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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 wildfire occurrence

has increased over the last several decades, so too has intertdstimodeling of

wildfire behavior Wildfire behavior modeling is used across a variety of spatial and
temporal scales, from planning the management of a wildfickd@nt 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 jourdeyel firebehavior modeler
However, it does provide a solid foundation upon which to build such experience.

In this documentwe refer to a variety of fuel and fire behavior modeling systems. An
overview of these software tools is providedAppendix 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 systemskFollow the links provided iAppendix Go download these

software systems.

Chapter LINE A RS& |y 2@3SNIBBASSG 2F oAt RFANB O0SKIFGA2N]
presents two ways of describing the morphology of a wildfire; defines four primary,

guantitative wildfire behavior characteristicapé introduces five major influences on

wildfire behavior simulations.

Chapter 2describes how surface fuel is characterized for wildfire behavior modedling
includes an overview of fire behavior fuel models as used in fire behavior modeling
systems, inleiding 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 3definesand describes five canopy characteristics as they are used in fire
behavior simulation and includes methods to estimate them.

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

Chapter 5describes the slope characteristicslope steepness and aspedhat directly
or indirectly affect firdoehavior simulations.

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

Chapter 7describes the prediction of sfarce fire behavior characteristics with
w2 i KSN)YSt Qa 06 md@hercompanediddiithB spiéadmSdel 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 8describes thaelevelopment and application f 2 (i K S NJY S taisticald M dpcpm 0
model to predict crown fire spread rate'he application of the model in BehavePlus
and Nexus is also described.

Lastly,Chapter 9describes how separate surface and crown fieghdvior 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 sectioris the first section, we define grand

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 wildfire by shape and by relative spread directidn thethird

section, we define four primary, quantitative wildfire behavior characteristiaming

front spread rate, heat per unit area, fireline intensity, and flame.skaally, in the last
section of this chapter, we introduce the five major influenoaswildfire behavior
simulations: fuelbed structure, fuel moisture content, slope characteristics, wind
characteristics, and relative spread direction.

The objectives of Chapter 1 are to:
e define fire and distinguish it from other forms of combustion,
e define wildfire and distinguish it from other kinds of fire,

e 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 spreadatition),

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

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

What is wildfire?

Before jumping directly into a discussion of wildfire behawadeling, it will be helpful
to first put that topic into context Combustiohis a complex process in which fuel is
heated, ignites, and oxidizes rapidly, giving off heat in the prodeéissis a special case
of combustion selfperpetuating combustioharacterized by the emission of heat
and accompanied by flame and/or smok#ith 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
pyrolosig the breakdown of complex cellulose and lignin molecules into simpler,
combustible matter through the application of heafhe result is a positive feedback in
which combustion produces heat, and that heat produces combustible fuel, which then
comhusts 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 grilt{ig.He
combustion occurring in a charcoal grill is sel§taining the supply of combustible

! Terms in italics are defined in the FireWords glossary of fire science terminology
(www.firewords.ne).
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fuel is controlled by the heat generated by combusticand therefore is considered
fire. On the other hand, the supply of fuel in a gas grill is controlled by avabt by a
positivefeedback from the heat of combustioThe combustion in a gas grill is not fire.

Figure 1-11 Fire is a self-sustaining process. The combustion in a charcoal grill
(left) is self-sustainingd heat from combustion generates the combustion gasses
needed for further combustiond and 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 a@eognizedflaming combustiorand
smoldering combustianFlaming combustion is the combustion of gaseous fuel and is
characterized by the emission of heat and light in the form of flangsoldering
combustion (also called glowing combustion) is the bastion of solid fuel and is not
necessarily associated with the presence of flames.

Flamesare the visual evidence of the rapid reaction between fuel and oxydkming
combustion (Fig.-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 1-27 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 affeatg the presence of fire have been organized into the fire
triangle: fuel, heat, and oxygen (Fig3)}L
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All three factors must be present in order to maintain fittany one factor is missing,
the fire will go out There must be a source of fuel avaifor combustion, a source of
heat to promote the reaction (the fire itself), and oxygen in sufficient concentration to
maintain the reaction

Figure 1-371 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 sourceA fire burning on or within a building constitutes a structure
fire orbuilding fire (Fig. ). A fire burning within an enclosed space, such a room
within a building, is a compartment fire (Fig4); 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 71 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 wildfife which is an unfortunate misnomer since land need not be
G oRét G2 S E LIS NNSfattO®mblustiah sciemigtsiwkdsstudy fire in all its

2 A wildfire is an unplanned wildland fireprescribed fire is a planned wildland fire.
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forms use the term vegetation fire or landscape fire instead of wildfire (F3y. These
terms better describe the essential characteristics of what we knowiladire. First,
vegetation and its detritus (litter) serve as the fuel source for all wildfifdse

vegetation need not be natural or wild (consider a wildfire spreading across a field of
cured wheat) Second, the term landscape fire alludes to anamg@nt trait of wildfiret
that it can spread across a landscapéonetheless, the term wildfire is so well known
that we will continue to use itWildfire is seHsustaining combustion of vegetation
derived fuel across some portion of the landscape

Figure 1-51 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 flaning 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 takeghe shapeof a simple ellipse (Fig-@).

10
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Figure 1-6 1 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 beconugiite variable once a fire grows beyond the

immediate area of its originDifferent areas of the fire may be burning in different fire
environments, such as different fuelbed structure, slope steepness, moisture content,
wind speed, wind direction, etcThe result of such fire environment heterogeneity is

that, even if each discrete sectionthik 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 (F#)g.1
Fingers of fire can form when the main fire spreads around a skwaring 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.-¥) is an unburned indentation of the fire perimeter surrounded on three
sides by the fireoften, two sides of a pocket are fingeiBockets are formed when the
main body of fire spreads around an unburnable or shawning patch of fuel An

island (Fig. ) is an unburned area within a fire that is wholly surrounded by burned
area An ishnd may be shrinking in size if the inner perimeter is actige inward

burning fire perimetet or the island perimeter may have extinguished naturally or by
suppression Unburned islands occur for several reasoAs island may not be covered
by a suffieent 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
anothertime.

A spot fire (Fig.-T) is a fire ignited outside the main fire by a firebramihile 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 embersigrate new spot fires Spot

11
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fires may coalesce as they grow into one another, and they are often overrun by the
main fire

Spot
fires

:

Figure 1-7 1 Afinger 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. Anisland 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 occat many different scalesFor example, a finger can be just a
few feet across or more than a mil&@here 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 safétgyvever,
shapebased morphological descriptions are not used in wildfire behavior modeling
systems Instead, fire modeling systems consider wildfire morphology as desthipe
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 oftellipse oriented in the direction of maximum

fire spread, which is the heading direction (Fig)1Under spatially uniform fire
environment conditions, the heading direction is the same on all parts of .alfire

Figure 18, the heading direction isdicated by gray arrows; all gray arrows point in the
same directiom to the right side of the pageand is also indicated by the general
orientation of the ellipse.

12
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Flanking
fire

Hanking
fire

Direction efmaximum spread

Backing 1gg Heading
fire fire

Hanking
fire

Flanking
fire

Figure 1-81 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.

Therelative spread direatinis the angle between the absolutiaming frontorientation
(dark arrows) and the direction of maximum spread, measured in degrees clockwise
from the direction of maximum spreadRelative spread direction varies around the fire
perimeter even in a uniirm fire environment At the head of the fire, thlaming front

is oriented exactly in the heading direction, so relative spread direction is 0 degkees
the opposite end of the wildfire the rear, back, or heel of the firethe relative spread
direction is 180 degrees clockwise from the heading directibne 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 directids you will see later ithis
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
andtheflank 6 KS aKIy1¢ o{ 02 lngfromt is orierfed 45K&yMds (1 K S
from the direction of maximum spread

In a heterogeneous fire environment, the direction of maximum spesad/aryaround
the perimeter. This description of wildfire morphology by relative spread direction can
be related b 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 spreadThe relative spread direction is determined separately
for each point ora fire perimeter, no matter how complex the fire shape (Fi§).1

13
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Figure 1-97 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: flaimg front rate of spread(RO$, heat released per unit arealPA,
fireline intensity FL), and flamesiza specifically, flame length-{). These
characteristics affect other important fire characteristics, such as fire effects (smoke
production, crown scorch height, and fire severity) and-fireel fire characteristics (fire
size and magnitude)Each 6these wildfire behavior characteristics is described in the
following sections.

We will use two contrasting fire environments coniferous forest stand and a
grassland to illustrate the calculation of each fire behavior characterisfibe
characteristts of each fire environment are detailed in Table 1

14
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Table 1-1i Fire 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

Heavy Io_ad of timber Moderate load of
Surface fuel® litter grass
(fuel model TL5) (fuel model GR4)

Fuelbed
structure Low canopy base
height; moderate
Canopy fuel | canopy bulk density, None
4 t/ac canopy fuel
load
sz Flat ground Flat ground
steepness
Slope
characteristics Aspect n/a n/a
Elevation n/a n/a
Dead fuel 4% Dead fuel 4% dead fuel
moisture moisture content moisture content

Fuel moisture

content i % li
Live fuel 100% live woody 45% live

EHS fuel moisture content herbaceous
content moisture content
Moderate to strong | Moderate to strong

: (15 mi/h at 20-ft (15 mi/h at 20-ft

Wind bl pEzd height above the height above the
ind canopy) surface)
characteristics
Wind
direction South South

*TL5 and GR4 refer to surface fire behavior fuel models, wteatpaered in
detail in Chapter 2

The forest stand fire environment is typical of one with a wieleloped understory of
shrubs and small trees, resulting in a low canopy base height and naking fire

initiation a common occurrenceThe canopy bulk density is moderateaking active

crown fire a possibility under high wind speeds and low moisture contéltis

grassland fire environment is much simpler, having uniform coverage of moderate grass
load with no overstory treesFlat ground is assumed for both scenari@oth 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 unburnddel (Fig. 110).

15
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Figure 1-10 7 The flaming front of a wildfire is its leading
edge, which spreads into unburned fuel and is dominated by
flaming combustion.

Theflaming frontis located at all positions around the fire perimeter: head, hank, flank,
rear, and points in betweenFlaming frontrate of spread(RO%is the linear rate of
advance of dlaming frontinto unburned fuel in the direction perpendicular to the fire
front. Figure 311 shows the position of flaming frontfor the grassland fire
environment (Table -1L) at two points in time just one minute aparRate of spread is
the distance between the two perimeters (in the direction perpendicular tofthming
front) divided by the time intervalNote thatROSraries around the perimeter of the
fire. At the head of the fire, in the direction of maximum spread, filaening front
travelled 50 m during the onminute time interval, so th&0Ss 50 m/min (150 ch/R)
On the flank, where thfaming frontis oriented 90 degrees with respect to the
maximum spread direction, thigaming frontspread at only 9.9 m/min

For the forest stand fire environment (Tablel), maximumnflaming frontrate of spread
is 8.6 m/min(25.6 ch/h) The forest stand is experiencing a passive crown fire, so its
ROSalls between the surface fire and potential crown RO alues.

® Please refer to AppendBfor a comprehensive listing of unit conversion factors for
this and other quanties presented in this document.
*More on how surface and crown fiROSare integrated will be presented in Chapter 9.

16
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head

99 m

direction of
maximum
spread

Figure 1-11 7 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.

{LINBIR NIGS 2F &adzNFI OS FTANBAE A& LINBRAOGSR dzaAy
(Rothermel 1972)w2 6 KSNX St Q4 omdpdmy ONR Yy FANB &ALINBSI Y
fire spread rate Surface and crown fire spreadeaare covered in more detail in later

chapters.

¢

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

Flaming fronspread rate of freéourning 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 iaured grass fuels can reach nearly 10 km/hr (6 mi/hr) under
the influence of strong winds

Heat perunit area (HPA)

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

1ff YF22NJ FANB Y2RSfAy3 aeaidisSvya Ay (GKS ! yAGSR
spread model or some minor variation of it.

17
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fuel particles) Postfrontal flaming and smoldering can continue for many hours or days
after the flaming fronthas passed, utt the heat released during that time is not included

in HPA

HPAcan be thought of as the product of fuel particle heat contétjtgnd the fuel load
consumed during passage of thaming front(W)°. AlthoughH has been shown to vary
slightly among fuel particles derived from different species, it is functionally constant for
most fire modeling simulatiodsso variation irHPAis therefore a function primarily of
variation inW. For surface firediPAis a furction of the selected fuel model and live

and dead fuel moisture contents (Figl12).
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GR GS SH TU
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Figure 1-127 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 firesHPAincludes the combined load of surface and canopy fuel consumed

® See Scott and Reinhardt (2001) for a discussion of conflicting terminology that has led

to confusion in determinin@V for use in estimating fireline intensity.

" For surface fuel modelingis held constant at 18,593 kJ/kg (8,000 BTU/Ib) for all fuel
models except GR6, for whicthis 20,917 kJ/kg (9,000 BTU/Ib).
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during passage of thig|aming 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)herelative contribution of surface and canopy fuel to
overallHPAfor the forest stand (Table-1) is shown in figure-13. At low wind speeds,
where only surface fire is possible, ovetdRAis equal to the surface fuélPA Overall
HPAiIncreasesluring the period of passive crowning as the fraction of canopy fuel
consumed increasesBy the time active crowning is possibleaawind speed of 20 mi/h
(33 km/h), all of the possible canopy fuel contribution is included in ovétai

30

passive
crown
fire

active
crown
fire

surface
25 4 fire

heat per unit area (MJ/mz)

0 10 20 30 40 50 60
open (6.1-m) wind speed (km/h)
Figure 1-13 7 lllustration 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? at all wind speeds.

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

Fireline intensity (FLI)
CANBfAYS AyGSyarde oFlfaz OFfftSR .&8NlIYQa FTANB A
length of thefire front (Byram 1959) As withHPA the heat released duringgst-frontal

flaming and smoldering combustion is not included in the calculation of fireline
intensity. Firelineintg/ aA & A& I Fdzy RFYSyidlf FANBE OKI N} OGSN
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YdzOK AYF2NNI GA2Y | o2dzi I FANBQa o6SKIQGA2NI I a OlF
Wagner 1977) Byram (1959) defined fireline intensity as

FLI = H=*W * ROS

whereH s heat content andV isfuel load consumed in thiéaming front In the
preceding section we definddPAasH* W, so we can also expreB&las the product of
HPAandROS

FLI = HPA * ROS

Adjustments to the above equation are necessary to make the units workFamrtHPA
expressed in MJ/fandROSN m/min, the following equation produce&L_lin kW/m.

ROS
FLI = (1000 * HPA) * ( 0 )

For example, recall from the earlier section ti#® Afor the grassland fire environment
was 5.68 MJ/rhandROSwas 50 m/min TheFLIcalculation for the grassland is
therefore

50
FLI = (1000 *5.68) * (%) = 4733 kW/m
And for the forest stand

8.57
FLI = (1000 * 13.76) *( 0

) — 1964 kW/m

These results can be plotted on a fire behavior characteristics chart, which displays both
HPAandROSalong with curving refergce lines indicating fireline intensity (Figl4).

From this chart we see that tHeLlvalues for these contrasting fire environments are
actually somewhat similarthey straddle the 2,500 kW/m reference line, but for

different reasons The forest standhas a higheHPA due to the contribution of canopy

fuel, but a loweROShan the grassland.

20



Introduction toWildfire Behavior Modeling Chapter 1
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Figure 1-14 1 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 favorders of magnitude, from less than 10 kW/m (3 BTg)ftor
a slowspreading fire in light fuel to more than 100,000 kW/m(29,000 BF&)/for a
fastspreading fire in heavy fuel (crown fire or shrcénopy fire) This very large range
of fireline intensity values has made its interpretation difficulto address this large
range ofFLIvalues, Scott (2006) used the common logarithrilofspecifically
measured in KW/m) as a standard scale called the Fireline Intensity Scale (FIS)

FIS = Log,,(FLI)

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 meaningtitiifcrease

in fireline intensity For the range of possible fireline intensity valueted above, FIS
ranges from less than 1 (10 kwW/m) to just greater than 5 (100,000 kW/m), suggesting six
wildfire intensity classasfire intensity classes | through.VI

Fig. 115 shows a fire behavior characteristics chart scaled for displaying FilScasig
corresponding fire intensity classeBlotting those axes on a ldgg scale straightens
the lines of equal fireline intensity and reveals the large range of variability in fireline
intensity values
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heat per unit area (MJ/m2)

Forest stand (table 1-1)

grassland (table 1-1)

ICFME Plot 7

1967 Sundance fire

1994 South Canyon fire (blowup)
1994South Canyon fire (underburn)

ODm<«408®

Figure 1-157 This fire characteristics chart is shown with a logipo (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 Il, 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 1V, with &lvalues of 3.7 for the grassland and 3.3 for the forest stand
Note that although the grasslarfeLlis more than double that of the forest stand, the
FIS and the letpg fire behavior characteristics chart help to show that, given the huge
range ofFLIvalues possible, they are actually quite similat 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 stdiind 1967 Sundance fire in

north Idaho briefly produced an estimatdtlivalue of 80,300 kW/m (FIS = 4.9he
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.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 ordersmagnitude

Flame size

Recadlfrom earlier in this chapter that flames are the visible manifestation of rapid
combustion Flame size is a measure of the physical dimensions of such flawwes
measures of flame size are available: flaméghtand flamelength(Fig. 116). Flame
height is used in a model of firefightarjury threshold, but flame length has been more
closely related to fireline intensity and is therefore more commonly used

Fuel bed

Discontinuous Active flaming zone
flaming & glowing
Combustion zone

Figure 1-16 1 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 (Eig). 1

Flame length ipresented as a fire behavior characteristic because it is so readily
apparent to personnel on the ground, whereas fireline intensity is @alculating

flame length is problematic, however, especially for passive or intermittent crown fires
A passiverown 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
alore is capable of producindduring the short period when trees are torching out,
flames briefly increase in length by more than an order of magnitudeintermittent
crown firet one that frequently alternates between surface fire and active crowrt fire
exhibits the same bimodal flame length distributiokVhich of these observed flame
lengths is the flame length of a passive or intermittent crown fiFéfeline intensity is a
scientifically better measure of fire intensity, even if it cannot be readilyplesl in the
field.
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Figure 1-17 1 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

1000kW/m. Thomasd (1963) model is most commonly used
estimating crown fire flame | ength, whereas Byra
is used for surface fires.

Deep fuelbeds also present a problem for interpreting flame length valBksne

length is defined as the dence from the base of the flames, the rdigight of the

fuelbed, to the tip of the continuous flaméVhen flames are quite long in comparison

to the fuelbed depth, there is little concern for making an adjustment for the-neigyht

of the fuelbed Whenthe fuelbed is deep, however, as in crown fires, this adjustment is

critical. For crown fires, Byram suggested adding-tiadf of the fuelbed height (stand

height) to the flame length values calculated using his model to obtain a better estimate

of what night be observed No such correction is suggested or needed when using

CK2YlFAaQ Ffl YEL2INSViKEK WBRSGERRY X 8Nl YQa Y2RSt A&
ddzNF I OS FANBAE oakKlftft2g FdzStoSRav ByR ¢K2YlLaQ Y

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 oxygdn addition, many readers are familiar
with the fire behavior triangle, the three primyafactors affecting fire behavior: fuel,
weather, and topographyThe fire behavior triangle is a useful construct for a general
discussion of the factors affecting fire behavior, but for a more specific discussion of

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

Figure 1-18 7 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 directiond heading, flanking, backingd has
considerable effect on fire behavior.

Each of these five major influencedie introduced in the following subsectiangach
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 struaire 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 decadeBhese longeterm changes in fuelbed structure are
important in many fire management applications (planning fuel treatments, for
example) but can safely be ignored for singémson fire behavior simulationd is
therefore possible to maintain geospatial fuelbed sture data and update them
periodically, which is precisely what the LANDFIRE Program (www.landfire.gov) has
done.

Vegetationderived fuelbedsthat is, wildland fuel) consist of three main strata: ground,
surface, and canopyThe ground fuel stratum duff and organic soil, for example
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 modé&larg
this reason, groud fuel stratum characteristics will not be discussed further in this
document On the other hand, surface and canopy fuel stratum characteristics affect
fire behavior significantlyGeneral characteristics of those strata will therefore be
introduced hee, and they will be discussed in greater detail later in chapters 2 and 3

Surfacefuek! t € 2LISNI GA2ylIFf FANB 0SKIQBA2N) Y2RSt Ay3
surface fire spread modelThe major surface fuelbed factors in that model are: load,

depth, surfaceareato-volume SAYV ratio, extinction moisture content, and heat

content.

Q¢

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

Canopy fuekCANB O0SKI @A2N) Y2RStfAy3 aeaiasSvya dasS | 02y
OMPTTO ONRSY FANB (GKNBaK2fR Y2RSta IyR w2iKSNY
model to simulate crown fire initiation and spread behavidhe two major canopy fuel

stratum characteristics that influence crown fire initiation and spread are: canapg b

height CBH and canopy bulk densit€BD. In addition, simulation of crown fire

intensity and flame length requires an estimate of canopy fuel I@e).( Also, the

canopy characteristics stand heig®H and canopy coverd@ indirectly influencéooth

surface and crown fire behavior by affecting dead fuel moisture andfliade 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 fymrticles is an important factor affecting
wildfire behavior Significant variability in fuel moisture content occurs within the time
period of fire behavior simulationd=ine dead fuel moisture content, for example, varies
significantly within a singlday and from day to daylLive woody moisture content
typically varies from week to week throughout the course of a season

C2NJ dzAS Ay FANB Y2RSfAy3a aeadsSvyazr Fdz5f Y2AiaiddzN
content on a drymass basisTranslation: fiel moisture content is the mass of the

moisture (water) in a fuel particle divided by the overy mass of the fuel particle=uel

moisture content is measured this way because it represents the ratio of heat sink to

heat source The moisture masgepresents a heat sinkthe heat required to evaporate

that moisturer and the overdry mass represents the heat source available for

combustion

heat sink moisture mass

heat source  dry fuel mass
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As calculated with thel@ove equation, moisture content is expressed as the moisture
fractior’. 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 moist@r content is measured on an owelny basis, and because living fuel
particles can contain more moisture mass than odey fuel mass, moisture content
values of live fuel particles may exceed 100 percé&mr example, freshly emerged
springtime foliage nay havea fuel moisture content of nearly 300 percerithis simply
means that for every gram of ovetdry foliage there are 3 grams of water within the
leaves The ratio of heat sink to heat source is very high.

Fuel moisture content valuemre assigned to a variety of live and dead fuel classes

Dead fuel moisture content values are assigned separatdiyutadifferent fuel particle
diameterclasses These size classes are frequently labeled by their approximate timelag
clasgTable 12).

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

Size class (diameter)

Timelag class

in
1-h 07 0.25 0V 6
10-h 0.257 1.0 67 25
100-h 17 3.0 2571 75
1000-h >3.0 >75

The 1006h timelag class igsed in some fire modeling systems that predict fire effects
(such as fuel consumptionHowever, this deafliel particle diameter class is not used

in the modeling of fire behavior itself when using the Rothermel spread mddielly the
characteristics of fuel particles less than 3 inches (75 mm) in diameter are required to
simulate fire behavior.

If held at aconstant temperature and humidity, a deal fuel particle will eventually
achieve its equilibrium moisture conterEf1Q. When temperature and/or humidity
chang ¢ and thereforeEMCchangeg; the moisture content of the fuel particle changes
as well, but nbinstantaneously The moisture content moves toward the nd&stC

value following an exponential functiorfter a few timelag periods, the moisture

® Moisture fraction is used sometimes in the fire science literature but not in fire
modeling apfications.
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content will have theoretically moved almost all the way to the new value (TaB)je 1

Table 1-3i Relative 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 Relative movement
periods from current to

equilibrium moisture
content (percentage)

1 63.2
2 86.5
3 95.0
4 98.2
5 99.3

C2NJ SEFYLX Sz tSGQa aadzyS GKIGd RSFR FdzSt Y2Aaai
the equilibrium moisture content is 4 percenifter one timelag period, the moisture

content will have fallen from 8 percent to 5.5 percent, and after three peribds

already down to 4.2 percent (Fig19).

10

dead fuel moisture content

number of timelag periods

Figure 1-19 i During 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 rea the newEMCvalue in terms of hours? That depends on

GKS RAFYSGSNI 2F GKS FdzSt LI NGAOE ST yR GKI GQa
Smaller diameter fuel particles move more rapidly toward tfWG than larger

diameter particles The rate of chage is exponential rapid at first, and then slower as

the moisture content approachédsMC(Fig. 219). Timelag is the length of time required

for the moisture content to change by an amount equal to about $3% ane-hour

timelag fuel particle would gaior lose 63% of the difference between its current

moisture content and itEMC Tenhour timelag particles take 10 hours to change by

the same fraction.

Of courseEMCchanges with temperature and humidity, so it is never constant for long
enough to allowthe fuel particle to actually come into equilibrium with iEMGis 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 clasBven though the timelagoncept is not used in fire
modeling systems, the size classes are still labeled as saredshour 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, mavody (grass and

herbaceous) fuel particled.ive woody moisture content pertains to the lesvand fine

stems (less than 0.25 in diameter) of shrubs and small trees in the surface fuel stratum

[ AGS KSNBI OS2dza FyR A0S g22Re& Y2AaidaNBE 02y iSy
spread model Foliar moisture content pertains to the needlescohifer trees in the

canopy fuelstratumC2 f A NJ Y2A &G dzNBE O2y iSy1877Aa +y Ay Ldzi
transitionto-crown fire model, which will be discussed in Chapter 9 of this guide.

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

Slope characteristics

Slope characteristics changethe geological time scaléVith few notable exceptions
(Mount St. Helens, for example), it is safe to assume that the slope characteristics
present today will b 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 8lope steepness
directly affects fire behavior: the séper the slope, the faster and more intense the fire
Aspect is the compass direction that a slope fadsspect indirectly affects fire behavior
by influencing dead fuel moisture and by interacting with wind directi@kt a coarser
scale, aspect infences vegetation composition and therefore fuelbed structure.)

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

“Why 63%7? Because that islfe, 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 windcharacteristics 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: timeaveraging and height above groun@ihe second important
wind characteristic is wind directionthe direction that a parcel of air is travelling

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

Relative spred direction

The final element of the wildfire modeling pentagon is relative spread direclitwe

notion of relative spread directianthe angle between thélaming frontorientation

and the direction of maximumspreads & Ay i NRB RdzOSR Aa/ (GKS Ga2NLK2C
gAf RTANBE &S O.TRigsgctich Eontéirié & w rAokeldétilisSoNhow

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 maximunspread (the heading directionKnowledge of relative spread
direction (in combination with the lengtto-breadth ratio of the assumed ellipse) allows
a determination of the percentage of the maximum spread rate that occurs in the
direction theflamingfront is facing

The lengthto-breadth (L/B) ratio of an assumed elliptical fire has been related to
effectivemid-flamewind speed®. The higher the effectivenid-flamewind speed, the
more elongated the fire shapdJnfortunately, different fire modetig systems use
different relationships between L/B ratio and effectived-flamewind speed (Fig.-20).

The BehavePlus fire modeling systémses a simple linear modeifdrews 1985

GKSNBI & CAyySeQa 3IS23LI GAIf TFTRIRD aviFRIR) Ay3 &deai
use a modification of a different modeAiderson 1988 The fire behavior nomographs

(Scott 2007) and the charts in this document are developed for the linear relationship

that is implemented in the BehavePlus systeResults will varin geospatial fire

modeling systems.

! Effectivemid-flamewind speed is the combination of the effects of wind speed, slope
steepness, and wind direction with respect to slope.

2 please see Appenddfor a summary of the fuel and fire behavior modeling software
referenced in this chapter.
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length-to-breadth ratio

o+—FF—F—F——
0 5 10 15

effective midflame wind speed (km/h)

Figure 1-20 7 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 (TaHly the effectivemid-flame
wind speed is 10.5 km/I6(5 mi/h). Using the BehavePlus relationship (Fig0}, this
means the L/B ratio is 2.6I'he 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
ROSvould be 20 percent of the head fire spread rate, 74 percent at the hank (45°
relative spread direction), and 5 percent at the réaigure 121). The head fire spread
rate is50 m/min, so the resultinROSsalues are adjusted accordingly (Tablé)1For a
more indepth discussion of neheading fire behaviowisit the Training section of
www.niftt.gov, where you can learn about and register the online courseJsing Fire
Behavior Nomograph® Estimate Fire Behavi@haracteristics
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Figure 1-217 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 directiond head, hank, flank,
or rear (back). Atthe appropriate line, read the fraction of headfire spread
rate from the Y-axis.

Note thatHPAremains constant at these points around the perimeterfF&dvaries in
direct proportion toRO$ if the ROSs reduced by half, so too is tl.] Flame length is
also affected by the reduction ROSn non-heading directions, but not linearly because
the relationship betweerrLlandFLis not linear (see Fig-17).

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

Relative spread

Point on direction Percentage of Rate of spread
elliptical wildfire (degrees from head fire spread (m/mi?l)
perimeter maximum spread rate (Fig. 1-21)
direction)

Head 0 100 50

Hank 45 74 37

Flank 90 20 10

Rear 180 5 2.5

Geospatial fire modeling systems use this elliptical moé¢levery point on the
landscape, the L/B ratio is determined from the effective 4ffédne wind speed
Relative spread direction is determined from the orientation of the fire perimeter
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