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Introduction  
 

Wildfire is at once a naturally occurring agent for ecological change and a potentially 
destructive natural phenomenon akin to earthquakes and floods.  As wildfire occurrence 
has increased over the last several decades, so too has interest in the modeling of 
wildfire behavior.  Wildfire behavior modeling is used across a variety of spatial and 
temporal scales, from planning the management of a wildfire incident over the next few 
days or weeks to land management planning over millions of acres for decades to come.   

The information presented here is not a substitute for modeling experience gained 
during an apprenticeship under a master or journey-level fire behavior modeler.  
However, it does provide a solid foundation upon which to build such experience. 

In this document, we refer to a variety of fuel and fire behavior modeling systems.  An 
overview of these software tools is provided in Appendix C.  Within the main text, we 
provide a few additional details and examples on the use of BehavePlus and Nexus.  If 
you want to follow the examples in the software, please download and install these two 
fire modeling systems.  Follow the links provided in Appendix C to download these 
software systems. 

 

Chapter 1 ǇǊƻǾƛŘŜǎ ŀƴ ƻǾŜǊǾƛŜǿ ƻŦ ǿƛƭŘŦƛǊŜ ōŜƘŀǾƛƻǊ ƳƻŘŜƭƛƴƎ ǘƘŀǘ ŘŜŦƛƴŜǎ άǿƛƭŘŦƛǊŜΤέ 
presents two ways of describing the morphology of a wildfire; defines four primary, 
quantitative wildfire behavior characteristics; and introduces five major influences on 
wildfire behavior simulations. 

Chapter 2 describes how surface fuel is characterized for wildfire behavior modeling.  It 
includes an overview of fire behavior fuel models as used in fire behavior modeling 
systems, including a description of the required fuel model parameters, a description of 
the standard fire behavior fuel models available for use in any fire modeling project, and 
the need for and use of custom fuel models in BehavePlus and NEXUS.   

Chapter 3 defines and describes five canopy characteristics as they are used in fire 
behavior simulation and includes methods to estimate them. 

Chapter 4 discusses fuel moisture content inputs to fire behavior modeling systems.  It 
includes sections on dead fuel moisture content, live herbaceous moisture content and 
its use in dynamic fuel modeling, live woody fuel moisture content, and foliar moisture 
content. 

Chapter 5 describes the slope characteristicsτslope steepness and aspectτthat directly 
or indirectly affect fire behavior simulations. 

Chapter 6 describes wind characteristics, including wind speed time-averaging period, 
reference height above the ground, and ways to specify wind direction in fire behavior 
modeling systems.   

Chapter 7 describes the prediction of surface fire behavior characteristics with 
wƻǘƘŜǊƳŜƭΩǎ όмфтнύ ǎǇǊŜŀŘ ƳƻŘŜƭ.  The components of the spread model and factors 
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affecting predicted rate of spread are described, as well as the application of the model 
in both BehavePlus and Nexus.   

Chapter 8 describes the development and application of wƻǘƘŜǊƳŜƭΩǎ όмффмύ statistical 
model to predict crown fire spread rate.  The application of the model in BehavePlus 
and Nexus is also described. 

Lastly, Chapter 9 describes how separate surface and crown fire behavior simulations 
are integrated into a single overall prediction of fire behavior, including type of fire. 
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Chapter 1: 
Background  

This chapter is presented in four sections.  In the first section, we define fire and 
distinguish it from other forms of combustion, and define wildfire and distinguish it from 
other kinds of fire.  In the second section, we discuss two ways of describing the 
morphology of a wildfireτby shape and by relative spread direction.  In the third 
section, we define four primary, quantitative wildfire behavior characteristics: flaming 
front spread rate, heat per unit area, fireline intensity, and flame size.  Finally, in the last 
section of this chapter, we introduce the five major influences on wildfire behavior 
simulations: fuelbed structure, fuel moisture content, slope characteristics, wind 
characteristics, and relative spread direction. 

The objectives of Chapter 1 are to: 

 define fire and distinguish it from other forms of combustion, 

 define wildfire and distinguish it from other kinds of fire, 

 define and describe the morphology of a wildfire as recognized in fire 
operations (by shape) and its relationship to wildfire morphology as recognized 
in fire behavior modeling (by relative spread direction), 

 list and describe the four primary quantitative wildfire behavior characteristics, 
and 

 list and describe the five major influences on wildfire behavior simulations. 

 
What is wildfire?  

Before jumping directly into a discussion of wildfire behavior modeling, it will be helpful 
to first put that topic into context.  Combustion1 is a complex process in which fuel is 
heated, ignites, and oxidizes rapidly, giving off heat in the process.  Fire is a special case 
of combustionτself-perpetuating combustion characterized by the emission of heat 
and accompanied by flame and/or smoke.  With fire, the supply of combustible fuel is 
controlled by heat given off during combustion.   

Solid fuel particles are turned into combustible gasses through a process called 
pyrolosisτthe breakdown of complex cellulose and lignin molecules into simpler, 
combustible matter through the application of heat.  The result is a positive feedback in 
which combustion produces heat, and that heat produces combustible fuel, which then 
combusts to produce more heat, and so on. 

To illustrate the difference between fire and other forms of combustion, consider two 
devices available for backyard cooking: the charcoal grill and the gas grill (Fig. 1-1).  The 
combustion occurring in a charcoal grill is self-sustainingτthe supply of combustible 

                                                        

1 Terms in italics are defined in the FireWords glossary of fire science terminology 
(www.firewords.net). 

http://www.firewords.net/
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fuel is controlled by the heat generated by combustionτand therefore is considered 
fire.  On the other hand, the supply of fuel in a gas grill is controlled by a valve, not by a 
positive-feedback from the heat of combustion.  The combustion in a gas grill is not fire. 

 

 

Figure 1-1 ï Fire is a self-sustaining process.  The combustion in a charcoal grill 
(left) is self-sustainingðheat from combustion generates the combustion gasses 
needed for further combustionðand therefore qualifies as fire.  The combustion in 
a gas grill (right) is controlled by a valve, not by self-sustaining feedback.   
 

Two types of combustion associated with fire are recognized: flaming combustion and 
smoldering combustion.  Flaming combustion is the combustion of gaseous fuel and is 
characterized by the emission of heat and light in the form of flames.  Smoldering 
combustion (also called glowing combustion) is the combustion of solid fuel and is not 
necessarily associated with the presence of flames. 

Flames are the visual evidence of the rapid reaction between fuel and oxygenτflaming 
combustion (Fig. 1-2).  In a wildfire, flame is the portion of the plume of hot gasses 
above the combustion zone that radiates energy in the visible part of the 
electromagnetic spectrum, which occurs when plume temperature is above 
approximately 600° C (1100° F).   

 

 

Figure 1-2 ï Flames are visual evidence of rapid oxidation.  Combustion 
particles are visible (that is, they radiate energy in the visible portion of the 
electromagnetic spectrum) when they are above 600° C.  The tip of flames is 
where the plume cools to below that temperature. 
 

The three factors affecting the presence of fire have been organized into the fire 
triangle: fuel, heat, and oxygen (Fig. 1-3). 
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All three factors must be present in order to maintain fire.  If any one factor is missing, 
the fire will go out.  There must be a source of fuel available for combustion, a source of 
heat to promote the reaction (the fire itself), and oxygen in sufficient concentration to 
maintain the reaction.   

 

Figure 1-3 ï The Fire Triangle.  Fuel, heat, and oxygen are the 
required elements for fire.  Remove any one of those elements 
and fire cannot continue. 
 

Several different kinds of fire can occur, depending on the location of the fire and 
nature of the fuel source.  A fire burning on or within a building constitutes a structure 
fire or building fire (Fig. 1-4).  A fire burning within an enclosed space, such a room 
within a building, is a compartment fire (Fig. 1-4); the flow of oxygen to and heat away 
from the burning fuel in the compartment are controlling factors of a compartment fire.  
Backdraft and flashover are compartment fire phenomena of special concern to 
structural firefighters.   

 

 

Figure 1-4 ï A structure fire (left) is any fire burning on or within a building.  A 
compartment fire (right) is a special kind of structure fire that is burning within an 
enclosed space that limits the flow of oxygen to and heat and combustion gasses 
away from the burning fuel.   
 

And, finally, there is wildfire2, which is an unfortunate misnomer since land need not be 
άǿƛƭŘέ ǘƻ ŜȄǇŜǊƛŜƴŎŜ ŀ ǿƛƭŘŦƛǊŜ.  In fact, combustion scientists who study fire in all its 

                                                        

2 A wildfire is an unplanned wildland fire; a prescribed fire is a planned wildland fire.  
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forms use the term vegetation fire or landscape fire instead of wildfire (Fig. 1-5).  These 
terms better describe the essential characteristics of what we know as wildfire.  First, 
vegetation and its detritus (litter) serve as the fuel source for all wildfires.  The 
vegetation need not be natural or wild (consider a wildfire spreading across a field of 
cured wheat).  Second, the term landscape fire alludes to an important trait of wildfireτ
that it can spread across a landscape.  Nonetheless, the term wildfire is so well known 
that we will continue to use it.  Wildfire is self-sustaining combustion of vegetation-
derived fuel across some portion of the landscape.   

 

 

Figure 1-5 ï A wildfire, also known as a vegetation fire or landscape 
fire, is the self-sustaining combustion of a vegetation-derived fuelbed.  
A wildfire spreads across the landscape in response to the fire 
environment, which includes fuel, weather, and topography. 
 

Wildfire morphology  

The morphology of a wildfire is described in two ways: qualitatively by the different 
shapes that burned and unburned areas of a wildfire can form, and quantitatively by the 
orientation of the flaming front with respect to the direction of maximum spread, which 
is called the relative spread direction. 

By shape 

A wildfire burning in constant wind and weather conditions on a uniform fire 
environment takes the shape of a simple ellipse (Fig. 1-6).   
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Figure 1-6 ï Like all wildfires burning in homogeneous conditions, 
each of these point-source fires, placed using aerial ignition during a 
prescribed fire, takes on the shape of a simple ellipse.   
 

The fire environment can become quite variable once a fire grows beyond the 
immediate area of its origin.  Different areas of the fire may be burning in different fire 
environments, such as different fuelbed structure, slope steepness, moisture content, 
wind speed, wind direction, etc.  The result of such fire environment heterogeneity is 
that, even if each discrete section of the fire front spreads as a simple ellipse, the overall 
fire shape can be quite complex, especially when influenced by spot fires and barriers to 
fire spread. 

A finger is a long, narrow extension of fire extending from the main body (Fig.1-7).  
Fingers of fire can form when the main fire spreads around a slower-burning or non-
burnable patch of fuel, or when a small section of a fire perimeter encounters a fire 
environment through which fire spreads much faster than the main body (cured grass, 
for example), especially under the influence of strong wind or slope.   

A pocket (Fig. 1-7) is an unburned indentation of the fire perimeter surrounded on three 
sides by the fire; often, two sides of a pocket are fingers.  Pockets are formed when the 
main body of fire spreads around an unburnable or slow-burning patch of fuel.  An 
island (Fig. 1-7) is an unburned area within a fire that is wholly surrounded by burned 
area.  An island may be shrinking in size if the inner perimeter is activeτan inward-
burning fire perimeterτor the island perimeter may have extinguished naturally or by 
suppression.  Unburned islands occur for several reasons.  An island may not be covered 
by a sufficient quantity of fuel to burn under any condition (sparse or no vegetation 
cover).  Other times, an island forms because the requirements for fire spread were not 
met at the time the fire arrived, even though it might have met those requirements at 
another time. 

A spot fire (Fig. 1-7) is a fire ignited outside the main fire by a firebrand.  While a spot 
fire is small, it usually takes on the simple elliptical shape, but as it grows, it can develop 
fingers, pockets, unburned islands, and even loft embers that ignite new spot fires.  Spot 



Introduction to Wildfire Behavior Modeling  Chapter 1  

12 

 

fires may coalesce as they grow into one another, and they are often overrun by the 
main fire.   

 

Figure 1-7 ï A finger is a long, narrow extension of the main body of fire.  A 
pocket is an unburned indentation of the fire perimeter surrounded on three 
sides by the fire.  An island is an unburned area within a fire that is wholly 
surrounded by burned area.  A spot fire is a fire ignited outside the main fire by 
a firebrand.   
 

These features can occur at many different scales.  For example, a finger can be just a 
few feet across or more than a mile.  There can be fingers on fingers and spot fires from 
spot fires.   

Describing wildfire morphology by identifying the parts of a fire is very helpful during 
wildfire operations (as they can have significant effects on firefighter safety).  However, 
shape-based morphological descriptions are not used in wildfire behavior modeling 
systems.  Instead, fire modeling systems consider wildfire morphology as described by 
the relative spread direction, which can be calculated for any point on the fire 
perimeter. 

By relative spread direction 

Recall that under a uniform fire environment, a wildfire perimeter takes on the shape of 
a simple ellipse with the long axis of the ellipse oriented in the direction of maximum 
fire spread, which is the heading direction (Fig. 1-8).  Under spatially uniform fire 
environment conditions, the heading direction is the same on all parts of a fire.  In 
Figure 1-8, the heading direction is indicated by gray arrows; all gray arrows point in the 
same directionτ to the right side of the pageτand is also indicated by the general 
orientation of the ellipse. 
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Figure 1-8 ï Sections of this simple fire perimeter can be classified by the orientation 
of the flaming front (dark arrows) with respect to the direction of maximum spread 
(gray arrows).  The black dot represents the origin of the fire and is located at the rear 
focus of the ellipse.   
 

The relative spread direction is the angle between the absolute flaming front orientation 
(dark arrows) and the direction of maximum spread, measured in degrees clockwise 
from the direction of maximum spread.  Relative spread direction varies around the fire 
perimeter even in a uniform fire environment.  At the head of the fire, the flaming front 
is oriented exactly in the heading direction, so relative spread direction is 0 degrees.  At 
the opposite end of the wildfireτthe rear, back, or heel of the fireτthe relative spread 
direction is 180 degrees clockwise from the heading direction.  The widest parts of the 
ellipse are called the flanks of the fire, and there the relative spread direction is 90 and 
270 degrees clockwise from the maximum spread direction.  As you will see later in this 
chapter, the change in fire behavior between the head and the flank of a fire is so great 
that it is helpful to describe fire behavior at a point on the perimeter between the head 
and the flankτǘƘŜ άƘŀƴƪέ ό{Ŏƻǘǘ нллтύΣ ǿƘŜǊŜ ǘƘŜ ŦƭŀƳing front is oriented 45 degrees 
from the direction of maximum spread.   

In a heterogeneous fire environment, the direction of maximum spread can vary around 
the perimeter.  This description of wildfire morphology by relative spread direction can 
be related to fire shape by breaking down a complex wildfire perimeter into discrete 
points.  Each perimeter point has its own fire environment and therefore its own 
direction of maximum spread.  The relative spread direction is determined separately 
for each point on a fire perimeter, no matter how complex the fire shape (Fig. 1-9). 
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Figure 1-9 ï By examining the orientation of the flaming fire front with respect to the 
direction of maximum spread (heading direction; shown by arrow), wildfire morphology 
by relative spread direction can be related to fire shape.  Perimeter points facing in the 
direction of maximum spread are head fires; those points facing 90 degrees off of the 
direction of maximum spread are on the flanks.  Fire behavior modeling systems 
compute relative spread direction for each fire environment, usually in degrees 
clockwise from the direction of maximum spread. 
 

The use of relative spread direction in fire behavior calculations is covered in more 
detail later in this chapter. 

Wildfire behavior characteristics  

This section defines and describes the four primary, quantitative fire behavior 
characteristics: flaming front rate of spread (ROS), heat released per unit area (HPA), 
fireline intensity (FLI), and flame sizeτspecifically, flame length (FL).  These 
characteristics affect other important fire characteristics, such as fire effects (smoke 
production, crown scorch height, and fire severity) and fire-level fire characteristics (fire 
size and magnitude).  Each of these wildfire behavior characteristics is described in the 
following sections. 

We will use two contrasting fire environmentsτa coniferous forest stand and a 
grasslandτto illustrate the calculation of each fire behavior characteristic.  The 
characteristics of each fire environment are detailed in Table 1-1.   
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Table 1-1ïFire environment characteristics for two hypothetical fire 
environments: a coniferous forest stand and a grassland. Aspect is not 
applicable in these examples due to the flat terrain.  Elevation is not applicable 
because it is used to estimate dead fuel moisture, which is arbitrarily set in this 
example.  These major influences on wildfire behavior simulations are 
introduced later in this chapter and described in detail in subsequent chapters. 

Major influence Forest stand Grassland 

Fuelbed 
structure 

Surface fuel
a
 

Heavy load of timber 
litter  

 (fuel model TL5) 

Moderate load of 
grass  

(fuel model GR4) 

Canopy fuel 

Low canopy base 
height; moderate 

canopy bulk density, 
4 t/ac canopy fuel 

load 

None 

Slope 
characteristics 

Slope 
steepness 

Flat ground Flat ground 

Aspect n/a n/a 

Elevation n/a n/a 

Fuel moisture 
content 

Dead fuel 
moisture 

4% Dead fuel 
moisture content 

4% dead fuel 
moisture content 

Live fuel 
moisture 
content 

100% live woody 
fuel moisture content 

45% live 
herbaceous 

moisture content 

Wind 
characteristics 

Wind speed 

Moderate to strong 
(15 mi/h at 20-ft 
height above the 

canopy) 

Moderate to strong 
(15 mi/h at 20-ft 
height above the 

surface) 

Wind 
direction 

South South 

a TL5 and GR4 refer to surface fire behavior fuel models, which are covered in 
detail in Chapter 2. 

The forest stand fire environment is typical of one with a well-developed understory of 
shrubs and small trees, resulting in a low canopy base height and making crown fire 
initiation a common occurrence.  The canopy bulk density is moderate, making active 
crown fire a possibility under high wind speeds and low moisture contents.  The 
grassland fire environment is much simpler, having uniform coverage of moderate grass 
load with no overstory trees.  Flat ground is assumed for both scenarios.  Both scenarios 
also use the same dead fuel moisture contents and open wind speeds. 

Flaming front rate of spread (ROS) 

The flaming front of a wildfire is its leading edge, dominated by flaming combustion and 
spreading into previously unburned fuel (Fig. 1-10).   
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Figure 1-10 ï The flaming front of a wildfire is its leading 
edge, which spreads into unburned fuel and is dominated by 
flaming combustion. 
 

The flaming front is located at all positions around the fire perimeter: head, hank, flank, 
rear, and points in between.  Flaming front rate of spread (ROS) is the linear rate of 
advance of a flaming front into unburned fuel in the direction perpendicular to the fire 
front.  Figure 1-11 shows the position of a flaming front for the grassland fire 
environment (Table 1-1) at two points in time just one minute apart.  Rate of spread is 
the distance between the two perimeters (in the direction perpendicular to the flaming 
front) divided by the time interval.  Note that ROS varies around the perimeter of the 
fire.  At the head of the fire, in the direction of maximum spread, the flaming front 
travelled 50 m during the one-minute time interval, so the ROS is 50 m/min (150 ch/h)3.  
On the flank, where the flaming front is oriented 90 degrees with respect to the 
maximum spread direction, the flaming front spread at only 9.9 m/min.   

For the forest stand fire environment (Table 1-1), maximum flaming front rate of spread 
is 8.6 m/min (25.6 ch/h).  The forest stand is experiencing a passive crown fire, so its 
ROS falls between the surface fire and potential crown fire ROS values4.   

 

                                                        

3 Please refer to Appendix B for a comprehensive listing of unit conversion factors for 
this and other quantities presented in this document. 
4 More on how surface and crown fire ROS are integrated will be presented in Chapter 9. 
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Figure 1-11 ï The spread rate of the flaming front is its linear 
rate of advance in the direction perpendicular to the flaming 
front.  The curving lines represent the position of the flaming 
front at two points in time that are just one minute apart.  Spread 
rate is greatest at the head of the fire and decreases around the 
perimeter. 
 

{ǇǊŜŀŘ ǊŀǘŜ ƻŦ ǎǳǊŦŀŎŜ ŦƛǊŜǎ ƛǎ ǇǊŜŘƛŎǘŜŘ ǳǎƛƴƎ wƻǘƘŜǊƳŜƭΩǎ ǎǳǊŦŀŎŜ ŦƛǊŜ ǎǇǊŜŀŘ ƳƻŘŜƭ5 
(Rothermel 1972).  wƻǘƘŜǊƳŜƭΩǎ όмффмύ ŎǊƻǿƴ ŦƛǊŜ ǎǇǊŜŀŘ ƳƻŘŜƭ ƛǎ ǳǎŜŘ ǘƻ ǇǊŜŘƛŎǘ ŎǊƻǿƴ 
fire spread rate.  Surface and crown fire spread rate are covered in more detail in later 
chapters. 

Rate of spread is an important fire behavior characteristic for two reasons.  First, it 
contributes to how large the wildfire can become during a specified period of time, and 
that in turn influences the likelihood that a wildfire will reach certain places of concern 
on a landscape.  Second, rate of spread is a significant factor affecting fireline intensity 
and flame size, which are important for determining fire effects. 

Flaming front spread rate of free-burning wildfires varies over more than three orders of 
magnitude.  A backing fire in a compact timber litter fuelbed may spread at less than 0.2 
m/min (0.5 ch/hr); a fully active crown fire can spread faster than 100 m/min (300 
ch/hr); and rate of spread in cured grass fuels can reach nearly 10 km/hr (6 mi/hr) under 
the influence of strong winds.   

Heat per unit  area (HPA) 

Heat per unit area (HPA) is the amount of heat released per unit area during the short 
period of continuous flaming.  Flaming front residence time is typically on the order of 
seconds (for very fine fuel particles, such as grass) to a few minutes (for coarser woody 

                                                        

5 !ƭƭ ƳŀƧƻǊ ŦƛǊŜ ƳƻŘŜƭƛƴƎ ǎȅǎǘŜƳǎ ƛƴ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ǳǎŜ wƻǘƘŜǊƳŜƭΩǎ ǎǳǊŦŀŎŜ ŦƛǊŜ 
spread model or some minor variation of it. 
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fuel particles).  Post-frontal flaming and smoldering can continue for many hours or days 
after the flaming front has passed, but the heat released during that time is not included 
in HPA.   

HPA can be thought of as the product of fuel particle heat content (H) and the fuel load 
consumed during passage of the flaming front (W)6.  Although H has been shown to vary 
slightly among fuel particles derived from different species, it is functionally constant for 
most fire modeling simulations7, so variation in HPA is therefore a function primarily of 
variation in W.  For surface fires, HPA is a function of the selected fuel model and live 
and dead fuel moisture contents (Fig. 1-12).   
 

 

Figure 1-12 ï Surface fuel HPA values for the 40 fire behavior fuel models 
(Scott and Burgan 2005).  Fuel models for each fuel model type are listed in a 
single column.  This chart assumes 6% 1-hr, 7% 10-hr, and 8% 100-hr 
timelag moisture content values; live herbaceous moisture content is 60%; 
and live woody moisture content is 90%.   

 
For crown fires, HPA includes the combined load of surface and canopy fuel consumed 

                                                        

6 See Scott and Reinhardt (2001) for a discussion of conflicting terminology that has led 
to confusion in determining W for use in estimating fireline intensity. 
7 For surface fuel modeling, H is held constant at 18,593 kJ/kg (8,000 BTU/lb) for all fuel 
models except GR6, for which H is 20,917 kJ/kg (9,000 BTU/lb). 
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during passage of the flaming front.  An active crown fire consumes nearly all of the 
available canopy fuel, while a passive or intermittent crown fire consumes only a 
portion (Van Wagner 1993).  The relative contribution of surface and canopy fuel to 
overall HPA for the forest stand (Table 1-1) is shown in figure 1-13.  At low wind speeds, 
where only surface fire is possible, overall HPA is equal to the surface fuel HPA.  Overall 
HPA increases during the period of passive crowning as the fraction of canopy fuel 
consumed increases.  By the time active crowning is possible, at a wind speed of 20 mi/h 
(33 km/h), all of the possible canopy fuel contribution is included in overall HPA. 
 

 

Figure 1-13 ï Illustration of the contribution of surface fuel and 
canopy fuel to overall heat per unit area (HPA) as a function of 
increasing wind speed and type of fire for the forest stand 
described in Table 1-1.  At low wind speeds, where only surface 
fire is possible, overall HPA is the surface fuel HPA.  Where 
passive or active crown fire is possible, overall HPA is the 
combination of surface and canopy fuel HPAs.  Within the passive 
crown fire type, canopy fuel HPA increases with wind speed as the 
fraction of canopy fuel burned increases.  For reference, the HPA 
for the grassland is 5.7 MJ/m

2
 at all wind speeds. 

 
The Rothermel model does not estimate surface fuel HPA directly; only by combining 
reaction intensity, an intermediate parameter in the model, with a model of residence 
time (Anderson 1969) can the Rothermel spread model be used to estimate HPA 
(Andrews and Rothermel 1982).  Nonetheless, the Rothermel surface fire spread model 
is the best choice currently available for surface fuel HPA.   

Fireline intensity (FLI) 

CƛǊŜƭƛƴŜ ƛƴǘŜƴǎƛǘȅ όŀƭǎƻ ŎŀƭƭŜŘ .ȅǊŀƳΩǎ ŦƛǊŜ ƛƴǘŜƴǎƛǘȅύ ƛǎ ǘƘŜ ǊŀǘŜ ƻŦ ƘŜŀǘ ǊŜƭŜŀǎŜ ǇŜǊ ǳƴƛǘ 
length of the fire front (Byram 1959).  As with HPA, the heat released during post-frontal 
flaming and smoldering combustion is not included in the calculation of fireline 
intensity.  Fireline inteƴǎƛǘȅ ƛǎ ŀ ŦǳƴŘŀƳŜƴǘŀƭ ŦƛǊŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎƻƴǘŀƛƴƛƴƎ άΧŀōƻǳǘ ŀǎ 

javascript:BSSCPopup('../short_definitions/fire_front.short.htm');
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ƳǳŎƘ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ŀ ŦƛǊŜΩǎ ōŜƘŀǾƛƻǊ ŀǎ Ŏŀƴ ōŜ ŎǊŀƳƳŜŘ ƛƴǘƻ ƻƴŜ ƴǳƳōŜǊέ ό±ŀƴ 
Wagner 1977).  Byram (1959) defined fireline intensity as 

 

whereH is heat content and W is fuel load consumed in the flaming front.  In the 
preceding section we defined HPA as H * W, so we can also express FLI as the product of 
HPA and ROS: 

 

Adjustments to the above equation are necessary to make the units work out.  For HPA 
expressed in MJ/m2 and ROS in m/min, the following equation produces FLI in kW/m. 

 

For example, recall from the earlier section that HPA for the grassland fire environment 
was 5.68 MJ/m2 and ROS was 50 m/min.  The FLI calculation for the grassland is 
therefore 

 

And for the forest stand  

 

These results can be plotted on a fire behavior characteristics chart, which displays both 
HPA and ROS, along with curving reference lines indicating fireline intensity (Fig. 1-14).  
From this chart we see that the FLI values for these contrasting fire environments are 
actually somewhat similarτthey straddle the 2,500 kW/m reference line, but for 
different reasons.  The forest stand has a higher HPA, due to the contribution of canopy 
fuel, but a lower ROS than the grassland. 
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Figure 1-14 ï A fire behavior characteristics chart can depict three quantitative fire behavior 
characteristics at once.  The Y-axis represents flaming front spread rate, the X-axis represents 
heat per unit area, and the curving lines represent fireline intensity. 
 

Considering the full range of fire environments possible, potential values of fireline 
intensity span nearly five orders of magnitude, from less than 10 kW/m (3 BTU/ft-s) for 
a slow-spreading fire in light fuel to more than 100,000 kW/m(29,000 BTU/ft-s) for a 
fast-spreading fire in heavy fuel (crown fire or shrub-canopy fire).  This very large range 
of fireline intensity values has made its interpretation difficult.  To address this large 
range of FLI values, Scott (2006) used the common logarithm of FLI (specifically 
measured in kW/m) as a standard scale called the Fireline Intensity Scale (FIS).   

 

The FIS is similar to the familiar Richter scale of earthquake magnitude in its use of a 
logarithmic scale; each unit increase in the FIS represents a meaningful 10-fold increase 
in fireline intensity.  For the range of possible fireline intensity values noted above, FIS 
ranges from less than 1 (10 kW/m) to just greater than 5 (100,000 kW/m), suggesting six 
wildfire intensity classesτfire intensity classes I through VI.   

Fig. 1-15 shows a fire behavior characteristics chart scaled for displaying FIS and the six 
corresponding fire intensity classes.  Plotting those axes on a log-log scale straightens 
the lines of equal fireline intensity and reveals the large range of variability in fireline 
intensity values.   
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Figure 1-15 ï This fire characteristics chart is shown with a log10 (common log) scale 
for both axes, resulting in straight lines for FLI and FIS values.  Each reference line 
represents a 10-fold increase in fireline intensity, resulting in a natural classification of 
fireline intensity into six classes.  Note that fireline intensity during the South Canyon 
fire blowup is in the upper end of intensity class V, among the highest intensities 
possible, whereas the underburn fire behavior before the blowup is in the middle of 
class II, more than three orders of magnitude lower intensity. 
 

Fire behavior characteristics for a variety of simulated and observed wildfires are 
plotted on the chart.  Our two hypothetical fire environments fall within wildfire 
intensity class IV, with FIS values of 3.7 for the grassland and 3.3 for the forest stand.  
Note that although the grassland FLI is more than double that of the forest stand, the 
FIS and the log-log fire behavior characteristics chart help to show that, given the huge 
range of FLI values possible, they are actually quite similar.  At the high end of the scale, 
Plot 7 of the International Crown Fire Modeling Experiment (ICFME) produced a fireline 
intensity of 97,100 kW/m (FIS = 5.0) in a jack pine stand.  The 1967 Sundance fire in 
north Idaho briefly produced an estimated FLI value of 80,300 kW/m (FIS = 4.9).  The 
blowup period of the 1994 South Canyon fire, which burned under the influence of 
strong upslope winds in a fuelbed of tall shrubs, exhibited nearly the same fireline 
intensity (82,800 kW/m, FIS = 4.9).  Before the South Canyon fire blowup, a backing fire 
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that underburned the same fuelbed exhibited a fireline intensity of just 27 kW/m (FIS = 
1.4), a difference of approximately 3.5 orders-of-magnitude.   

Flame size 

Recall from earlier in this chapter that flames are the visible manifestation of rapid 
combustion.  Flame size is a measure of the physical dimensions of such flames.  Two 
measures of flame size are available: flame height and flame length (Fig. 1-16).  Flame 
height is used in a model of firefighter-injury threshold, but flame length has been more 
closely related to fireline intensity and is therefore more commonly used.   

 

Figure 1-16 ï Flame length is the distance from the base of the flame 
zone to the tip of continuous flaming.  Intermittent flaming occurs 
beyond the flame tip.  Flame length is difficult to define, observe, and 
simulate when fuelbeds are deep in relation to the flame size, such as 
in crown fires and shrubland fires. 
 

A variety of mathematical models have been constructed for relating flame length to 
fireline intensity as defined above, but only the Byram (1959) and Thomas (1963) 
models are in operational use in U.S. fire modeling systems (Fig. 1-17).   

Flame length is presented as a fire behavior characteristic because it is so readily 
apparent to personnel on the ground, whereas fireline intensity is not.  Calculating 
flame length is problematic, however, especially for passive or intermittent crown fires.  
A passive crown fire is the burning of a single tree or simultaneous burning of a small 
group of trees.  For most of the time that a passive crown fire is spreading, surface fire 
behavior would be observed, with flame lengths represented by what the surface fuel 
alone is capable of producing.  During the short period when trees are torching out, 
flames briefly increase in length by more than an order of magnitude.  An intermittent 
crown fireτone that frequently alternates between surface fire and active crown fireτ
exhibits the same bimodal flame length distribution.  Which of these observed flame 
lengths is the flame length of a passive or intermittent crown fire?  Fireline intensity is a 
scientifically better measure of fire intensity, even if it cannot be readily observed in the 
field. 
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Figure 1-17 ï Two mathematical relationships are commonly used 
to estimate flame length from fireline intensity; the models provide 
very different estimates of flame length for FLI values greater than 
1000 kW/m.  Thomasô (1963) model is most commonly used for 
estimating crown fire flame length, whereas Byramôs (1959) model 
is used for surface fires.   
 

Deep fuelbeds also present a problem for interpreting flame length values.  Flame 
length is defined as the distance from the base of the flames, the mid-height of the 
fuelbed, to the tip of the continuous flame.  When flames are quite long in comparison 
to the fuelbed depth, there is little concern for making an adjustment for the mid-height 
of the fuelbed.  When the fuelbed is deep, however, as in crown fires, this adjustment is 
critical.  For crown fires, Byram suggested adding one-half of the fuelbed height (stand 
height) to the flame length values calculated using his model to obtain a better estimate 
of what might be observed.  No such correction is suggested or needed when using 
¢ƘƻƳŀǎΩ ŦƭŀƳŜ ƭŜƴƎǘƘ ƳƻŘŜƭ.  CƻǊ ǘƘŀǘ ǊŜŀǎƻƴΣ .ȅǊŀƳΩǎ ƳƻŘŜƭ ƛǎ ƎŜƴŜǊŀƭƭȅ ŀǇǇƭƛŜŘ ǘƻ 
ǎǳǊŦŀŎŜ ŦƛǊŜǎ όǎƘŀƭƭƻǿ ŦǳŜƭōŜŘǎύ ŀƴŘ ¢ƘƻƳŀǎΩ ƳƻŘŜƭ ǘƻ ŎǊƻǿƴ ŦƛǊŜǎ όŘŜŜǇ ŦǳŜƭōŜŘǎύ8. 

Major influences  on fire behavior simulations  

Earlier in this chapter we introduced the fire triangle, the three factors that must be 
present to sustain fire: fuel, heat, and oxygen.  In addition, many readers are familiar 
with the fire behavior triangle, the three primary factors affecting fire behavior: fuel, 
weather, and topography.  The fire behavior triangle is a useful construct for a general 
discussion of the factors affecting fire behavior, but for a more specific discussion of 

                                                        

8 The exact implementation of this general rule varies between the fire behavior 
modeling systems. 
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wildfire behavior simulation, we have re-organized the factors into five major 
influences, displayed as a fire modeling pentagon (Fig. 1-18).   

 

 

Figure 1-18 ï The fire modeling pentagon illustrates the 
five major influences on fire behavior modeling simulations.  
Fuelbed structure and slope characteristics are time-
constant influences since those factors do not change 
during any single fire simulation (which typically lasts no 
more than a few weeks).  Fuel moisture and wind 
characteristics are time-varying influences because those 
factors can vary by the minute, hour, day, and week, and 
thus affect all temporal fire growth simulations.  Relative 
spread directionðheading, flanking, backingðhas 
considerable effect on fire behavior. 
 

Each of these five major influences will be introduced in the following subsections.  Each 
will then also be discussed in more detail in specific chapters.   

Fuelbed structure 

Fuelbed structure can be considered constant for the duration of any single fire 
behavior simulation.  Fuelbed structure varies over longer time periods, however.  
Vegetation grows and dies, litter accumulates and decays, and intentional and 
unintentional fuel modifications occur, all of which affect fuelbed structure over the 
scale of years and decades.  These longer-term changes in fuelbed structure are 
important in many fire management applications (planning fuel treatments, for 
example) but can safely be ignored for single-season fire behavior simulations.  It is 
therefore possible to maintain geospatial fuelbed structure data and update them 
periodically, which is precisely what the LANDFIRE Program (www.landfire.gov) has 
done. 

Vegetation-derived fuelbeds (that is, wildland fuel) consist of three main strata: ground, 
surface, and canopy.  The ground fuel stratumτduff and organic soil, for exampleτ
primarily influences fire effects (fuel consumption, smoke production, tree mortality, 
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mineral soil exposure, etc.) and does not significantly affect fire behavior modeling.  For 
this reason, ground fuel stratum characteristics will not be discussed further in this 
document.  On the other hand, surface and canopy fuel stratum characteristics affect 
fire behavior significantly.  General characteristics of those strata will therefore be 
introduced here, and they will be discussed in greater detail later in chapters 2 and 3.   

Surface fuel ς !ƭƭ ƻǇŜǊŀǘƛƻƴŀƭ ŦƛǊŜ ōŜƘŀǾƛƻǊ ƳƻŘŜƭƛƴƎ ǎȅǎǘŜƳǎ ǳǎŜ wƻǘƘŜǊƳŜƭΩǎ όмфтнύ 
surface fire spread model.  The major surface fuelbed factors in that model are: load, 
depth, surface-area-to-volume (SAV) ratio, extinction moisture content, and heat 
content. 

Characterizing surface fuel for fire behavior modeling is described in Chapter 2 of this 
guide. 

Canopy fuel ς CƛǊŜ ōŜƘŀǾƛƻǊ ƳƻŘŜƭƛƴƎ ǎȅǎǘŜƳǎ ǳǎŜ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ±ŀƴ ²ŀƎƴŜǊΩs 
όмфттύ ŎǊƻǿƴ ŦƛǊŜ ǘƘǊŜǎƘƻƭŘ ƳƻŘŜƭǎ ŀƴŘ wƻǘƘŜǊƳŜƭΩǎ όмффмύ ŎǊƻǿƴ ŦƛǊŜ ǎǇǊŜŀŘ ǊŀǘŜ 
model to simulate crown fire initiation and spread behavior.  The two major canopy fuel 
stratum characteristics that influence crown fire initiation and spread are: canopy base 
height (CBH) and canopy bulk density (CBD).  In addition, simulation of crown fire 
intensity and flame length requires an estimate of canopy fuel load (CFL).  Also, the 
canopy characteristics stand height (SH) and canopy cover (CC) indirectly influence both 
surface and crown fire behavior by affecting dead fuel moisture and mid-flame wind 
speed. 

Characterizing canopy fuel for fire behavior modeling is described in Chapter 3 of this 
guide. 

Fuel moisture content 

The moisture content of live and dead fuel particles is an important factor affecting 
wildfire behavior.  Significant variability in fuel moisture content occurs within the time 
period of fire behavior simulations.  Fine dead fuel moisture content, for example, varies 
significantly within a single day and from day to day.  Live woody moisture content 
typically varies from week to week throughout the course of a season.   

CƻǊ ǳǎŜ ƛƴ ŦƛǊŜ ƳƻŘŜƭƛƴƎ ǎȅǎǘŜƳǎΣ ŦǳŜƭ ƳƻƛǎǘǳǊŜ ƛǎ ƳŜŀǎǳǊŜŘ ŀǎ άƎǊŀǾƛƳŜǘǊƛŎέ ƳƻƛǎǘǳǊŜ 
content on a dry-mass basis.  Translation: fuel moisture content is the mass of the 
moisture (water) in a fuel particle divided by the oven-dry mass of the fuel particle.  Fuel 
moisture content is measured this way because it represents the ratio of heat sink to 
heat source.  The moisture mass represents a heat sinkτthe heat required to evaporate 
that moistureτand the oven-dry mass represents the heat source available for 
combustion.   
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As calculated with the above equation, moisture content is expressed as the moisture 
fraction9.  In fire modeling applications, moisture content is typically expressed as a 
percentage.  Multiply moisture fraction by 100 to express moisture content as a 
percentage. 

Because moisture content is measured on an oven-dry basis, and because living fuel 
particles can contain more moisture mass than oven-dry fuel mass, moisture content 
values of live fuel particles may exceed 100 percent.  For example, freshly emerged 
spring-time foliage may have a fuel moisture content of nearly 300 percent.  This simply 
means that for every gram of oven-dry foliage there are 3 grams of water within the 
leaves.  The ratio of heat sink to heat source is very high. 

Fuel moisture content values are assigned to a variety of live and dead fuel classes.  
Dead fuel moisture content values are assigned separately to four different fuel particle 
diameter classes.  These size classes are frequently labeled by their approximate timelag 
class (Table 1-2).   
 

Table 1-2ïRelationship between timelag class and fuel particle 
size class.  A timelag is the length of time required for a fuel 
particle to move from its current moisture content to its 
equilibrium moisture content. 

Timelag class Size class (diameter) 

in mm 

1-h 0 ï 0.25 0 ï 6 

10-h 0.25 ï 1.0 6 ï 25 

100-h 1 ï 3.0 25 ï 75 

1000-h > 3.0 > 75 

 
The 1000-h timelag class is used  in some fire modeling systems that predict fire effects 
(such as fuel consumption).  However, this dead fuel particle diameter class is not used 
in the modeling of fire behavior itself when using the Rothermel spread model.  Only the 
characteristics of fuel particles less than 3 inches (75 mm) in diameter are required to 
simulate fire behavior. 

If held at a constant temperature and humidity, a deal fuel particle will eventually 
achieve its equilibrium moisture content (EMC).  When temperature and/or humidity 
change ς and therefore EMC changes ς the moisture content of the fuel particle changes 
as well, but not instantaneously.  The moisture content moves toward the new EMC 
value following an exponential function.  After a few timelag periods, the moisture 

                                                        

9 Moisture fraction is used sometimes in the fire science literature but not in fire 
modeling applications. 



Introduction to Wildfire Behavior Modeling  Chapter 1  

28 

 

content will have theoretically moved almost all the way to the new value (Table 1-3).   
 

Table 1-3ïRelative movement toward equilibrium moisture 
content as a function of the number of timelag periods.  After just 
one timelag period, dead fuel moisture content will have moved 
63.2 percent of the way from its original value to its equilibrium.  
After three timelag periods the moisture content is effectively 
equal to the equilibrium moisture content. 

Number of timelag 
periods 

Relative movement 
from current to 

equilibrium moisture 
content (percentage) 

1 63.2 

2 86.5 

3 95.0 

4 98.2 

5 99.3 

 
CƻǊ ŜȄŀƳǇƭŜΣ ƭŜǘΩǎ ŀǎǎǳƳŜ ǘƘŀǘ ŘŜŀŘ ŦǳŜƭ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ƛǎ ŎǳǊǊŜƴǘƭȅ у ǇŜǊŎŜƴǘΣ ŀƴŘ 
the equilibrium moisture content is 4 percent.  After one timelag period, the moisture 
content will have fallen from 8 percent to 5.5 percent, and after three periods it is 
already down to 4.2 percent (Fig. 1-19). 

 

Figure 1-19 ïDuring one timelag period, dead fuel moisture 
moves 63% of the way from the original fuel moisture to the new 
equilibrium moisture content. 
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How long does it take to reach the new EMC value in terms of hours? That depends on 
ǘƘŜ ŘƛŀƳŜǘŜǊ ƻŦ ǘƘŜ ŦǳŜƭ ǇŀǊǘƛŎƭŜΣ ŀƴŘ ǘƘŀǘΩǎ ǿƘŜǊŜ ǘƘŜ ǘƛƳŜƭŀƎ ŎƻƴŎŜǇǘ ŎƻƳŜǎ ƛƴ.  
Smaller diameter fuel particles move more rapidly toward their EMCs than larger 
diameter particles.  The rate of change is exponentialτrapid at first, and then slower as 
the moisture content approaches EMC (Fig. 1-19).  Timelag is the length of time required 
for the moisture content to change by an amount equal to about 63%10.  A one-hour 
timelag fuel particle would gain or lose 63% of the difference between its current 
moisture content and its EMC.  Ten-hour timelag particles take 10 hours to change by 
the same fraction. 

Of course, EMC changes with temperature and humidity, so it is never constant for long 
enough to allow the fuel particle to actually come into equilibrium with itτEMC is a 
moving target that cannot be hit. 

The timelag concept explains why fuel particle size classes are frequently labeled by 
timelag rather than by size class.  Even though the timelag concept is not used in fire 
modeling systems, the size classes are still labeled as suchτone-hour fuel load is the 
load of fuel particles less than 0.25 in diameter. 

Live fuel moisture content values are assigned separately to three different live fuel 
categories; all three live fuel categories consist of fuel particles less than 0.25 in (6 mm) 
in diameter.  Live herbaceous moisture content pertains to living, non-woody (grass and 
herbaceous) fuel particles.  Live woody moisture content pertains to the leaves and fine 
stems (less than 0.25 in diameter) of shrubs and small trees in the surface fuel stratum.  
[ƛǾŜ ƘŜǊōŀŎŜƻǳǎ ŀƴŘ ƭƛǾŜ ǿƻƻŘȅ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ŀǊŜ ƛƴǇǳǘǎ ǘƻ wƻǘƘŜǊƳŜƭΩǎ ǎǳǊŦŀŎŜ ŦƛǊŜ 
spread model.  Foliar moisture content pertains to the needles of conifer trees in the 
canopy fuel stratum.  CƻƭƛŀǊ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ ƛǎ ŀƴ ƛƴǇǳǘ ǘƻ ±ŀƴ ²ŀƎƴŜǊΩǎ (1977) 
transition-to-crown fire model, which will be discussed in Chapter 9 of this guide. 

The characterization of live and dead fuel moisture content is discussed in detail in 
Chapter 4 of this guide. 

Slope characteristics 

Slope characteristics change at the geological time scale.  With few notable exceptions 
(Mount St. Helens, for example), it is safe to assume that the slope characteristics 
present today will be here for the foreseeable future. 

Two slope characteristics affect fire behavior simulations: slope steepness and aspect.  
Slope steepness is the vertical rise of terrain per unit of horizontal run.  Slope steepness 
directly affects fire behavior: the steeper the slope, the faster and more intense the fire.  
Aspect is the compass direction that a slope faces.  Aspect indirectly affects fire behavior 
by influencing dead fuel moisture and by interacting with wind direction.  (At a coarser 
scale, aspect influences vegetation composition and therefore fuelbed structure.) 

Slope characteristics are discussed in detail in Chapter 5 of this guide. 

                                                        

10 Why 63%? Because that is 1-1/e, which comes from the formula for exponential 
decay. 
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Wind characteristics 

Wind characteristics vary greatly, even at very short time scales (seconds to minutes).  
Two wind characteristics are used in wildfire behavior simulations: wind speed and wind 
direction.  Wind speed is the rate of movement of a parcel of air past a given point.  
There are two important considerations regarding the measurement of wind speed for 
fire behavior modeling: time-averaging and height above ground.  The second important 
wind characteristic is wind directionτthe direction that a parcel of air is travelling.   

Wind characteristics are discussed in detail in Chapter 6 of this guide. 

Relative spread direction 

The final element of the wildfire modeling pentagon is relative spread direction.  The 
notion of relative spread directionτthe angle between the flaming front orientation 
and the direction of maximum spreadτǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ƛƴ ǘƘŜ άaƻǊǇƘƻƭƻƎȅ ƻŦ a 
ǿƛƭŘŦƛǊŜέ ǎŜŎǘƛƻƴ ƻŦ ǘƘƛǎ ŎƘŀǇǘŜǊ.  This section contains a few more details on how 
relative spread direction is used in fire behavior calculations.   

The basic output of surface and crown fire spread rate models is applicable to the 
direction of maximum spread (the heading direction).  Knowledge of relative spread 
direction (in combination with the length-to-breadth ratio of the assumed ellipse) allows 
a determination of the percentage of the maximum spread rate that occurs in the 
direction the flaming front is facing.   

The length-to-breadth (L/B) ratio of an assumed elliptical fire has been related to 
effective mid-flame wind speed11.  The higher the effective mid-flame wind speed, the 
more elongated the fire shape.  Unfortunately, different fire modeling systems use 
different relationships between L/B ratio and effective mid-flame wind speed (Fig. 1-20).   

The BehavePlus fire modeling system12 uses a simple linear model (Andrews 1986), 
ǿƘŜǊŜŀǎ CƛƴƴŜȅΩǎ ƎŜƻǎǇŀǘƛŀƭ ŦƛǊŜ ƳƻŘŜƭƛƴƎ ǎȅǎǘŜƳǎ όC!w{L¢9Σ CƭŀƳaŀǇΣ FSPro, and FSIM) 
use a modification of a different model (Anderson 1983).  The fire behavior nomographs 
(Scott 2007) and the charts in this document are developed for the linear relationship 
that is implemented in the BehavePlus system.  Results will vary in geospatial fire 
modeling systems. 

 

                                                        

11 Effective mid-flame wind speed is the combination of the effects of wind speed, slope 
steepness, and wind direction with respect to slope. 
12 Please see Appendix C for a summary of the fuel and fire behavior modeling software 
referenced in this chapter. 
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Figure 1-20 ï Two mathematical models of the length-to-breadth ratio 
of an assumed elliptical fire are used in fire behavior modeling 
systems.  BehavePlus and the nomographs use a simple linear model, 
whereas geospatial fire modeling systems use a non-linear model.  
Results are functionally identical at effective mid-flame wind speeds 
below 5 km/h; above that wind speed, the model used in the geospatial 
systems predicts skinnier fires, which results in a greater decrease in 
fire behavior along the flanks of the fire compared to the model used in 
the nomographs and BehavePlus. 
 

For the grassland fire environment described earlier (Table 1-1), the effective mid-flame 
wind speed is 10.5 km/h (6.5 mi/h).  Using the BehavePlus relationship (Fig. 1-20), this 
means the L/B ratio is 2.6.  The percentage of head fire spread rate that occurs at other 
parts of the fire perimeter is a function of the relative spread direction at each 
perimeter point.  On the flank of this fire, where the relative spread direction is 90°,  the 
ROS would be 20 percent of the head fire spread rate, 74 percent at the hank (45° 
relative spread direction), and 5 percent at the rear (Figure 1-21).  The head fire spread 
rate is 50 m/min, so the resulting ROS values are adjusted accordingly (Table 1-4).  For a 
more in-depth discussion of non-heading fire behavior, visit the Training section of 
www.niftt.gov, where you can learn about and register for the online course Using Fire 
Behavior Nomographs to Estimate Fire Behavior Characteristics. 

http://www.niftt.gov/
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Figure 1-21 ï Using the simple ellipse model of fire shape, spread rate 
around the perimeter of a fire can be related to the head fire spread rate.  
To use the chart, trace a vertical line from the X-axis, at the appropriate 
length-to-breadth ratio, to the desired spread directionðhead, hank, flank, 
or rear (back).  At the appropriate line, read the fraction of headfire spread 
rate from the Y-axis. 
 

Note that HPA remains constant at these points around the perimeter, so FLI varies in 
direct proportion to ROSτif the ROS is reduced by half, so too is the FLI.  Flame length is 
also affected by the reduction in ROS in non-heading directions, but not linearly because 
the relationship between FLI and FL is not linear (see Fig. 1-17). 
 

Table 1-4ïTabulation of spread rate at four points on an assumed elliptically shaped 
wildfire for the grassland fire environment (Table 1-1).   

Point on 
elliptical wildfire 

perimeter 

Relative spread 
direction  

(degrees from 
maximum spread 

direction) 

Percentage of 
head fire spread 
rate (Fig. 1-21) 

Rate of spread 
(m/min) 

Head 0 100 50 

Hank 45 74 37 

Flank 90 20 10 

Rear 180 5 2.5 

 

Geospatial fire modeling systems use this elliptical model.  At every point on the 
landscape, the L/B ratio is determined from the effective mid-flame wind speed.  
Relative spread direction is determined from the orientation of the fire perimeter 












































































































































































































































