
Fire behaviour

What's fire behaviour ?
Standard definition : the manner in which a fire reacts to the influences of fuel, weather, 
and topography.

It refers to the manner in which fuel ignites, flame develops and fire spreads.

How do we know it ?

Experimental fires

Prescribed fire and wildfire observations

Simulation of complex fire models

February 2004  |  Volume 2  |  Issue 2  |  Page 0155PLoS Biology  |  http://biology.plosjournals.org

Unfortunately, having science-
based options that are applicable to 
local conditions is largely a luxury for 
developed countries. Managers there 
can choose to let a fi re burn under 
hopefully contained conditions, a 
policy known in the United States 
as “wildland fi re use.” They can set 
experimental crown fi res to study 
their effects, as was done recently in 
Canada (Figure 1). And they can take 
preemptive measures, such as reducing 
fuel in the forest to lower fi re hazard.

The two main fuel-reduction 
methods are mechanical removal of 
combustible materials and controlled 
or “prescribed” burning (Figure 2). 
During Bill Clinton’s administration, 
prescribed burns were encouraged 
in protected areas, but thinning was 
allowed only for trees with trunks of 
nine inches (22.8 cm) in diameter 
or less. Under George W. Bush, 
prescribed burning remains a choice, 
but the United States Department of 
Agriculture’s (USDA) Forest Service 
policy is much more focused on 

mechanical means. The argument 
runs that there’s been too much 
concern about removing trees, when 
what counts most is the enhanced fi re-
resistance of the thinned habitat.  

Fire hazard reduction methods 
must be tailored to an understanding 
of fuel characteristics in a given area, 
says David Peterson of the Forest 
Service’s Pacifi c Wildland Fire Sciences 
Laboratory in Seattle, Washington. 
“There’s no uniform way of doing it, 
partly because, as scientists, we haven’t 
given the management folks any 
quantitative guidelines.” Working with 

other ecologists, social scientists, and 
economists, he’s currently producing 
just such guidelines for the dry interior 
forests of the Pacifi c Northwest. 
“One thing we don’t want to do is 
take choices out of the hands of fi eld 
managers working at the local level.”

Forecasting Tools: Models and 
Simulations

For those choices to be meaningful, 
managers need reliable information 
on the risk of wildfi re outbreaks and 
on the future behavior of existing 
fi res. This requires models and 
simulations that incorporate climatic 
conditions, particularly wind (Figure 
3). At the Forest Service’s Fire Sciences 
Laboratory in Missoula, Montana, 
researchers have created a “gridded 
wind” tool based on the engineering 
discipline of computational fl uid 
dynamics. The program maps wind 
speed and direction using a digital 
elevation model, which is a grid of 
elevation points every 30–100 feet 
(9–30.5 meters) over a terrain 10–40 
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Figure 1.  Northwest Crown Fire Experiment
(Photograph used by permission of the USDA Forest Service.)
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Fire behaviour

Fire description
Point of origin (ignition point)

Perimeter

Head, Flanks, Rear

Rate of spread, ROS (R, m/s)

ROS is the first fundamental
metric of fire behaviour, 
chracterizing fire spread

Left flank

Head

Right flank

Rear or Back

Wind

Point of ignition

Rhead

Rflank or lateral

Rback
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Fire behaviour

Fire types

• Surface fire
burning above ground dead fuels, grasses,
shrubs

• Crown fire
burning all vegetation layers
including tree crowns

• Ground fire
burning forest floor (soil organic matter)
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Fire behaviour

Fire intensity

Fire intensity (FLI) is the heat released per unit time and per unit length of the fireline
FLI is the second fundamental metric of fire behaviour

Intensity = Heat of combustion X Fuel consumed per unit area X Rate of spread 

𝐹𝐿𝐼 (𝑘𝑊/𝑚) = ∆𝐻𝑐𝑊𝑐 𝑅 (∆𝐻𝑐 : kJ/kg ; 𝑊𝑐 : kg/m2 ; 𝑅 : m/s )

1 meter

Direction of spread

Burnt fuel

Fire front 
depth

Fire front

Unburnt fuel
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Fire behaviour

Fire intensity

𝐹𝐿𝐼 (𝑘𝑊/𝑚) = ∆𝐻𝑐𝑊𝑐 𝑅 (∆𝐻𝑐 : kJ/kg ; 𝑊𝑐 : kg/m2 ; 𝑅 : m/s )

Low heat of combustion ∆𝐻𝑐 is relatively constant and often set to 18 kJ/g (range : 16-22)

Fuel load consumed 𝑊𝑐 typically ranges between 0.3 kg/m2 and 3 kg/m2

Rate of spread 𝑅 usually ranges between 1 cm/s and 1 m/s, but may reach 3 m/s in dry 
grasslands (for flaming fires)

Fireline intensity hence typically ranges between 50 and 50000 kW/m

Exceptional values above 100 000 kW/m have been reported in North-America conifer
forests.

NB : in smouldering fires (ex peat fires)
- The effective heat of combustion drops to 6-12 kJ/g (incomplete combustion)
- R tyically ranges between 1-3 cm/hour
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Fire behaviour

Fire intensity

In many situations, fire intensity largely determines fire effects on their environment.

It also contributes to the difficulty of fire control ... but it is usually unknown !

Fire intensity (kW/m) and fire-fighting (adapted from Hough and Albini 1978, Andrews 
and Rothermel 1982)

0-350 easy to fight
350-1750 fight with light ground means
1750- 3500 fight with heavy ground means
3500-7000 fight with heavy ground means and aerial means, spotting possible
7000-20000 almost uncontrollable fire, frequent spotting
> 20000 kW/m extreme fire intensity, uncontrollable
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Fire behaviour

Flame geometry

Flame length L (m) and fireline intensity (FLI) are 
correlated

Typically : 𝐿 = 0.0775 𝐹𝐿𝐼0.46 (Byram 1959)

Thus FLI may be estimated from L as observed in the 
field :

𝐹𝐿𝐼 = 260 𝐿2.174

Flame 
length Flame 

height
Flame 
angle

L (m) FLI (kW/m)

0.5 60

1 260

2 1200

4 5300

8 24000

This is very rough estimation, but often the only
available in practice 
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Fire behaviour

Fire factors

Weather
Temperature

Humidity
Precipitation

Wind

Fuels 

Topography
Slope

Aspect
Relief

Fire
behaviour

Humidity Load,
structure

Local wind
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Fire behaviour

Wind effect on fires
Wind direction (in interaction with topography)  determines the main direction of fire
spread.
Wind speed strongly influences fire rate of spread (ROS).
Wind may reduce fuel burning times 
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Fire behaviour

Wind effect on ROS

Experimental fires (121 tests in natural and 
cut grass)
(Cheney, Gould and Cathpole 1993)

- Influence of Fuel, Weather, and Fire Shape Variables on Fire-Spread - 3 3 

Figure 1. Aerial view of the 2500 ha experimental site 
Annabaroo, N.T. 

1. Kerosene grass grows in dense, almost pure 
swards on the lower areas and heavy soils in the 
flood plain. The grass grows up to 2 m during 
the wet season while the plains are flooded. 
After floodwaters recede the grass partially 
collapses and forms a sward with upright lower 
stems capped with a compact horizontal layer of 
the upper stems and leaves (Figure 2). 

2. Kangaroo grass is a widespread native grass and 
occurs in many parts of Australia. It is a 
perennial grass and has a low-basal tussock with 
higher stems, leaves and seed heads which 
remain upright after late season rains. (Figure 
3). 

Figure 2. Eriachne grassland: note horizontally layered grass 
over-topping vertical stems. 

Figure 3. Therneda grassland: note the bulk of the fuel load is 
close to the ground. 

We examined the aerial photographs and identified 
plots in each grass type with a uniform and continuous 
grass sward and without shrubs or tree cover, or with 
only isolated individuals; treatments were randomly 
assigned to each plot. Selected plots were cnt at 50-25 
percent of the natural grass height. On about half the 
cut plots, the fuels were removed with a forage har- 
vester and on the other half, the cut fuels remained on 
the plots. A summary of the experimental treatments 
is given in Table 1. Field examination revealed that 
some plots were unsuitable for harvesting, and we 
failed to complete the harvesting program resulting in 
uneven numbers of treated plots. 

Although kerosene grass is restricted to the mid- 
flood plains in tropical areas we considered it to have 
some similarities with Lolium perenne Lam. (perennial 
rye grass) which is a common introduced pasture grass 
in south-east Australia. The two grasses at Annaburroo 
provided fuel beds which were structurally quite differ- 
ent and, after harvesting, visiting fire control officers 
(D. Jordan, D. McArthur pers comm.) considered the 
treatments were not unlike partially grazed pastures or 
short crop stubble (in the case of Eriachne) in southern 
States of Australia. 
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- Influence of Fuel, Weather, and Fire Shape Variables on Fire-Spread - 

Figure 4. Low oblique aerial photo of experimental fire F19,48 seconds after ignition. Plot size 200 m x 200 m, ignition line 
175 m. Wind speed at 2 m was measured at the four corners of the plot. 

Weather Variables 
P L A N A R  R E C T I F I C A T I O N  O F  F IRE  P E R I M E T E R  

A N D  F L A M E  D E P T H  E D G E S  

Figure 5. Composite map of time isopleths of f i e  perimeter 
and flame depth for experimental fire C064. At time t, the fire 
has developed a pointed front. This shape was not sustained 
and at time t, and t, the fire has a typical parabolic front. This 
fire was classified as 'parabolic' for head fire shape. 

A meteorological station was located near the cen- 
tre of the study area. Wind speed and air temperattire 
were measured at 10 m and 2 nl. Air temperature, 
relative humidity and solar radiation were measured at 
1.4 m. Additional measurements of wind speed at 10 
m and 2 m were taken in an open area immediately 
upwind and within 800 m of the fires that were burnt 
each day. 

During each fire, winds at 2 m were measured with 
a sensitive cup anemometer at each corner of the 
experimental plot. The wind speeds were recorded on 
pre-synchronised data loggers at 5-second intervals. 
There was considerable spatial and temporal variation 
of wind speed over the plot during the course of the fire 
as illustrated in Figure 6. 

The 2 m wind measurements were averaged over 
the period of each fire perimeter time isopleth. These 
data were examined together with the oblique photo- 
graphs of the fire-spread to select anemometers that 
best represented the wind-field driving the fire. Data 
were not included in the analysis if the wind recorded 
by an anemometer was influenced by trees, firefighting 
vehicles (inadvertently parked nearby) or the approach- 
ing fire front. On most fires there was no obvious 
relationship between the average wind speed at indi- 
vidual anemometers and fire-spread between individual 
time isopleths so the data from all unimpeded anemom- 

- Influence of Fuel, Weather, and Fire Shape Variables on Fire-Spread - 

2.5 

2 
h 
? 

'in 
E - 1.5 u 
IIJ 
f! a 
in 

6 1 
a, 
-I- 
IIJ c 

0.5 

0 

Wind speed at 2 m (ms-I) 

Figure 8. Relationship between rate of spread (Rj  and wind speed (U,)  for natural and cut grass, at dead fuel moisture content (MJ 
of 4% and 8% and ignition line i 75 m. 

R = a U,0ga7 exp (-0.0707 M , )  
For natural grass 
For cut grass 

the range of fuel height was comparable between the 
two groups. This result suggests that measurements of 
either fuel height or bulk density do not fully account 
for the change in fire-spread in harvested pasture 
compared to an undisturbed pasture. 

Although the two grasses had very different fuel 
bed structures and different cr values, grass type was 
not a significant variable when Llg c 75 m; possibly 
because of the complicated effect of the treatments. 
When > 75 m the coarse stemmed Eriachne sp. 
burnt slightly faster than the fine stemmed Themeda 
australis, a result which was in the opposite direction 
to that suggested by other models (e.g. Rothermel 
1972); i.e. that fires in fine stemmed grasses spread 
faster than fires in coarse stemmed grasses. Although 
curing was not a significant variable we suggest that 
this difference in spread rate may be because the 
Themeda was generally less than 100% cured while the 
Eriachne was 180% cured. Observations by the senior 
author (N.P. Cheney) on fires elsewhere in the N.T. 
were that there were no obvious changes in fire-spread 
when fires burned from tall, course annual sorghums 
(Sorghum inrrans) to fine-stemmed swamp grasses 
although there were large differences in flame charac- 

teristics. Because there are the practical difficulties in 
measuring a for individual pastures, and because thc 
influence of 0 on rate of spread of grassfires appears 
to be negligible under the field conditions, we consider 
that, in Australia at least, the species type can be 
ignored when grasses are continuous. 

Hummock grasslands which do not form a contmu- 
ous sward will require a separate model (e.g. Griffin 
and Allan 1984; Burrows and van Didden 1991) but 
this is because the fuel bed is discontinuous rather than 
because of the thickness of the component particles. 

There was no evidence to suggest that it is valid to 
use 0 to adjust the exponent of the wind function 
for different fuel types. The exponent b in the 
model R a aUb remained just less than 1.0 in all 
analyses. This is considerably different to the 
functions proposed by McArthur (1966), where b = 
2, or by Rotherinel (1972) where b could be assigned 
a value between 1.56 and 2.22 depending on the 
surface-area-to-volume ratio of the grass. It is possible 
that the fastest moving fires had not truly reached a 
pseudo-steady-state rate of spread in the time available 
for measurement and that measurements of R at higher 
wind speeds may be lower than may be achieved on 

Grasslands
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Fire behaviour

Wind effect on ROS

ROS as a function of wind speed in grassland experimental fires and wildfires
Cheney, N.P., Gould, J.S., and Catchpole, W.R. 

Natural pastures 
+ Cuffgrazed Pastures 

Ex~erimental Fires Chenev et al 1993) + 
Natural pastures 

- - + 0 CuVgrazed Pastures 
Data of Sneeuwjagt & Frandsen (1977) + + 

0 Experimental fires 
Wildfires 

Wind speed at 10 m (kmlh) 

Figure 3. Comparison of the quasi-steady rate of spread and wind speed at 10 m from experimental fires (Cheney et al. 1993 and Sneeuwjagt 
and Frandsen 1977) with the wildfire data from Table 1. All rates of spread were adjusted to a common fuel moisture content of 3 percent. 

Ro = rate of spread when U = 0 (0.054 km h-' in both 
pasture types) when dead fuel moisture is 0 per 
cent. 

Ra = rate of spread at the critical wind speed of 5 km 
h-' at dead fuel moisture content of 0 percent (1.1 
km h-' in cutlgrazed pastures; and 1.4 km h-' in 
undisturbed natural pastures). 

U,, = 10 m wind speed (km h-'). The U,, correspond 
ing to the average U, of the experimental fires 
were calculated using vertical wind profiles and 
atmospheric stability. DurrC and Beer (1989) re 
ported the procedures and results of predicting 
the " standard" 10 m wind from local 2 m winds. 

i = pasture types, 1 for natural undisturbed pas- 
ture, and 2 for cudgrazed pastures. 

4 M  = fuel moisture coefficient 
4 C  = grass curing coefficient 
a,, A, and b = constants 

We corrected the experimental data to a potential 
quasi-steady rate of spread and zero moisture content (i.e. 
4 M  = 1) using equation 5. The grass was fully cured, so 
4 C  = 1. We used the assigned values of Rc, in natural and 
cudgrazed pastures, for Rss when U,, = 5 and solved for 
ai . 

Thus when U,, < 5 km h-': 

Rcu = 0.054 + 0.209 U,, (9) 

Where Rn and Rcu are the quasi-steady rate of spread 
for natural and cudgrazed pastures respectively. 

For wind speed greater than Uc we obtained the re- 
gression constants A, and b by transforming equation 7 to 
the following form using a log transformation: 

In (R,, - Rcl)= In A, + b In (U,, - 5) (10) 

where 
R,, = adjusted rate of spread to quasi-steady rate at zero 

percent fuel moisture in fully cured grass. 
The results of fitting this model using S-PLUS (Anon 

1993) for the two pasture types are: 

where Rn and RcU are quasi-steady rate of spread for 
natural and cudgrazed pastures respectively at zero per- 
cent dead fuel moisture content. The fit had r2 = 0.65. 

1998

(ROS adjusted to
constant FMC=3%)

Grasslands
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Fire behaviour

Wind effect on ROS
Shrublands

Data sources (Anderson et al 2015)

The behaviour of fires on slopes brings in many complexities
due to gradients in fuel structure and moisture content, and
issues with the interaction of wind and slope. To limit these
effects, the data selected for analysis were restricted to slopes
of ,58. No attempt was made here to develop a statistical
parameterisation for the effect of slope steepness on fire spread
in shrublands.

Ignition line lengths, and the ensuing head-fire widths are
known to affect fire propagation, with narrower fires failing to
attain quasi-steady rates of spread observed in free-burning
fires. This topic is discussed further in Cheney and Gould
(1995) for grassland and in Wotton et al. (1999) and Luke and
McArthur (1978) for forests. To overcome this possible con-
founding factor, the data used for modelling were restricted to
ignition line lengths of$50 m. The effect of ignition line length
was also considered in the analysis. A limited set of fires with
smaller ignition line lengths were used to develop an ignition
line length correction.

One final constraint was imposed. The fires selected for
analysis had to have a measured dead fuel moisture content
below the assumed fibre saturation point of 35% (Berry and
Roderick 2005). A summary of the site characteristics, plot size
and layout, vegetation types, fuel characteristics, weather and
fire behaviour assessment methods, and main study references
associated with each experimental burning program selected for
inclusion in the analysis dataset is given in the Supplementary
Material (available online only).

Model evaluation subset

A model evaluation subset was assembled from two main data
types. The first type comprised data from the datasets given in
Table 1 that lacked appropriate vegetation variables, namely

measured fuel loading (amount of fine fuel per unit area) and
percentage of dead fuel, to allow its inclusion in the model
development analysis. Buttongrass moorland was not included
in the model development set, even though the vegetation
variables were available, because it is a fuel complex where
grasses of the family Cyperaceae (sedges) dominate the
overall fuel structure. Only the high-productivity moorland (see
Marsden-Smedley and Catchpole 1995b) and the oldest low-
productivity moorland (20 years or over) were used in the model
evaluation dataset, as the fuel structure in the younger low-
productivity moorland is similar to a grassland.

The second evaluation data type comprised fire spread rates
from well-documented wildfire reconstructions and observa-
tions. Weather and fire spread data in the evaluation dataset
were classified for their reliability, as per Cheney et al. (2012).
Models were assessed using scatterplots and the same goodness-
of-fit statistics used in the model development process. Wind
speed in the wildfire dataset was measured at 10m in the open at
nearby weather stations as per World Meteorological Organisa-
tion standards (WMO 1983). A conversion factor was needed to
make these data consistent with the experimental data, which
mostly have wind speed measured at 2 m.

The ratio of 10- to 2-m wind speed measured in the open
(i.e. no canopy cover present) depends on the stability of the
atmosphere and thermal turbulence, and the surface roughness
(Albini 1981; Campbell and Norman 1998). In the absence of
detailed vegetation and turbulence measurements, a simplified
relationship between the wind speeds at these heights was
sought. Simultaneous field measurements of 10- and 2-m
wind speeds above shrublands by Tran and Pyrke (1999) and
Marsden-Smedley and Catchpole (1995b) yielded a wind reduc-
tion factor of 0.667 (i.e. the wind speed at a height of 2 m above
the shrub canopy is,67% of the 10-m open wind). For the fuel

Table 1. Sources of data groups

Australian heath classifications follow Keith et al. (2002)

Source Code Country Number

of fires

Use Dominant vegetation Main reference

Jonkershoek ForestryResearchCentre ZA South Africa 14 Model development Fynbos van Wilgen et al. (1985)

University of NSW WC Australia 3 Ignition line length East coast dry and

temperate wet heath

Catchpole (1987)

National Parks and Wildlife Service

of NSW

NSW Australia 10 Model evaluation East Coast dry heath

AND woodland

Bradstock and Auld (1995)

Tasmania Parks and Heritage BGM Australia 34 Model evaluation Temperate wet heath

(buttongrass)

Marsden-Smedley

and Catchpole (1995b)

Forestry Research Centre of Lourizan SP Spain 19þ 13 Model development,

ignition line length

Mixed heathland Vega et al. (1998)

University of Trás-os-Montes

and Alto Douro

PT Portugal 8þ 25 Model development,

ignition line length

Mixed heathland Fernandes (2001);

Vega et al. (2006);

unpublished data

CSIRO SA Australia 10 Model development Central lowland heath Cruz et al. (2010)

Scion NZ New

Zealand

28 Model development Mixed heath–shrubland Anderson (2009)

Tasmania Parks and Heritage Tas. Australia 11 Model evaluation Mixed heathland

and moorland

Unpublished data

Department of Environment

and Primary Industries, Victoria

VGM Australia 11þ 1 Model evaluation,

ignition line length

East Coast

temperate wet heath

Unpublished data

Shrubland fire spread modelling Int. J. Wildland Fire 445
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Fire behaviour

Wind effect on ROS
Shrublands

full dataset grouped by data usage (model, controlled evaluation
and wildfire evaluation) and by moisture content class. The data
used in the analysis are given in Appendix A (Table A1).

A model for rate of spread based on 2-m wind speed, dead
fuel moisture content and vegetation-related variables

Model development data (which contained five groups with a
total of 79 observations) were analysed to determine which fuel
variables most affected rate of fire spread. Table 4 provides
the intercorrelation between the various variables used in the
analysis. Correlation coefficients above 0.20 are significant
(at the 5% level), and shown in this table in bold font. The
results show a strong correlation between rate of fire spread
and 2-m wind speed and dead fuel moisture content (r¼ 0.43
and "0.46 respectively). There were some reasonably strong
correlations between possible predictor variables that might
limit some of the modelling analysis. For instance, live fuel
moisture content and height were highly correlated (r¼ 0.52),
thus if height were included in the model, live fuel moisture
content may not show its correct contribution to the fire spread
rate in terms of significance and its associated regression coef-
ficient (Meyers 1990).

A model was created using non-linear regression analysis
with 2-m wind speed and dead fuel moisture content in the form
of Eqn 1, but without incorporating any fuel variable. Both wind
speed and dead fuel moisture content were highly significant
(P, 0.00005). The other variables (including htco¼ height#
cover) were then added in turn. The significant variables were
height (P¼ 0.002), htco (P¼ 0.02) and fine fuel load (P¼ 0.04).
Bulk density, based on live and dead fine fuels, was almost
significant, with P¼ 0.08. Height was included in the model
and the remaining variables were then added in turn. For this
third iteration, only live fuel moisture content was significant
(P¼ 0.008). No other significant variables could be added to the
model using height and live fuel moisture content. The final
model is given as Eqn 2:

R ¼ aUb
2 h

c expð"kdMdÞ expð"klMlÞ ð2Þ

where h is fuel bed height, and a, b, c, kd and kl are regression
coefficients that minimise the summed square of residuals.
These coefficients and their standard errors are given in Table 5.
The error statistics for this and the following models are
summarised in Table 6.

Table 3. Summary of the means, medians (in square brackets) and ranges (in round brackets) of the variables by data type: model development,

controlled fires and wildfires datasets

Refer to Table 2 for definitions of terms

n R (m min"1) U2 (km h"1) U10 (km h"1) Md (%) Ml (%) h (m) w (kg m"2) C (%) rb (kg m"3) pl (%) L (m)

Model

development

79 18.6 [16.9] 10.6 [10.8] 13.7 [13.6] 107 [90] 1.3 [0.9] 2.0 [1.7] 77 [86] 1.8 [1.5] 51.4 [49.2] 81 [70]

(2–60) (4–25) (2–30) (58–236) (0.3–4.8) (0.3–5.2) (43–100) (0.5–6.1) (19–86) (50–200)

Control fire

evaluation

67 7.5 [6.6] 7.3 [7.2] 16.9 [15.8] 102A [97] 1.0 [0.5] 1.1B [1.0] 74C [73] 3.1A [3.6] 59D [63] 105 [75]

(1–34) (1–19) (8–33) (76–158) (0.2–3.0) (0.1–3.0) (45–100) (0.1–5.8) (38–67) (50–350)

Wildfires

evaluation

32 28.9 [19.6] 20.4 [18.3] 10.5 [9.3] 1.34 [1.5] 1.5E [1.5] 88F [93] 1.7E [1.2]

(5–100) (5–54) (3–31) (0.4–2.0) (0.4–3.6) (60–100) (0.4–4.0)

An¼ 45; Bn¼ 42; Cn¼ 52; Dn¼ 34; En¼ 12; Fn¼ 16.
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full dataset grouped by data usage (model, controlled evaluation
and wildfire evaluation) and by moisture content class. The data
used in the analysis are given in Appendix A (Table A1).

A model for rate of spread based on 2-m wind speed, dead
fuel moisture content and vegetation-related variables

Model development data (which contained five groups with a
total of 79 observations) were analysed to determine which fuel
variables most affected rate of fire spread. Table 4 provides
the intercorrelation between the various variables used in the
analysis. Correlation coefficients above 0.20 are significant
(at the 5% level), and shown in this table in bold font. The
results show a strong correlation between rate of fire spread
and 2-m wind speed and dead fuel moisture content (r¼ 0.43
and "0.46 respectively). There were some reasonably strong
correlations between possible predictor variables that might
limit some of the modelling analysis. For instance, live fuel
moisture content and height were highly correlated (r¼ 0.52),
thus if height were included in the model, live fuel moisture
content may not show its correct contribution to the fire spread
rate in terms of significance and its associated regression coef-
ficient (Meyers 1990).

A model was created using non-linear regression analysis
with 2-m wind speed and dead fuel moisture content in the form
of Eqn 1, but without incorporating any fuel variable. Both wind
speed and dead fuel moisture content were highly significant
(P, 0.00005). The other variables (including htco¼ height#
cover) were then added in turn. The significant variables were
height (P¼ 0.002), htco (P¼ 0.02) and fine fuel load (P¼ 0.04).
Bulk density, based on live and dead fine fuels, was almost
significant, with P¼ 0.08. Height was included in the model
and the remaining variables were then added in turn. For this
third iteration, only live fuel moisture content was significant
(P¼ 0.008). No other significant variables could be added to the
model using height and live fuel moisture content. The final
model is given as Eqn 2:

R ¼ aUb
2 h

c expð"kdMdÞ expð"klMlÞ ð2Þ

where h is fuel bed height, and a, b, c, kd and kl are regression
coefficients that minimise the summed square of residuals.
These coefficients and their standard errors are given in Table 5.
The error statistics for this and the following models are
summarised in Table 6.

Table 3. Summary of the means, medians (in square brackets) and ranges (in round brackets) of the variables by data type: model development,

controlled fires and wildfires datasets

Refer to Table 2 for definitions of terms

n R (m min"1) U2 (km h"1) U10 (km h"1) Md (%) Ml (%) h (m) w (kg m"2) C (%) rb (kg m"3) pl (%) L (m)

Model

development

79 18.6 [16.9] 10.6 [10.8] 13.7 [13.6] 107 [90] 1.3 [0.9] 2.0 [1.7] 77 [86] 1.8 [1.5] 51.4 [49.2] 81 [70]

(2–60) (4–25) (2–30) (58–236) (0.3–4.8) (0.3–5.2) (43–100) (0.5–6.1) (19–86) (50–200)

Control fire

evaluation

67 7.5 [6.6] 7.3 [7.2] 16.9 [15.8] 102A [97] 1.0 [0.5] 1.1B [1.0] 74C [73] 3.1A [3.6] 59D [63] 105 [75]

(1–34) (1–19) (8–33) (76–158) (0.2–3.0) (0.1–3.0) (45–100) (0.1–5.8) (38–67) (50–350)

Wildfires

evaluation

32 28.9 [19.6] 20.4 [18.3] 10.5 [9.3] 1.34 [1.5] 1.5E [1.5] 88F [93] 1.7E [1.2]

(5–100) (5–54) (3–31) (0.4–2.0) (0.4–3.6) (60–100) (0.4–4.0)

An¼ 45; Bn¼ 42; Cn¼ 52; Dn¼ 34; En¼ 12; Fn¼ 16.
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full dataset grouped by data usage (model, controlled evaluation
and wildfire evaluation) and by moisture content class. The data
used in the analysis are given in Appendix A (Table A1).

A model for rate of spread based on 2-m wind speed, dead
fuel moisture content and vegetation-related variables

Model development data (which contained five groups with a
total of 79 observations) were analysed to determine which fuel
variables most affected rate of fire spread. Table 4 provides
the intercorrelation between the various variables used in the
analysis. Correlation coefficients above 0.20 are significant
(at the 5% level), and shown in this table in bold font. The
results show a strong correlation between rate of fire spread
and 2-m wind speed and dead fuel moisture content (r¼ 0.43
and "0.46 respectively). There were some reasonably strong
correlations between possible predictor variables that might
limit some of the modelling analysis. For instance, live fuel
moisture content and height were highly correlated (r¼ 0.52),
thus if height were included in the model, live fuel moisture
content may not show its correct contribution to the fire spread
rate in terms of significance and its associated regression coef-
ficient (Meyers 1990).

A model was created using non-linear regression analysis
with 2-m wind speed and dead fuel moisture content in the form
of Eqn 1, but without incorporating any fuel variable. Both wind
speed and dead fuel moisture content were highly significant
(P, 0.00005). The other variables (including htco¼ height#
cover) were then added in turn. The significant variables were
height (P¼ 0.002), htco (P¼ 0.02) and fine fuel load (P¼ 0.04).
Bulk density, based on live and dead fine fuels, was almost
significant, with P¼ 0.08. Height was included in the model
and the remaining variables were then added in turn. For this
third iteration, only live fuel moisture content was significant
(P¼ 0.008). No other significant variables could be added to the
model using height and live fuel moisture content. The final
model is given as Eqn 2:

R ¼ aUb
2 h

c expð"kdMdÞ expð"klMlÞ ð2Þ

where h is fuel bed height, and a, b, c, kd and kl are regression
coefficients that minimise the summed square of residuals.
These coefficients and their standard errors are given in Table 5.
The error statistics for this and the following models are
summarised in Table 6.

Table 3. Summary of the means, medians (in square brackets) and ranges (in round brackets) of the variables by data type: model development,

controlled fires and wildfires datasets

Refer to Table 2 for definitions of terms

n R (m min"1) U2 (km h"1) U10 (km h"1) Md (%) Ml (%) h (m) w (kg m"2) C (%) rb (kg m"3) pl (%) L (m)

Model

development

79 18.6 [16.9] 10.6 [10.8] 13.7 [13.6] 107 [90] 1.3 [0.9] 2.0 [1.7] 77 [86] 1.8 [1.5] 51.4 [49.2] 81 [70]

(2–60) (4–25) (2–30) (58–236) (0.3–4.8) (0.3–5.2) (43–100) (0.5–6.1) (19–86) (50–200)

Control fire

evaluation

67 7.5 [6.6] 7.3 [7.2] 16.9 [15.8] 102A [97] 1.0 [0.5] 1.1B [1.0] 74C [73] 3.1A [3.6] 59D [63] 105 [75]

(1–34) (1–19) (8–33) (76–158) (0.2–3.0) (0.1–3.0) (45–100) (0.1–5.8) (38–67) (50–350)

Wildfires

evaluation

32 28.9 [19.6] 20.4 [18.3] 10.5 [9.3] 1.34 [1.5] 1.5E [1.5] 88F [93] 1.7E [1.2]

(5–100) (5–54) (3–31) (0.4–2.0) (0.4–3.6) (60–100) (0.4–4.0)

An¼ 45; Bn¼ 42; Cn¼ 52; Dn¼ 34; En¼ 12; Fn¼ 16.
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Anderson et al 2015

ROS as a function of wind speed in shrublands, by class of dead fuel moisture content
79 fires

JL Dupuy - INRAe URFM

13



Fire behaviour

Wind effect on ROS
Forests and shrublands

ROS as a function of wind speed in woody fuels (forests and shrublands)
118 wildfires

Fig. 2 Observed wildfire rates of
spread vs. predictions by the 10%
wind speed rule of thumb for
conifer forests (data from
Alexander and Cruz 2006), dry
eucalypt forests (data from
Cheney et al. 2012) and temperate
shrublands (data from Anderson
et al. 2015). The dashed lines
around the line of perfect agree-
ment indicate the ± 35% error in-
terval as per Cruz and Alexander
(2013)

Fig. 1 Scatterplot of the rate of
fire spread vs. 10-m open wind
speed for wildfires in conifer for-
ests (Alexander and Cruz 2006),
dry eucalypt forests (Cheney et al.
2012) and temperate shrublands
(Anderson et al. 2015)

   44 Page 4 of 11 Annals of Forest Science           (2019) 76:44 
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Fire behaviour

Wind effect on ROS
All data (field and lab observations) show increasing fire ROS with wind speed
That increase is often near linear in each study/fuel type.
The ROS-Wind relationship depends on fuel moisture content (evidenced for dead fuel), 
and to a lesser extent, on fuel type

Relationship between ROS and wind speed 
according to 12 empirical models in 
shrublands and grasslands

JL Dupuy - INRAe URFM
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Fire behaviour

Wind effect on ROS
What are the processes behind this effect ?

Enhance heat transfer (especially convection) to unburnt fuel 
Enhance mixing in the combustion zone (oxygen supply)
Decrease temperature in the combustion zone (cooling by "fresh" air)

Figure 2 .  --Schematic of 
no-wind f i r e .  

Wind 

Figure 3. --Schematic o f  
wind-driven f i r e .  

Solid mass transport 

Figure 4 .  --Schematic o f  
ups lope f i r e .  

Figure 2 .  --Schematic of 
no-wind f i r e .  

Wind 

Figure 3. --Schematic o f  
wind-driven f i r e .  

Solid mass transport 

Figure 4 .  --Schematic o f  
ups lope f i r e .  

No wind

Direction of fire spread Rothermel (1972)

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel effects on fire behaviour

Fuels show many variations and may have contrasted effects on fires

Several fuel-related factors influence fire behaviour
- chemical composition (lignin content, VOCs, see basic processes)
- water content (fuel moisture content, FMC)
- size and geometry of fuel elements
- fuel load and fuel arrangement (spatial structure)

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel moisture content (FMC)
Fuels are made of dead and live elements

Dead elements exhibit FMC between 0 and 30 %, they readily burn when FMC < 20%.
In dry hot conditions, values are typically between 5 and 10%

Live elements exhibit much higher FMC values, typically 60-150 % (and more in wet periods)
They can burn despite such high moisture contents

Dead elements are necessary to start fires and usually to get sustained fire spread

FMC is a major factor of fire ignition (see ignition tests) and fire spread

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel moisture content (FMC) effect on ROS
Rate of spread as function of FMC  in various laboratory fuel beds (dead material)
Catchpole and Cathchpole 1998 

 
FIGURE 6  Rate of spread versus windspread: 27°C and 20% relative humidity, (a) regular 
excelsior, fuel depth ä = 0.1m, (b) pine needles, ä = 0.075 m, (c) coarse excelsior, ä = 0.075 m, 
(d) sticks, ä = 0.075 m.  Packing ratios as shown. 
 
Energy needed to raise a unit volume of the fuel bed to ignition (Frandsen, 
1971): 
  
    Ip = Rñb çp QT = Râñp çp QT                 (1) 
 
Here R is the rate of spread, ñp = âñp  is the fuel bulk density (mass of fuel per 
volume of fuel bed), ñp is the fuel particle density, â is the packing ratio (volume 
of fuel per volume of fuel bed) and QT is the heat of ignition of a unit mass of 
the fuel (Wilson, 1990).  The effective heating fraction, çP (Frandsen, 1973), is 
the effective proportion of a fuel particle that is raised to ignition temperature by 
the time that the particles ignites.  Following Wilson (1990) we use QT in place 
of the heat of pre-ignition Qig used in Rothermel (1972).  It may be 
approximated as a linear function of moisture content (dunlap, 1912). 
  

QT = QP + MQw,      (2) 

 

FIGURE 7 Rate of spread, on a log scale, versus moisture content as a proportion of oven-dry 
weight: (a) regular excelsior, packing ratio â = 0.005, fuel depth ä = 0.1 m (wind-aided); ä = 
0.2 m (zero-wind, Wilson, 1990), (b) regular excelsior, â = 0.02, ä = 0.025 m (zero-wind, 
Wilson, 1990), ä = 0.10 m (wind-aided), (c) pine needles, â = 0.065, ä = 0.06 - 0.08 m (zero--
wind, Anderson and Rothermel, 1965), ä = 0.025 m (wind-aided), (d) sugar pine sticks, s = 
2520 m-1, â = 0.02, ä = 0.025 m (zero-wind, Wilson, 1990); excelsior, wind-aided, â = 0.03, ä 
= 0.075 m (open triangles and diamonds), ä = 0.15 m (black triangles and diamonds). 
Windspeeds are as shown in the legend. 
 
where Qp is the heat of pyrolysis of a unit mass of dry fuel, M is the moisture 
content of the fuel (as a fraction of fuel dry mass), and Qw is the heat of 
dessication (per unit mass of water).  Qp varies weakly with fuel type; values for 
typical forest fuels are given in Susott (1982) and in' Table I for our fuels. 

In a physical model the propagating flux would be calculated from radiation 
and convection energy transfer considerations, so that Eq. (1) could be used to 
predict the spread rate R.  Here we calculate the propagating flux from (1) and 
investigate how it is influenced by fuel and environmental variables. 

The main environmental influences on propagating flux are windspeed and 
fuel moisture content.  Windspeed affects both the rate of energy production and 
the efficiency of the energy transfer to the unburnt fuel. Fuel moisture content 
affects the propagating flux via (2), but also dilutes the 

Y-axis in logarithmic scale

In these experiments,
ROS shows exponential
decrease with FMC :
𝑅 ∝ exp(−𝑎 𝐹𝑀𝐶)

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel moisture content (FMC) effect on ROS
ROS as function of dead FMC in lab and field experiments
Several functions are also exponential decays – Note the ranges of FMC 

380
Int.

J.W
ildland

Fire
A

.L
.Sullivan

Table 3. Summary of empirical models discussed in the present paper
Fuel types: Pond., ponderosa pine needles; excel., excelsior (or wood wool). Listed abbreviations are: FMC, fuel moisture content; Add., Additive; Mul., multiplicative; M, FMC variable; U, wind speed;

ROS, rate of spread. Entries marked ‘?’ or ‘na’ are unknown or not applicable respectively

Model Field or laboratory Fuel type FMC function FMC range (%) Wind function Wind speed range (m s−1) Add. or Mul. ROS range (m s−1)

Empirical
CFS-accel Laboratory Pond./excel. na na 0.74(1 − e−0.9U ) 0–2.22 na 0.006–0.2
CALM Spinifex Field Spinifex −82.08M 12–31 U2 1.1–10 Add. 0–1.5
CFBP Field Forest e−0.1386M (1 + M5.31) ? e0.05039U ? Mul. ?
PWSTas Field Buttongrass e−0.0243M 8.2–96 U1.312 0.2–10 Mul. ?
CALM Mallee Field Mallee e−0.11Mld 4–32 U1.05 1.5–6.9 Mul. 0.13–6.8
CSIRO Grass Field Grass e−0.108M 2.7–12.1 U0.844 2.9–7.1 Both 0.29–2.07
Heath Field Heath/shrub na na U1.21 0.11–10.1 na 0.01–1.00
UdTM Shrub Field Heath/shrub e−0.027M 10–40 e0.092U 0.28–7.5 Mul. 0.01–0.33
CALM Jarrah I Laboratory Litter 1

0.003 + 0.000922M 3–14 U2.22 0.0–2.1 Mul. 0.002–0.075
CALM Jarrah II Field Forest M−1.495 3–18.6 U2.674 0.72–3.33 Mul. 0.003–0.28
UdTM Pinaster Field Forest e−0.035M 8–56 U0.868 0.3–6.4 Mul. 0.004–0.231
Gorse Field Gorse −0.0004M 22–85 na <1.4 na 0.004–0.039
Maquis Field Maquis na 15.3–27.7 0.495U 0.02–0.25 na 0.01–0.15
Helsinki Field Moss na 7–94 e2.286U 0.1–1.6 na 0–0.057
CSIRO Forest Field Forest M−1.495 5.6–9.6 U0.904 1.56–4.58 Both 0–0.38

Quasi-empirical
TRW Laboratory Match splints na na U0.5 0–4.7 na 0–0.007
NBRU Laboratory Match splints na na U3 0–9 na 0.004–0.38
USFS Laboratory Needles/excel. e−4.05M

(700 + 2260M ) 2–33 U0.91 0–3.1 Mul. 0–0.23
Coimbra Laboratory Needles na 10–15 na ? na ?
Nelson Laboratory/field Birch sticks na na U1.51 0.0–3.66 na <0.271

Sullivan 2009
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Fire behaviour

Fuel moisture content (FMC) effect on ROS - theory
The FMC effect should be mostly due to the heat of pre-ignition
Figure shows the ratio of low heat of combustion to the heat of pre-ignition :
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The combustion of 1 g of dry fuel 
releases 46 times the energy
necessary to ignite it !

This ratio drops to 6
when FMC = 100% !

∆𝐻𝑐

𝑄𝑖𝑔
=

18000

390 + 2560 𝐹𝑀𝐶100

Theory differs from empirical
modelling (previous slide) 
based on fire data
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Fire behaviour

Fuel size
Only fine fuels (< 6 mm) drive fire spread.
Larger elements may burn and contribute to fire intensity and fire emissions

Size is characterized by surface area to volume ratio 𝞼 (e.g. 𝞼=4/d for a cylinder of diam. d)

Ignition and spread are faster with thinner fuels, because mass and heat exchanges are faster

But thinner fuels burn out faster as well.

Note : thin dead fuels will dry much faster than thicker ones in warm-dry atmosphere
-> FMC adjusts to weather conditions and frequently reach low values

Typical values of 𝞼 :
Very thin grasses: 20000 m2/m3

Deciduous oak leaves: 10000 m2/m3

Pine needles : 5000 m2/m3

Fine twigs : 500-1000 m2/m3

Branches : 50-100 m2/m3

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel load
The amount of fuel elements per unit area 
(1 kg/m2 = 10 t /ha)

Fuel consumption may vary a lot depending
on fuel and weather conditions

Relatively small effect
on ROS

Effect on fire intensity
and emissions

Available aerial biomass (not fuel)

Biomass consumption

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel load
Aerial biomass in Mediterranean plant communities (from Trabaud, 1977)

Dense pine stand (trees):

160 t/ha, foliage 15 t/ha

Open pine stand (trees):

22 t/ha, foliage 3.4 t/ha

Kermès oak guarrigue :

24 t/ha, foliage 5 t/ha de feuillage

Sparse Kermès oak garrigue:

13 t/ha, foliage 4 t/ha de feuillage

Pine needle fuel bed

5 à 15 t/ha

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel structure
The spatial arrangement of fuel elements, at multiple scales (shoot to stand to landscape)

Horizontal continuity favors fire spread over landscape
Vertical continuity in forests favors crowning

In detail, these effects are difficult to predict

Horizontally and vertically
discontinuous

Horizontally and vertically
continuous

Fire spread is highly unlikely Fire spread is certain in relatively dry 
and windy conditions

JL Dupuy - INRAe URFM
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Fire behaviour

Fuel structure

The minimal surface fire intensity leading to ignition of tree
crowns is : 𝐼0 = (𝐶 ℎ𝑏 𝑄𝑖𝑔)!/#

Hence, the minimal intensity increases as ℎ𝑏 !/#

JL Dupuy - INRAe URFM
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Crown base 
height hb

Van Wagner (1973) proposed a criterion for crown fire initiation 
based on theory and some fire experiments

The role of vertical structure in crown fire initiation, here the crown base height hb

𝑄𝑖𝑔 is the heat of igntion of the crown foliage, 
which depends on its moisture content



Fire behaviour

Fuel structure
For forest fires, it is important to anticipate :

- when surface fires are susceptible to ignite crown fuels
- whether fire will burn trees independently (torching) or in a continuous fire front  

That crowning potential depends on weather/fuel moisture conditions but also on the fuel 
structure at scale of the canopy layer

JL Dupuy - INRAe URFM
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USDA Forest Service Research Paper RMRS-RP-29. 2001. 3

Types of Wildland Fire

Fire scientists and managers recognize three general types of wildland fire, de-
pending on the fuel stratum in which the fire is burning. A ground fire is one that burns
in ground fuels such as duff, organic soils, roots, rotten buried logs, and so forth.
Ground fuels are characterized by higher bulk density than surface and canopy fuels.
Ground fires burn with very low spread rates but can be sustained at relatively high
moisture contents (Frandsen 1987, 1991). Fuel consumption through ground fire can
be great, causing significant injury to trees and shrubs. Although ground fuels can be
ignited directly, they are most commonly ignited by a passing surface fire.

A surface fire is one that burns in the surface fuel layer, which lies immedi-
ately above the ground fuels but below the canopy, or aerial fuels. Surface fuels
consist of needles, leaves, grass, dead and down branch wood and logs, shrubs,
low brush, and short trees (Brown and others 1982). Surface fire behavior varies
widely depending on the nature of the surface fuel complex.

A crown fire is one that burns in the elevated canopy fuels. Canopy fuels
normally consumed in crown fires consist of the live and dead foliage, lichen,
and fine live and dead branchwood found in a forest canopy. They have higher
moisture content and lower bulk density than surface fuels. We generally recog-
nize three types of crown fire: passive, active, and independent (Van Wagner
1977).

A passive crown fire, also called torching or candling, is one in which individual
or small groups of trees torch out, but solid flame is not consistently maintained in the
canopy (fig. 1a). Passive crowning encompasses a wide range of fire behavior, from
the occasional tree torching out to a nearly active crown fire. The increased radiation

b

a

Figure 1—Passive crowning (a) involves individual or small groups of trees, whereas during active crowning (b) the whole fuel complex
burns as a unit. Photo (a) by Duncan Lutes; photo (b) by Jim Kautz.

USDA Forest Service Research Paper RMRS-RP-29. 2001. 3

Types of Wildland Fire

Fire scientists and managers recognize three general types of wildland fire, de-
pending on the fuel stratum in which the fire is burning. A ground fire is one that burns
in ground fuels such as duff, organic soils, roots, rotten buried logs, and so forth.
Ground fuels are characterized by higher bulk density than surface and canopy fuels.
Ground fires burn with very low spread rates but can be sustained at relatively high
moisture contents (Frandsen 1987, 1991). Fuel consumption through ground fire can
be great, causing significant injury to trees and shrubs. Although ground fuels can be
ignited directly, they are most commonly ignited by a passing surface fire.

A surface fire is one that burns in the surface fuel layer, which lies immedi-
ately above the ground fuels but below the canopy, or aerial fuels. Surface fuels
consist of needles, leaves, grass, dead and down branch wood and logs, shrubs,
low brush, and short trees (Brown and others 1982). Surface fire behavior varies
widely depending on the nature of the surface fuel complex.

A crown fire is one that burns in the elevated canopy fuels. Canopy fuels
normally consumed in crown fires consist of the live and dead foliage, lichen,
and fine live and dead branchwood found in a forest canopy. They have higher
moisture content and lower bulk density than surface fuels. We generally recog-
nize three types of crown fire: passive, active, and independent (Van Wagner
1977).

A passive crown fire, also called torching or candling, is one in which individual
or small groups of trees torch out, but solid flame is not consistently maintained in the
canopy (fig. 1a). Passive crowning encompasses a wide range of fire behavior, from
the occasional tree torching out to a nearly active crown fire. The increased radiation
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Figure 1—Passive crowning (a) involves individual or small groups of trees, whereas during active crowning (b) the whole fuel complex
burns as a unit. Photo (a) by Duncan Lutes; photo (b) by Jim Kautz.

Active crown fire
Torching
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Fire behaviour

Fuel structure
Van Wagner (1977) also derived a criterion for active crown fire spread, assuming that
enough canopy fuel must "feed" the fire front for the fire to spread as an active crown fire :
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𝑆 = 𝑅𝑎𝑐𝑡𝑖𝑣𝑒 𝐶𝐵𝐷 ≈ 0.05 𝑘𝑔 𝑚$#𝑠$%

Canopy bulk density (kg/m3)

Minimum ROS of active fire (m/s)

USDA Forest Service Research Paper RMRS-RP-29. 2001. 15

Quantitative Crown Fire Classification

Following Van Wagner (1977) and Alexander (1988), we use the criteria for
initiation and sustained spread of crown fires to classify a fire as surface, passive
crown, or active crown fire. In the classification, two criteria must be met in
order to have an active crown fire. First, a surface fire of sufficient intensity must
ignite the canopy fuels; Isurface must exceed I'initiation. Using equation 11, the re-
quired intensity is a function of foliar moisture content and height to the base of
the canopy. If this criterion cannot be met, the fire will remain on the surface.
Second, if a crown fire can indeed initiate, the potential crown fire spread rate for
the conditions specified must be sufficient to meet the mass-flow requirement
(equation 13).

The expected type of fire then follows from simulated surface fire intensity
and crown fire spread rate (fig. 6). If the classification is followed strictly, all
situations in which the surface fire intensity criterion is not met are classified as
surface fires. However, an alternative classification splits the surface fire class
into two subclasses. These will be discussed later in the section on hysteresis.

QUANTIFYING THE HAZARD

Our objective is to produce a method of quantitatively assessing the relative
crown fire hazard of different stands by coupling the existing fire behavior mod-
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Figure 6—Fire classification based on Van
Wagner (1977) and Alexander (1988). A fire
for which surface fire intensity (Isurface) is less
than critical (I'initiation) falls in the surface fire
class; one for which Isurface exceeds I'initiation
is either a passive or active crown fire de-
pending on the crown fire spread rate cri-
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predictive model. Model form for nonlinear regression anal-
ysis was based on findings from laboratory and field studies
in fire behavior, namely the relative effects of environmental
variables on fire rate of spread (e.g., Catchpole et al. 1998;
Cheney et al. 1998; Fernandes 2001).

The optimum model fit selected for predicting active crown
fire rate of spread was based on the following equation form:

[3] CROS CBD eA 10
EFFM)2= × × >−β β β β

1 10
3 4 0 0U ( , .U

where CROSA is the active crown fire rate of spread (m·min–1),
as dictated by the three inputs. The resulting coefficients β1,
…, β4 derived from the assembled data set of experimental
crown fires are as follows (with asymptotic standard errors
in parentheses): 11.02 (9.77), 0.90 (0.23), 0.19 (0.25), and
0.17 (0.07), respectively. The restriction that the model is
not applicable for zero wind speed, which probably does not
occur in nature in any event, was considered of minor im-
portance from a practical standpoint.
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Fig. 1. Scatterplots of experimental crown fire rates of spread by type of spread regime versus the major explanatory fire environment
variables analyzed in the present study. The curve in Fig. 1e represents Van Wagner’s (1977) criterion for active crowning represented
by eq. 2, assuming a critical mass flow rate (MFRo) of 3.0 kg·m–2·min–1.
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Photographs taken by Stephen Wilkes (NSW Rural Fire Service Air Observer). 
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Fire behaviour

Topography effects on fire spread
Slope effect

Rule of thumb of Australian fire-fighters:
ROS doubles for every 10° increase in slope

 5

slopes and in canyons. In this section this rationale will be applied to two case-studies of burn-over 
incidents. In particular, the similarities between the extreme fire behaviour resulting in the burn-
overs and that observed in the King’s Cross fire will be discussed.   

Before discussing the case-studies, it is interesting to note that Rothermel (1985) mentions the 
possibility of flame attachment in a wildland setting. In particular he refers to steep slopes over 
50%. It is remarkable that a slope of 50% equates to 26.5°, which is about the same figure derived 
from the investigations into the King’s Cross fire. It is also remarkable that Rothermel reported this 
figure two years before the King’s Cross disaster and suggests that the wildfire and structural/urban 
fire-fighting fraternities might benefit from closer communication and collaboration on research 
matters. Moreover, Van Wagner (1977) notes that on slopes of 60-70% (30-35°) flames tend to 
bathe the slope directly, leading to intense and unstable fire behaviour, while Cheney and Sullivan 
(1997) note that under very strong winds the convection column may not lift away from the surface 
of steep slopes and result in very high rates of spread. Cheney and Sullivan (1997) make no mention 
of the possibility of such an occurrence under conditions of light or no wind, however. Alexander et 
al. (2009) also mention the possible role that flame attachment played in the development of the 
escape fire used by fire-fighters to survive the Mann Gulch fire.  

There is also strong evidence of flame attachment playing a role in the extreme fire behaviour 
during the 2003 Canberra fires and the recent Black Saturday fires of 7 February 2009. Figure 1 

Figure 1. Wildfires burning on steep slopes and in montane forest fuels (approx. 30m tall eucalypts) to the 
west of Canberra on 18 January 2003. The slopes in (a) and (b) are approximately 30o and the slope in 
panel (c) is approximately 40o. Photographs taken by Stephen Wilkes (NSW Rural Fire Service Air 
Observer).  

 

                                  
(c) 

(a) (b) Bushfire,slope 40°

Photographs taken by Stephen Wilkes (NSW Rural Fire Service Air Observer). 
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Topography effects on fire spread
Slope effect

Fire lines in upslope fires (3 fire widths : 1, 2 and 3m)

(a)

(c)

(b)

080601-s.avi

Fig. 3. Fire-front views: (a) slope angle 08, width 2m, side view; (b) slope angle 08, width 3m, front view; (c) slope angle 208, width 2m, side view.
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Fig. 4. Fire line contours of (a) 08, 108, 208 and 308 tests (2-m width) and (b) 208 and 308 tests (1-, 2- and 3-m width) as viewed by the top-rear camera every

0.5m of fire head propagation (i.e. at times when cotton threads were broken). The flame base position overshoots the distance it actually reached in the central

part of the fuel bed, because the flame base was not visible from the top-rear camera (sheltered by flames).

Slope effect on fire behaviour Int. J. Wildland Fire 277

Residence time increased with slope angle from 30 s in 08
or 108 fires to 38 and 44 s in 208 and 308 fires respectively
(Table 5a), and this effect was statistically significant
(Table 5b). Fuel bed width had no significant effect, but its
interaction with slope effect was weakly significant (P¼ 0.02).
According to the groups in the Tukey test (Table 5c), the
significance of this interaction effect was due to a high value
at the 308 slope angle and 2-m width. Residence time was also
computed based on a temperature threshold of 6008C instead of
5008C. This of course led to lower values for residence times
(26, 24, 34 and 41 s at 08, 108, 208 and 308 slope angles
respectively), but the same slope and fuel bed width effects
were observed.

Flame geometry

We first considered the geometry of the line linking the tip of the
flame and the leading edge of the flame base in a vertical plane
including the x direction (i.e. front face of the flame viewed from
the side). This line is characterised by flame angle FA and flame
height FH (Fig. 2). Flame anglewas found to decreasewith slope
angle and the analysis of variance (not shown) showed that this
effect was significant at all slope angles (groups). Mean values
were 1008, 838, 628 and 568 at slope angles of 08, 108, 208 and 308
respectively. This indicates that the front face of the flames was
slightly tilted from the vertical (gravity), in a backward direction
in no-slope fires and in a forward direction in upslope fires. Fuel
bed width had no significant effect on flame angle. Flame height
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Topography effects on fire spread
Slope effect

Rate of spread as function of slope angle
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(c)

(b)
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Fig. 3. Fire-front views: (a) slope angle 08, width 2m, side view; (b) slope angle 08, width 3m, front view; (c) slope angle 208, width 2m, side view.
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Fig. 4. Fire line contours of (a) 08, 108, 208 and 308 tests (2-m width) and (b) 208 and 308 tests (1-, 2- and 3-m width) as viewed by the top-rear camera every

0.5m of fire head propagation (i.e. at times when cotton threads were broken). The flame base position overshoots the distance it actually reached in the central

part of the fuel bed, because the flame base was not visible from the top-rear camera (sheltered by flames).
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The rate of tilt angle increase with slope angle was roughly
constant from 08 to 208 (linear relation) but had a lower value
from 208 to 308. Flame length is usually correlated with fire
line intensity, which was computed from rate of spread and
fuel consumption data using a standard heat of combustion of
18 000 kJ kg!1 (Byram’s intensity IB). Flame length FL2 was
found to correlate closely with fire line intensity (Fig. 7):

FL2 ¼ aIB
b ð1Þ

with a¼ 0.0590 (0.0062), b¼ 0.53 (0.017), R2¼ 0.94 (non-
linear fitting, standard error in parenthesis) (FL2 in metres and
IB in kilowatts per metre).

In contrast, flame length on the front face of the flames (FL1)
correlated poorly with fire line intensity (not shown).

Flame temperatures

Temperature recordings were time-averaged over 1 s. Max-
imum temperatures were determined for each thermocouple
from time-averaged data and the maximum values were aver-
aged for all thermocouples located at the same height in a test. At
the top of the fuel bed, mean maximum temperature was 9518C
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Table 4. Fuel consumption ratio (FC)

Significances are: ***, Po0.001; **, 0.001oPo0.01; *, 0.01oPo0.05. Groups in (c) based on 95% confidence intervals

Means (%) Wburnt (m)

1 2 3 Mean

(a) Data

Slope (8) 0 78 78 72 76

10 72 72 71 72

20 71 75 77 75

30 71 79 83 78

Mean 73 77 76 75 (5)

Factors Degrees of freedom Sum of squares Residual sum of squares F value P(F)

(b) Analysis of variance

Model: FC , SlopeþWburntþ Slope:Wburnt

onone4 876

Slope 3 393 1269 12.3 1.1' 106***

Wburnt 2 155 1031 7.3 0.0013**

Slope:Wburnt 6 741 1617 11.6 2.5' 109***

Slope effect Wburnt effect

(c) Tukey multiple comparisons of means

Slope (8) Groups Wburnt (m) Groups

0 BC 1 BC

10 A 2 A

20 B 3 B

30 C

Slope'Wburnt effect Wburnt (m)

1 2 3

Slope (8) 0 CDE DE AB

10 ABC A A

20 A BCD BCD

30 A DE E
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Topography effects on fire spread
Slope effect

Spread factor as function of slope angle 
(ROS normalized to 1 at 0°)
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Fig. 3. Fire-front views: (a) slope angle 08, width 2m, side view; (b) slope angle 08, width 3m, front view; (c) slope angle 208, width 2m, side view.
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0.5m of fire head propagation (i.e. at times when cotton threads were broken). The flame base position overshoots the distance it actually reached in the central

part of the fuel bed, because the flame base was not visible from the top-rear camera (sheltered by flames).
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Van Wagner (1977), some data (including the McArthur index)
were probably derived from informal field observations, but
most stemmed from laboratory experiments conducted in small-
area fuel beds. The Canadian FBP system and the Rothermel
model gave almost the same spread factors, close to the 1m-
wide fire data for slope angles of 08, 108 or 208. This is consistent
with the fact that the experimental data were mainly derived
from laboratory experiments in small-area fuel beds. For a 308
slope angle, the predicted value was 30% lower than the
observed value for 1m-wide fires. For 2 and 3m-wide fires,
the twomodels underestimated observed values for both 208 and
308 slope angles. The McArthur model gave higher values than
the other models, but still lower values than 3m-wide fires.
Finally, all three models greatly underestimated the spread
factor for 308 upslope fires in 3m-wide fuel beds. For opera-
tional use, this last conclusion suggests that the effect of fuel bed
width, which in fact is the effect of fire width, on the spread
factor should be considered when predicting rates of spread in
upslope fires. From the present set of 308 slope data, the spread
factor doubledwhen fire width increased from 1 or 2 to 3m. This
observation is certainly not to be applied directly to fires in the
field, but shows that the fire width effect on the rate of spread
should be investigated in upslope fire field experiments.

As mentioned in the Results section, flow over the burnt area
was observed bymeans of the top-rear camera and observers: fire
induced wind behind it over the burnt area. Several authors have
already assumed that the slope effect is due to this fire-induced
wind acting on fire spread in a similar manner to ambient wind
(Sharples 2008). From flow observations made behind the fire,
we assume that the strength of the fire-induced wind component
parallel to the combustion table (x component) increased with
slope angle. This element was not properly measured and might
depend on the observer, but flame tilt angle variation with slope
angle (Fig. 6) was consistent with it. The upward buoyancy-
induced wind increased with fire-line intensity (Nelson 2002),

then with increasing slope angle in the present study. The flame
body was increasingly tilted forward as slope angle increased,
indicating that the x component of the fire-induced wind was
stronger and increased in strength compared with the upward
buoyancy-induced wind. Indeed, the tangent of the flame
tilt angle (flame body) can be assumed to be the ratio of
the horizontal wind speed to the buoyancy-induced upward
wind speed in no-slope conditions (Albini 1981; Beer 1991;
Morandini et al. 2001). In slope conditions, the horizontal wind
is the wind parallel to the ground and the buoyancy-induced
wind must be projected on the perpendicular to the ground: thus
the ratio varies as the sine of the FTA defined in Fig. 2.

Wotton et al. (1999) tested the effect of fire front width on
surface fires conducted in low-wind field conditions and in fuel
beds between 0.5 and 10mwide. Rate of spreadwas not affected
for widths above 2m. From computations of view factors
between the flames and the fuel bed, Wotton et al. (1999)
argued that flame radiation wasmainly derived from a relatively
small width and thus suggested that the width effect was related
to radiation (in low-wind conditions). In Dupuy and Maréchal
(2011), we found that radiation explained the slope effect on the
rate of spread when slope angle increased from 08 to 208, but that
convection was responsible for the marked rate of spread
increase in 308 upslope fires. The fire width effect was the most
obvious in 308 upslope fires, suggesting that radiation was not
the main source of the fire width effect on the rate of spread in
the present study. The fire width effect was clearly demonstrated
by Cheney et al. (1993) in wind-aided grass fires and was found
to increase with wind, suggesting that convection played an
important role. In these experiments, Cheney et al. observed
two different fire shapes associated with different flow patterns:
a parabolic shape and a narrow pointed shape. When the fire
contour was parabolic in shape, a downdraft was observed
behind the fire front that fanned the flames and fires spread
faster. When the fire contour was pointed, an updraft was
observed over the burnt area. This updraft reduced the lateral
spread because the flames on the fire flanks were oriented
towards the middle of the burnt area. Our laboratory experi-
ments showed behaviour similar to the narrow pointed fires
observed by Cheney et al. in their field experiments. As
mentioned in the Results section, the interaction between fire
flanks was stronger for narrow fuel bed widths because the
separation distance is smaller. The resulting updraft over the
burnt area thus reduced the fire-induced wind speed (x compo-
nent of flow velocity) at the fire head more drastically in narrow
fuel bed fires. Assuming that convective heating of the fuel bed
and flame tilting (which modifies radiation onto the fuel bed)
correlate with fire-induced wind force, it may be concluded that
rate of spread should decrease with decreasing fuel bed width.

Fire whirls

Fire whirls have been observed from the early stages in wildfires
(Countryman 1964) and have been simulated in small-scale
laboratory experiments (Byram and Martin 1970). Observers in
wildland fires and prescribed burning practitioners report that
fire whirls most frequently develop on the lee side of a ridge
(Countryman 1964). Countryman described the development of
fire whirls on lee slopes as follows: owing to the sheltering from
ambient wind, fire creates upslope thermal winds, and these
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Topography effects on fire spread
Narrow canyon
Fires starting in steep narrow canyons can easily spread to fuels on the opposite side due to 
upslope air movement
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Topography effects on fire spread
Narrow canyon
Fires starting in steep narrow canyons can easily spread to fuels on the opposite side due to 
upslope air movement
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Topography effects on fire spread
Narrow canyon
Ridges may offer a good place to assist in containing a fire
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Fire behaviour

Topography effects on fire spread
Wind channeling in a valley
Fire in a wide canyon can be heavily influenced by wind.  Prevailing wind direction can be 
altered by the direction of the canyon.

turbulence or by gravity waves that arise due to variations in buoyancy (Whiteman and Doran, 1993). 
Conservation of momentum dictates that the direction of valley winds caused by downward momentum 
transport will be similar to the direction of the upper winds. However, because of friction, a slight 
redirection of the upper winds of approximately 25o towards lower pressure can be expected near the 
ground surface (Doran and Whiteman, 1992). Valley winds driven by the downward transport of 
momentum are most likely to occur over terrain of mild relief when atmospheric instability is high. 
 
Forced channelling of the upper wind results when the side-walls of the valley cause anisotropic friction, 
which is much less in the along-valley direction than it is in the across-valley direction. This difference in 
friction forces the wind to align preferentially along the valley axis, as is illustrated in Figure 2. The 
direction and strength of the resulting channelled flow depend on the sign and magnitude of the component 
of the upper winds relative to the valley axis. Under ideal conditions, the induced valley winds can undergo 
an immediate change in direction of 180o as the upper wind direction changes across a line perpendicular to 
the valley axis (Doran and Whiteman, 1992; Whiteman and Doran, 1993, Kossmann, et al., 2001, 
Kossmann and Sturman, 2002; 2003).  
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Figure 2. Forced channelling along a valley. The geostrophic wind vector WG, assumed at ridge height, blows across a 
 at some angle. The surface wind vector within the valley WV occurs due to the deflection of the geostrophic 

y the valley side-walls. The winds are forced along the valley. 

valley

winds b

Pressure-driven channelling, a mechanism initially proposed by Fiedler (1983), and investigated by 
Eckman, et al. (1992), Eckman (1998) and Kossmann, et al. (2001), is driven by the component of the 
geostrophic pressure gradient along the valley axis. This is illustrated in Figure 3. Consequently, valley 
winds arising from pressure-driven channelling will switch direction by 180o whenever the pressure 
gradient vector crosses a line perpendicular to the valley axis. Thus, in contrast to forced channelling, 
valley winds resulting from pressure-driven channelling will switch direction by 180o whenever the upper 
wind direction crosses a line parallel to the valley axis. Pressure-driven channelling can therefore result in 
counter-currents (Wippermann and Gross, 1981; Wippermann, 1984; Gross and Wippermann), which flow 
in opposition to the main component of the upper winds. An example of the pressure-terrain configuration 
required for development of a counter-current valley wind is given in panel (b) of Figure 3. 
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Fire behaviour

Topography effects on fire spread
Local winds in valleys

Early to Mid-
Morning- 3 to 8 mph

Late Morning and
Afternoon- 10 to 15 mph
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Fire behaviour

Topography effects on fire spread
Local winds in valleys

Late Afternoon and 
Evening- 2 to 5 mph

Late Evening and 
Overnight- 5 to 10 mph
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Fire behaviour

Topography effects on fire spread
Chimney effect

JL Dupuy - INRAe URFM

42


