fire devel-
opment. Cruz (2010) demonstrated the application of a simple
Monte Carlo-based ensemble method to incorporate weather input
uncertainty into the prediction of grassland rate of fire spread. In
this case, the modelled outputs did not improve the general fit
statistics but provided complementary information, such as error
bounds and probabilistic outcomes, which extended the range of
questions that can be answered by fire behaviour models.

Data assimilation is a computational technique that in-
corporates observed data into a running model to recursively up-
date the model state and conduct further forecasts. Beer (1991)
showed the advantage of data assimilation methods to improve
forecasts of fire spread although such approach has not been
considered by fire modellers until recently. Mandel et al. (2009,
2012) present a dynamic data-driven fire propagation modelling
system and discusses some of the challenges of applying data
assimilation methods towildfire situations, namely the difficulty in
establishing an accurate location of the active fire perimeter during
fire runs and the appropriateness of Ensemble Kalman Filters to fire
spread scenarios.

6. Concluding comments

A comprehensive survey of the error statistics associated with
rate of fire spread model evaluation studies was undertaken in
order to gauge the general predictive ability of such models. This
has led to new insights into some of the uncertainties associated
with model predictions of free-burning wildland fire behaviour.
The analysis also supports in part a suggestion that an error
threshold of 35% would constitute an acceptable error for model
predictions of rate of fire spread, a point that appeals to prominent
figures in the field of wildland fire behaviour modelling such as R.C.
Rothermel (USDA Forest Service e retired, personal communica-
tion, 2012).

Lindenmuth and Davis (1973) considered that one of the
important tasks of wildland fire research was to evaluate physical
and theoretical predictive models in a controlled environment to
determine how well they performed over a range of burning con-
ditions. This paper has accordingly highlighted the value of model
evaluation based on independent datasets. The present study has
also clearly shown that empirical-based fire behaviour models
founded on solid field observations and well accepted functional
forms, are quite adequate for predicting rates of fire spread outside
of the bounds of the original dataset used in their development.

Acknowledgements

This paper is a contribution of Joint Fire Science Program Project
JFSP 09-S-03-1. Our sincerest appreciation is extended to P.J. Brose,
N.D. Burrows, J.S. Conan, C.S. Everson, T.M. Everson, P.M. Fernandes,
J.S. Gould, K.W. Grabner, W.L. McCaw, and G. Xanthopoulos for
provision of their datasets used in the calculation of the deviation
statistics presented in Table 1. The comments of J.S. Gould, S.W.
Taylor, D.A. Thomas, B.D. Lawson, P.N. Omi and M.P. Plucinski on
earlier drafts of this paper are also duly appreciated. The journal
reviews by P.M. Fernandes and two anonymous reviewers
improved the final product. The advise of W.R. Anderson and W.J.
Braun on certain statistical aspects of the paper are gratefully
acknowledged.
Appendix A. Error statistics used to judge model performance
References

Albini, F.A., 1976. Estimating Wildfire Behavior and Effects. General Technical Report
INT-30. US Department of Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, UT.

Albini, F.A., 1982. Response of free-burning fires to nonsteady wind. Combustion
Science and Technology 29, 225e241.

Albini, F.A., 1984. Wildland fires. American Scientist 72, 590e597.
Albini, F.A., Alexander, M.E., Cruz, M.G., 2012. A mathematical model for predicting

the maximum potential spotting distance from a crown fire. International
Journal of Wildland Fire 21, 609e627.

Alexander, M.E., Cruz, M.G., 2006. Evaluating a model for predicting active crown
fire rate of spread using wildfire observations. Canadian Journal of Forest
Research 36, 3015e3028.

Alexander, M.E., Cruz, M.G., 2012. Interdependencies between flame length and
fireline intensity in predicting crown fire initiation and crown scorch height.
International Journal of Wildland Fire 21, 95e113.

Alexander, M.E., Cruz, M.G., 2013a. Are the applications of wildland fire behaviour
models getting ahead of their evaluation again? Environmental Modelling &
Software 41, 65e71.

Alexander, M.E., Cruz, M.G., 2013b. Limitations on the accuracy of model predictions
of wildland fire behaviour. Forestry Chronicle 89, 370e381.

Alexander, M.E., Quintilio, D., 1990. Perspectives on experimental fires in Canadian
forestry research. Mathematical and Computer Modelling 13 (12), 17e26.

Alexandrov, G.A., Ames, D., Bellocchi, G., Bruen, M., Crout, N., Erechtchoukova, M.,
Hildebrandt, A., Hoffman, F., Jackisch, C., Khaiter, P., Mannina, G., Matsunaga, T.,

http://refhub.elsevier.com/S1364-8152(13)00103-5/sref1
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref1
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref1
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref2
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref2
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref2
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref3
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref3
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref4
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref4
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref4
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref4
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref5
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref5
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref5
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref5
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref6
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref6
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref6
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref6
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref7
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref7
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref7
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref7
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref8
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref8
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref8
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref9
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref9
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref9
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10


M.G. Cruz, M.E. Alexander / Environmental Modelling & Software 47 (2013) 16e28 27
Purucker, S.T., Rivington, M., Samaniego, L., 2011. Technical assessment and
evaluation of environmental models and software: letter to the editor. Envi-
ronmental Modelling & Software 26, 328e336.

Anderson, D.H., Catchpole, E.A., de Mestre, N.J., Parkes, T., 1982. Modelling the
spread of grass fires. Journal of Australian Mathematical Society (Series B) 23,
451e466.

Anderson, H.E., 1968. Fire spread and flame shape. Fire Technology 4, 51e58.
Anderson, H.E., 1982. Aids to Determining Fuel Models for Estimating Fire Behavior.

General Technical Report INT-122. US Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station, Ogden, UT.

Anderson, K., Reuter, G., Flannigan, M.D., 2007. Fire-growth modelling using
meteorological data with random and systematic perturbations. International
Journal of Wildland Fire 16, 174e182.

Andrews, P.L., 1980. Testing the fire behavior model. In: Martin, R.E., Edmonds, D.A.,
Harrington, J.B., Fuquay, D.M., Stocks, B.J., Barr, S. (Eds.), Proceedings of Sixth
Conference on Fire and Forest Meteorology. Society of American Foresters,
Washington, DC, pp. 70e77.

Andrews, P.L., 2012. Modeling Wind Adjustment Factor and Midflame Wind Speed
for Rothermel’s Surface Fire Spread Model. General Technical Report RMRS-
GTR-266. US Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, CO.

Andrews, P., Finney, M., Fischetti, M., 2007. Predicting wildfires. Scientific American
297 (2), 46e55.

Athanasiou, M., Xanthopoulos, G., 2010. Fire behaviour of the large fires of 2007 in
Greece. In: Viegas, D.X. (Ed.), Proceedings of the 6th International Conference
on Forest Fire Research. (CD-ROM) University of Coimbra, Coimbra, Portugal,
p. 15.

Beer, T., 1991. Bushfire rate-of-spread forecasting: deterministic and statistical ap-
proaches to fire modelling. Journal of Forecasting 10, 301e307.

Benestad, R.E., 2004. Tentative probabilistic temperature scenarios for northern
Europe. Tellus 56A, 89e101.

Bevins, C.D., 1976. An Evaluation of the Slash Fuel Model of the 1972 National Fire
Danger Rating System. University of Washington, Seattle, WA. MSc thesis.

Brose, P.H., 1997. Effects of Seasonal Prescribed Fires on Oak-dominated Shelter-
wood Stands. Clemson University, Clemson, SC. PhD dissertation.

Brown, J.K., 1972. Field Test of Rate-of-Fire-Spread in Slash Fuels. US Department of
Agriculture, Forest Service, Intermountain Forest and Range Experiment Sta-
tion, Ogden, UT. Research Paper INT-116.

Burrows, N.D., 1994. Experimental Development of a Fire Management Model for
Jarrah (Eucalyptus marginata Donn ex Sm.) forest. Australian National Univer-
sity, Canberra, ACT. PhD thesis.

Burrows, N.D., 1999. Fire behaviour in jarrah forest fuels: 2. Field experiments.
CALMScience 3, 57e84.

Burrows, N., Ward, B., Robinson, A., 1991. Fire behaviour in spinifex fuels on the
Gibson Desert nature reserve, Western Australia. Journal of Arid Environments
20, 189e204.

Burrows, N.D., Ward, B., Robinson, A., 2009. Fuel dynamics and fire spread in
spinifex grasslands of the Western Desert. Proceedings of the Royal Society of
Queensland 115, 69e76.

Bushey, C.J., 1985. Comparison of observed and predicted fire behavior in the
sagebrush/bunchgrass vegetation type. In: Long, J.N. (Ed.), Fire Management:
The Challenge of Protection and Use, Proceedings of a Symposium. Utah State
University, Logan, UT, pp. 187e201.

Butler, B.W., Reynolds, T.D., 1997. Wildfire Case Study: Butte City, Southeastern
Utah, July 1, 1994. US Department of Agriculture, Forest Service, Intermountain
Research Station, Ogden, UT. General Technical Report INT-GTR-351.

Byram, G.M., 1959. Combustion of forest fuels. In: Davis, K.P. (Ed.), Forest Fire:
Control and Use. McGraw-Hill, New York, NY, pp. 61e89, 554e555.

Catchpole, E.A., Alexander, M.E., Gill, A.M., 1992. Elliptical-fire perimeter- and area-
intensity distributions. Canadian Journal of Forest Research 22, 968e972.

Catchpole, W.R., Catchpole, E.A., Butler, B.W., Rothermel, R.C., Morris, G.A.,
Latham, D.J., 1998. Rate of spread of free-burning fires in woody fuels in a wind
tunnel. Combustion Science and Technology 131, 1e37.

Catchpole, E.A., Catchpole, W.R., Rothermel, R.C., 1993. Fire behavior experiments in
mixed fuel complexes. International Journal of Wildland Fire 3, 45e57.

Cheney, N.P., Gould, J.S., 1995. Fire growth to a quasi-steady state rate of forward
spread. International Journal of Wildland Fire 5, 237e247.

Cheney, N.P., Gould, J.S., Catchpole, W.R., 1993. Influence of fuel, weather and fire
shape variables on fire-spread in grasslands. International Journal of Wildland
Fire 3, 31e44.

Cheney, N.P., Gould, J.S., Catchpole, W.R., 1998. Prediction of fire spread in grass-
lands. International Journal of Wildland Fire 8, 1e13.

Cheney, N.P., Gould, J.S., McCaw, W.L., Anderson, W.R., 2012. Predicting fire
behaviour in dry eucalypt forest in southern Australia. Forest Ecology and
Management 280, 120e131.

Cheney, P., Sullivan, A., 2008. Grassfires: Fuel, Weather and Fire Behaviour, second
ed. CSIRO Publishing, Melbourne, VIC.

Clark, T.L., Radke, L., Coen, J., Middleton, D., 1999. Analysis of small-scale dynamics
in a crown fire using infrared video imagery. Journal of Applied Meteorology 38,
1401e1420.

Cloke, H.L., Pappenberger, F., 2009. Ensemble flood forecasting: a review. Journal of
Hydrology 375, 613e626.

Cronan, J., Jandt, R., 2008. How Succession Affects Fire Behavior in Boreal Black
Spruce Forest of Interior Alaska. USDI Bureau Land Management. Alaska State
Office, Anchorage, AK. BLM-Alaska Technical Report 59.
Crosby, J.S., Chandler, C.C., 1966. Get the most from your wind speed observation.
Fire Control Notes 27 (4), 12e13.

Cruz, M.G., 2010. Monte Carlo-based ensemble method for prediction of grassland
fire spread. International Journal of Wildland Fire 19, 521e530.

Cruz, M.G., Alexander, M.E., Wakimoto, R.H., 2004. Modeling the likelihood of
crown fire occurrence in conifer forest stands. Forest Science 50, 640e658.

Cruz, M.G., Alexander, M.E., Wakimoto, R.H., 2005. Development and testing of
models for predicting crown fire rate of spread in conifer forest stands. Cana-
dian Journal of Forest Research 35, 1626e1639.

Cruz, M.G., Fernandes, P.M., 2008. Development of fuel models for fire behaviour in
maritime pine (Pinus pinaster Ait.) stands. International Journal of Wildland Fire
17, 194e204.

Cruz, M.G., McCaw, W.L., Anderson, W.R., Gould, J.S., 2013. Fire behaviour modelling
in semi-arid mallee-heath shrublands of southern Australia. Environmental
Modelling & Software 40, 21e34.

Cuiñas, P., Vega, J.A., Forturbel, M.T., Fernandez, C., 1996. Field testing of BEHAVE
system predictions in Galicia (NW Spain) shrublands. In: Viegas, D.X. (Ed.),
Proceedings of Workshop on Forest Fire Behaviour e Modelling and Testing,
Associação para o Desenvolvimento da Aerodinâmica Industrial, Coimbra,
Portugal, pp. 83e87.

Davies, G.M., Legg, C.J., Smith, A.A., MacDonald, A.J., 2009. Rate of spread of fires in
Calluna vulgaris-dominated moorlands. Journal of Applied Ecology 46, 1054e
1063.

Dell’Orfano, M.E., 1996. Fire Behavior Prediction and Fuel Modelling of Flammable
Shrub Understories in Northeastern PineeOak Forest. Worcester Polytechnic
Institute, Worcester, MA. MSc thesis.

Everson, T.M., van Wilgen, B.W., Everson, C.S., 1988. Adaptation of a model for
rating fire danger in the Natal Drakensberg. South African Journal of Science
84, 44e49.

Fernandes, P.M., Botelho, H.S., Rego, F.C., Loureiro, C., 2009. Empirical modelling of
fire behaviour in maritime pine stands. International Journal of Wildland Fire
18, 698e710.

Fernandes, P.M., Catchpole, W.R., Rego, F.C., 2000. Shrubland fire behaviour
modelling with microplot data. Canadian Journal of Forest Research 30, 889e
899.

Fernandes, P.M., Loureiro, C., Botelho, H.S., 2004. Fire behaviour and severity in a
maritime pine stand under differing fuel conditions. Annals of Forest Science 61,
537e544.

Finney, M.A., Cohen, J.D., McAllister, S.S., Jolly, W.M., 2013. On the need for a theory
of wildland fire spread. International Journal of Wildland Fire 22, 25e36.

Finney, M.A., Grenfell, I.C., McHugh, C.W., Seli, R.C., Trethewey, D., Stratton, R.D.,
Brittain, S., 2010. A method for ensemble wildland fire simulation. Environ-
mental Modelling and Assessment 16, 153e167.

Fons, W.L., Clements, H.B., George, P.M., 1963. Scale effects on propagation rate of
laboratory crib fires. Symposium (International) on Combustion 9, 860e866.

Forestry Canada Fire Danger Group, 1992. Development and Structure of the Ca-
nadian Forest Fire Behavior Prediction System. Forestry Canada, Ottawa, ON..
Information Report ST-X-3.

Gelobter, A., Weise, D.R., Regelbrugge, J.C., 1998. Preliminary comparison of actual
and predicted fire spread on a chaparral landscape. In: Proceedings of 13th Fire
and Forest Meteorology. International Association of Wildland Fire, Moran, WY,
pp. 203e208.

Gill, A.M., 2001. A transdisciplinary view of fire occurrence and behaviour. In:
Pearce, G., Lester, L. (Eds.), Bushfire 2001 e Proceedings of the Australasian
Bushfire. New Zealand Forest Research Institute, Rotorua, NZ, pp. 1e12.

Gould, J.S., 1991. Validation of the Rothermel fire spread model and related fuel
parameters in grassland fuels. In: Cheney, N.P., Gill, A.M. (Eds.), Proceedings of
the Conference on Bushfire Modelling and Fire Danger Rating. CSIRO Division of
Forestry, Yarralumla, ACT, pp. 51e64.

Gould, J.S., 1994. Evaluation of McArthur’s control burning guide in Eucalyptus
sieberi forest. Australian Forestry 57, 86e93.

Gould, J., McCaw, L., Cruz, M., Anderson, W., 2011. How good are fire behaviour
models? Validation of eucalypt forest fire spread. Paper Presented at WILDFIRE
2011 e 5th International Wildland Fire Conference. http://www.wildfire2011.
org/material/papers/Jim_Gould.pdf.

Grabner, K.W., 1996. Validation of BEHAVE Fire Behavior Predictions in Established
Oak Savannas. University of Missouri, Columbia, MO. MSc thesis.

Grabner, K., Dwyer, J., Cutter, B., 1999. Using BEHAVE as a prescribed fire planning
tool in maintaining oak Savannahs. Missouri Department of Conservation,
Forest Research Section, Columbia, MO. Notes for Forest Managers Report 1.

Griffin, G.F., Allan, G.E., 1984. Fire behaviour. In: Saxon, E.C. (Ed.), Anticipating the
Inevitable: a Patch Burning Strategy for Fire Management at Uluru (Ayers
Rock e Mt. Olga National Park). CSIRO Publishing: Melbourne, VIC, pp. 55e88.

Hély, C., Flannigan, M., Bergeron, Y., McRae, D., 2001. Role of vegetation and
weather on fire behaviour in the Canadian mixedwood boreal forest using
two fire behaviour prediction systems. Canadian Journal of Forest Research
31, 430e441.

Hiers, J.K., O’Brien, J.J., Mitchell, R.J., Grego, J.M., Loudermilk, E.L., 2009. The wildland
fuel cell concept: an approach to characterize fine-scale variation in fuels and
fire in frequently burned longleaf pine forests. International Journal of Wildland
Fire 18, 315e325.

Hollis, J.J., Anderson, W.R., McCaw, W.L., Cruz, M.G., Burrows, N.D., Ward, B.,
Tolhurst, K.G., Gould, J.S., 2011a. Using fireline intensity to predict woody fuel
consumption in Australian southern eucalypt forest fires. Australian Forestry 74,
81e96.

http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref10
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref11
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref11
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref11
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref11
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref12
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref12
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref13
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref13
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref13
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref14
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref14
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref14
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref14
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref15
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref15
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref15
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref15
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref15
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref16
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref16
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref16
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref16
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref17
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref17
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref17
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref18
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref18
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref18
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref18
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref19
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref19
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref19
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref20
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref20
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref20
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref21
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref21
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref22
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref22
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref23
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref23
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref23
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref24
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref24
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref24
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref25
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref25
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref25
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref26
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref26
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref26
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref26
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref27
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref27
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref27
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref27
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref28
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref28
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref28
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref28
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref28
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref29
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref29
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref29
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref30
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref30
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref30
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref30
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref31
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref31
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref31
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref32
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref32
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref32
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref32
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref33
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref33
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref33
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref34
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref34
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref34
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref35
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref35
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref35
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref35
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref36
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref36
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref36
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref37
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref37
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref37
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref37
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref38
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref38
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref39
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref39
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref39
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref39
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref40
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref40
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref40
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref41
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref41
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref41
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref42
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref42
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref42
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref43
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref43
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref43
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref44
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref44
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref44
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref45
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref45
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref45
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref45
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref46
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref46
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref46
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref46
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref47
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref47
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref47
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref47
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref48
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref49
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref49
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref49
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref50
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref50
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref50
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref50
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref51
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref51
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref51
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref51
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref52
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref52
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref52
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref52
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref53
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref53
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref53
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref54
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref54
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref54
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref54
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref55
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref55
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref55
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref56
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref56
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref56
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref56
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref57
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref57
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref57
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref58
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref58
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref58
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref59
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref59
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref59
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref59
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref59
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref60
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref60
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref60
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref60
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref60
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref61
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref61
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref61
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref61
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref61
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref62
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref62
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref62
http://www.wildfire2011.org/material/papers/Jim_Gould.pdf
http://www.wildfire2011.org/material/papers/Jim_Gould.pdf
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref64
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref64
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref65
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref65
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref65
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref66
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref66
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref66
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref66
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref66
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref67
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref67
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref67
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref67
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref67
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref68
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref68
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref68
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref68
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref68
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref69
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref69
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref69
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref69
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref69


M.G. Cruz, M.E. Alexander / Environmental Modelling & Software 47 (2013) 16e2828
Hollis, J.J., Matthews, S., Anderson, W.R., Cruz, M.G., Burrows, N.D., 2011b. Behind
the flaming zone: predicting woody fuel consumption in Australian southern
eucalypt forest fires. Forest Ecology and Management 261, 2049e2067.

Hough, W.A., Albini, F.A., 1978. Predicting Fire Behavior in Palmetto-Gallberry Fuel
Complexes. US Department of Agriculture, Forest Service, Southeastern Forest
Experiment Station, Asheville, NC.. Research Paper SE-174.

Kourtz, P., 1972. Probability makes fire danger index more reliable. Fire Control
Notes 33 (4), 11e12.

Lawson, B.D., 1972. Fire Spread in Lodgepole Pine Stands. University of Montana,
Missoula, MT. MSc thesis.

Lawson, B.D., Stocks, B.J., Alexander, M.E., Van Wagner, C.E., 1985. A system for
predicting fire behavior in Canadian forests. In: Donoghue, L.R., Martin, R.E.
(Eds.), Proceedings of the Eighth Conference on Fire and Forest Meteorology.
Society of American Foresters, Bethesda, MD, pp. 6e16. SAF Publication 85-04.

Lindenmuth Jr., A.W., Davis, J.R., 1973. Predicting Fire Spread in Arizona’s Oak
Chaparral. US Department of Agriculture, Forest Service, Rocky Mountain Forest
and Range Experiment Station, Fort Collins, CO. Research Paper RM-101.

Linn, R., Anderson, K., Winterkamp, J., Brooks, A., Wotton, M., Dupuy, J.L., Pimont, F.,
Edminster, C., 2012. Incorporating field wind data into FIRETEC simulations of
the International Crown Fire Modeling Experiment (ICFME): preliminary les-
sons learned. Canadian Journal of Forest Research 42, 879e898.

Mandel, J., Beezley, J.D., Coen, J.L., Kim, M., 2009. Data assimilation for wildland
fires: ensemble Kalman filters in coupled atmosphere-surface models. IEEE
Control Systems Magazine 29 (3), 47e65.

Mandel, J., Beezley, J.D., Kochanski, A.K., Kondratenko, V.Y., Kim, M., 2012. Assimi-
lation of perimeter data and coupling with fuel moisture in a wildland firee
atmosphere DDDAS. Procedia Computer Science 9, 1100e1109.

Marsden-Smedley, J., Catchpole, W.R., 1995. Fire behaviour modelling in Tasmanian
buttongrass moorlands. II. Fire behaviour. International Journal of Wildland Fire
5, 215e228.

Masters, R.E., Engle, D.M., 1994. BEHAVE e evaluated for prescribed fire planning in
mountainous oak-shortleaf pine habitats. Wildlife Society Bulletin 22, 184e191.

McAllister, S., Grenfell, I., Hadlow, A., Jolly, W.M., Finney, M., Cohen, J., 2012. Piloted
ignition of live forest fuels. Fire Safety Journal 51, 133e142.

McAlpine, R.S., Xanthopolous, G., 1989. Predicted Vs observed fire spread rates in
Ponderosa pine fuel beds: a test of American and Canadian systems. In:
MacIver, D.C., Auld, H., Whitewood, R. (Eds.), Proceedings of the 10th Confer-
ence on Fire and Forest Meteorology. Forestry Canada and Environment Canada,
Ottawa, ON, pp. 287e294.

McArthur, A.G., 1962. Control Burning in Eucalyptus Forests. Commonwealth of
Australia, Forestry and Timber Bureau, Canberra, ACT.. Leaflet 80.

McArthur, A.G., 1966. Weather and Grassland Fire Behaviour. Commonwealth of
Australia, Forestry and Timber Bureau, Forest Research Institute, Canberra, ACT..
Leaflet 100.

McArthur, A.G., 1967. Fire Behaviour in Eucalypt Forests. Commonwealth of
Australia, Forestry and Timber Bureau, Forest Research Institute, Canberra, ACT..
Leaflet 107.

McArthur, A.G., 1977. Fire Danger Rating Systems. Food and Agriculture Organiza-
tion of United Nations, Rome, Italy. FAO Document FO: FFM/77/3e01.

McCaw, W.L., 1997. Predicting Fire Spread in Western Australian Mallee-heath
Shrubland. University of New South Wales, Sydney, NSW. PhD thesis.

McCaw, W.L., Gould, J.S., Cheney, N.P., 2008. Existing fire behaviour models under-
predict the rate of spread of summer fires in open jarrah (Eucalyptus marginata)
forest. Australian Forestry 71, 16e26.

Nelson Jr., R.M., Butler, B.W., Weise, D.R., 2012. Entrainment regimes and flame char-
acteristics of wildland fires. International Journal of Wildland Fire 21, 127e140.

Norum, R.A., 1982. Predicting wildfire Behavior in Black Spruce Forests in Alaska. US
Department of Agriculture, Forest Service, Pacific Northwest Forest and Range
Experiment Station, Portland, OR. Research Note PNW-401.

Quintilio, D., 1972. Fire Spread and Impact in Lodgepole Pine Slash. University of
Montana, Missoula, MT. MSc thesis.

Rothermel, R.C., 1972. A Mathematical Model for Predicting Fire Spread in Wildland
Fuels. US Department of Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, UT. Research Paper INT-115.

Rothermel, R.C., 1983. How to Predict the Spread and Intensity of Forest and Range
Fires. US Department of Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, UT. General Technical Report INT-143.

Rothermel, R.C., 1991. Predicting Behavior and Size of Crown Fires in the Northern
Rocky Mountains. USDA Forest Service, Intermountain Research Station, Ogden,
UT. Research Paper INT-438.

Rothermel, R.C., Rinehart, G.C., 1983. Field Procedures for Verification and Adjust-
ment of Fire Behavior Predictions. US Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station, Ogden, UT. General
Technical Report INT-142.

Salazar, L.A., Bradshaw, L.S., 1986. Display and interpretation of fire behavior
probabilities for long-term planning. Environmental Management 10, 393e402.

Schaaf, M.D., Sandberg, D.V., Schreuder, M.D., Riccardi, C.L., 2007. A conceptual
framework for ranking crown fire potential in wildland fuelbeds. Canadian
Journal of Forest Research 37, 2464e2478.

Scheffé, H., 1959. Analysis of Variance. Wiley, New York, NY.
Sneeuwjagt, R.J., Frandsen, W.H., 1977. Behavior of experimental grass fires vs.

predictions based on Rothermel’s fire model. Canadian Journal of Forest
Research 7, 357e367.

Sneeuwjagt, R.J., Peet, G.B., 1998. Forest Fire Behaviour Tables for Western Australia,
third ed. Department of Conservation and Land Management, Perth, WA.

Stephens, S.L., Weise, D.R., Fry, D.L., Keiffer, R.J., Dawson, J., Koo, E., Potts, J.,
Pagni, P.J., 2008. Measuring the rate of spread of chaparral prescribed fires in
northern California. Fire Ecology 4, 74e86.

Stocks, B.J., Alexander, M.E., Wotton, B.M., Stefner, C.N., Flannigan, M.D., Taylor, S.W.,
Lavoie, N., Mason, J.A., Hartley, G.R., Maffey, M.E., Dalrymple, G.N., Blake, T.W.,
Cruz, M.G., Lanoville, R.A., 2004. Crown fire behaviour in a northern jack pine e
black spruce forest. Canadian Journal of Forest Research 34, 1548e1560.

Stocks, B.J., Walker, J.D., 1972. Fire Behavior and Fuel Consumption in Jack Pine Slash
in Ontario. Environment Canada, Canadian Forestry Service, Great Lakes Forest
Research Centre, Sault Ste, Marie, ON. Information Report O-X-169.

Streeks, T.J., Owens, M.K., Whisenant, S.G., 2005. Examining fire behavior in
mesquite-acacia shrublands. International Journal of Wildland 14, 131e140.

Sullivan, A., 2009a. Wildland fire spread modeling, 1990e2007. 1: physical and
quasi physical models. International Journal of Wildland Fire 18, 349e368.

Sullivan, A., 2009b. Wildland fire spread modeling, 1990e2007. 2: empirical and
quasi empirical models. International Journal of Wildland Fire 18, 369e386.

Sullivan, A.L., Knight, I.K., 2001. Estimating error in wind speed measurements for
experimental fires. Canadian Journal of Forest Research 31, 401e409.

Taylor, S.W., Wotton, B.M., Alexander, M.E., Dalrymple, G.N., 2004. Variation in wind
and crown fire behaviour in a northern jack pine e black spruce forest. Cana-
dian Journal of Forest Research 34, 1561e1576.

Tolhurst, K.G., Flinn, D.W., Loyn, R.H., Wilson, A.A.G., Foletta, I.J., 1992. Ecological
Effect of Fuel Reduction Burning in a Dry Sclerophyll Forest: a Summary of
Principal Research Findings and their Management Implications. Department of
Conservation and Environment, Melbourne, VIC.

Van Wagner, C.E., 1973. Height of crown scorch in forest fires. Canadian Journal of
Forest Research 3, 373e378.

Van Wagner, C.E., 1977. Conditions for the start and spread of crown fire. Canadian
Journal of Forest Research 7, 23e34.

Van Wagner, C.E., 1979. Fuel variation in the natural fire-cycled boreal forest. In:
Quintilio, D. (Comp.), Proceedings of the International Fire Management
Workshop. Environment Canada, Canadian Forestry Service, Northern Forest
Research Centre, Edmonton, AB, pp. 67e69. Information Report NOR-X-215.

Van Wagner, C.E., 1985. Fire behavior modelling e how to blend art and science. In:
Donoghue, L.R., Martin, R.E. (Eds.), Proceedings of the Eighth Conference on Fire
and Forest Meteorology. Society of American Foresters, Bethesda, MD, pp. 3e5.
SAF Publication 85-04.

van Wagtendonk, J.W., Botti, S.J., 1984. Modeling behavior of prescribed fires in
Yosemite National Park. Journal of Forestry 82, 479e484.

van Wilgen, B.W., Le Maitre, D.C., Kruger, F.J., 1985. Fire modelling in South African
fynbos (macchia) vegetation and predictions from Rothermel’s fire model.
Journal of Applied Ecology 22, 207e216.

vanWilgen, B.W., Wills, A.W., 1988. Fire behaviour prediction in savanna vegetation.
South African Journal of Wildlife Research 18, 41e46.

Wade, D.D., Lunsford, J.D., 1989. A Guide for Prescribed Fire in Southern Forests. US
Department of Agriculture, Forest Service, Southern Region, Atlanta, GA.
Technical Publication R8eTP11.

Weise, D.R., Koo, E., Zhou, X., Mahalingam, S., 2010. A laboratory-scale comparison of
rate of spreadmodel predictions using chaparral fuel bedse preliminary results.
In: Wade, D.D., Robinson, M.L. (Eds.), Proceedings of 3rd Fire Behavior and Fuels
Conference. International Association of Wildland Fire, Birmingham, AL, p. 17.

Willmott, C.J., 1982. Some comments on the evaluation of model performance.
Bulletin of American Meteorological Society 63, 1309e1313.

Wilson, A.A.G., 1988. Width of firebreak that is necessary to stop grass fires: some
field experiments. Canadian Journal of Forest Research 18, 682e687.

Wotton, B.M., McAlpine, R.S., Hobbs, M.W., 1999. The effect of fire front width on
surface fire behaviour. International Journal of Wildland Fire 9, 247e253.

Zhu, Y., 2005. Ensemble forecast: a new approach to uncertainty and predictability.
Advances in Atmospheric Sciences 22, 781e788.

http://refhub.elsevier.com/S1364-8152(13)00103-5/sref70
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref70
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref70
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref70
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref71
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref71
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref71
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref72
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref72
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref72
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref73
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref73
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref74
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref74
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref74
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref74
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref74
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref75
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref75
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref75
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref76
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref76
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref76
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref76
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref76
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref77
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref77
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref77
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref77
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref78
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref78
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref78
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref78
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref79
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref79
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref79
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref79
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref80
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref80
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref80
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref80
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref81
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref81
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref81
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref82
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref83
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref83
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref84
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref84
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref84
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref85
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref85
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref85
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref86
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref86
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref86
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref87
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref87
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref88
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref88
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref88
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref88
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref89
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref89
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref89
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref90
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref90
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref90
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref91
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref91
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref92
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref92
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref92
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref93
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref93
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref93
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref94
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref94
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref94
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref95
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref95
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref95
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref95
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref96
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref96
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref96
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref97
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref97
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref97
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref97
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref98
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref99
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref99
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref99
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref99
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref100
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref100
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref101
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref101
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref101
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref101
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref102
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref102
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref102
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref102
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref102
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref103
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref103
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref103
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref104
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref104
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref104
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref105
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref105
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref105
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref105
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref106
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref106
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref106
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref106
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref107
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref107
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref107
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref108
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref108
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref108
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref108
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref108
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref109
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref109
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref109
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref109
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref110
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref110
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref110
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref111
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref111
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref111
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref113
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref114
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref114
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref114
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref115
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref115
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref115
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref115
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref116
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref116
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref116
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref117
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref117
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref117
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref117
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref118
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref118
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref118
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref118
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref118
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref119
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref119
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref119
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref120
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref120
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref120
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref121
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref121
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref121
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref122
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref122
http://refhub.elsevier.com/S1364-8152(13)00103-5/sref122

	Uncertainty associated with model predictions of surface and crown fire rates of spread
	1 Introduction
	2 Background information
	2.1 Predicting wildland fire rate of spread
	2.2 Variability in rate of fire spread

	3 Methods
	4 Results
	5 Discussion
	5.1 Surface fire versus crown fire rates of spread prediction
	5.2 Acceptable error for evaluation of model performance
	5.3 Error propagation in model predictions of wildland fire behaviour
	5.4 On dealing operationally with uncertainty in model predictions

	6 Concluding comments
	Acknowledgements
	Appendix A Error statistics used to judge model performance
	References


