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Abstract

Scott, Joe H.; Reinhardt, Elizabeth D. 2001. Assessing crown fire potential by linking models of
surface and crown fire behavior. Res. Pap. RMRS-RP-29. Fort Collins, CO: U.S. Department
of Agriculture, Forest Service, Rocky Mountain Research Station. 59 p.

Fire managers are increasingly concerned about the threat of crown fires, yet only now are
guantitative methods for assessing crown fire hazard being developed. Links among existing
mathematical models of fire behavior are used to develop two indices of crown fire hazard—the
Torching Index and Crowning Index. These indices can be used to ordinate different forest stands
by their relative susceptibility to crown fire and to compare the effectiveness of crown fire mitigation
treatments. The coupled model was used to simulate the wide range of fire behavior possible in a
forest stand, from a low-intensity surface fire to a high-intensity active crown fire, for the purpose of
comparing potential fire behavior. The hazard indices and behavior simulations incorporate the
effects of surface fuel characteristics, dead and live fuel moistures (surface and crown), slope
steepness, canopy base height, canopy bulk density, and wind reduction by the canopy. Example
simulations are for western Montana Pinus ponderosa and Pinus contorta stands. Although some of
the models presented here have had limited testing or restricted geographic applicability, the
concepts will apply to models for other regions and new models with greater geographic applicability.

Keywords: canopy fuels, hazard assessment, fireline intensity, rate of spread, crown fraction
burned, fire potential
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Assessing Crown Fire Potential by
Linking Models of Surface and

INTRODUCTION

Crown Fire Behavior

Joe H. Scott and Elizabeth D. Reinhardt

Crown fires present special problems to managers. Crown fires are more difficult
to control than surface fires. Their rate of spread is several times faster than surface
fires (Rothermel 1983). Spotting is frequent and can occur over long distances. Larger
flames from crown fires dictate larger firefighter safety zones (Butler and Cohen
1998). Spotting and increased radiation make structures more difficult to defend from
crown fire than surface fire (Cohen and Butler 1998). Effects of crown fire are more
severe and lasting than surface fire. Near total tree mortality should be expected.
Smoke production will be greater, and foliar nutrients may be lost from the site.

Crown fires can occur in a wide variety of forest types throughout the United
States (Agee 1996). Increasingly, crown fires are taking place in forest types not
historically prone to crown fires, such as ponderosa pine forests (Mutch and others
1993). A significant risk to life and property exists wherever forest stands prone to
crown fire lie in proximity to residential or recreational development. Therefore, as-
sessing the susceptibility of forest stands to crown fire and designing fuel and silvi-
cultural treatments to reduce susceptibility have become priorities for many land
management agencies.

Accepted methods exist for predicting surface fire behavior (Rothermel 1972,
1983) and crown fire behavior (Rothermel 1991a), but not for predicting the
transition between them. In this paper we explore the use of Van Wagner’s crown
fire transition criteria (Van Wagner 1977, 1989, 1993), elements of which are
used in the Canadian Forest Fire Behavior Prediction (FFBP) System (Forestry
Canada Fire Danger Group 1992), to link Rothermel’s separate surface fire and
crown fire spread models. By linking these models we derive indices of crown
fire hazard and simulate the full range of potential fire behavior possible in a
forest stand—surface through active crowning.

Other models of surface fire behavior (Catchpole and others 1998) and crown
fire behavior (Albini 1996; Grishin 1997; Gomes da Cruz 1999) and transition
to crown fire (Alexander 1988; Gomes da Cruz 1999) are in various stages of
development and testing. Until a robust fire behavior model is developed that
internally simulates surface fire behavior, transition to crown fire, and crown
fire behavior, we will need to rely on the links between these separate models.

From the array of available models, we chose to couple the most widely used for
this analysis: Rothermel’s (1972) surface and (1991a) crown fire models, and Van
Wagner's (1977) models of transition to crown fire. The concepts we present, solv-
ing for critical environmental conditions that lead to crown fire and producing full-
range estimates of fire behavior, can be applied to other models in the future.
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The coupled model produces seamless, full-range estimates of fire behavior
(whether surface or crown). However, the purpose of those fire behavior esti-
mates is to compare the relative susceptibility of different stands to crown fire,
not to predict the behavior of an actual fire. The method we developed allows
direct, quantitative comparison of the relative crown fire potential of different
stands from a description of surface fuels, canopy fuels, site characteristics, and
environmental conditions.

Conceptual Approach to Quantifying Crown Fire Hazard

The concept of hazard has been defined many ways in the wildland fire litera-
ture (Bachman and Allgéwer 1999). Fire hazard is sometimes referenced to the
specific fuel element that most contributes to the potential fire behavior of a
given site. For example, the increased potential fire behavior caused by activity
fuels left behind after timber harvesting is sometimes referred to as a “slash haz-
ard.”

The field of technical risk engineering defines hazard more generally as a
physical situation with a potential for human injury, damage to property, or
damage to the environment. Crown fire hazard, therefore, is a physical situa-
tion (fuels, weather and topography) with potential for damage or injury caused
by crown fires.The nature of crown fires—intense, fast-moving, and destruc-
tive—suggests that potential for damage is great whenever a crown fire occurs.
Assessing théazard posed by crown fire is therefore a matter of assessing
the potential for their occurrence—of identifying the physical situations that
lead to crown fire occurrence.

The potential for crown fire occurrence does not depend on any single element of
the fuel complex, nor on any one element of the fire environment. Rather, crown fires
result from certain combinations of fuels, weather, and topography that lead to the
development and continued spread of crown fires. The concepts and models we dis-
cuss in this paper are geared toward determining those combinations, without attempt-
ing to determine which component contributes most to the hazard.

This is not the first attempt to assess crown fire potential. Fahnestock (1970)
developed a heuristic key to rate crowning potential based largely on canopy
closure, (individual tree) crown density, and the presence or absence of ladder
fuels. Kilgore and Sando (1975) showed a decrease in crown fire potential fol-
lowing prescribed burning in a giant sequoia/mixed-conifer forest by comparing
canopy fuel weight, crown volume ratio, mean height to canopy base, and the
vertical profile of canopy fuel packing ratio before and after a prescribed fire.
Taylor and others (1998) assessed temporal changes in crown fire hazard at the
landscape scale by noting the change in relative frequency of different types of
crown fire in different time periods.

The mathematical nature of surface and crown fire models allows us to link them
together and solve for the critical conditions that lead to crown fires. The crown fire
hazard assessment method we develop in this paper is based on the determination of
critical environmental conditions that lead to different types of crown fire activity.

In the next two sections we review fire behavior concepts and models perti-
nent to quantitative crown fire hazard assessment. In later sections we present the
derivation and interpretation of two indices of stand-level crown fire hazard,
discuss methods of obtaining the necessary canopy fuel inputs, and introduce
seamless surface/crown fire behavior simulations that can be used to assess the
likely range of fire behavior at a site and the nature of the transition from surface
to crown fire. In addition, we introduce the concept of hysteresis in the crown fire
phenomenon.
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Types of Wildland Fire

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

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

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

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

i "| |l|'il\" il
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Figure 1 —Passive crowning (a) involves individual or small groups of trees, whereas during active crowning (b) the whole fuel complex
burns as a unit. Photo (a) by Duncan Lutes; photo (b) by Jim Kautz.
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to surface fuels from passive crowning increases flame front spread rate, especially at
the upper end of the passive crown fire range. Embers lofted during passive crowning
can start new fires downwind, which makes containment more difficult and increases
the overall rate of fire growth. Passive crowning is common in many forest types,
especially those with an understory of shade-tolerant conifers.

An active crown fire, also called a running or continuous crown fire, is one in
which the entire surface/canopy fuel complex becomes involved (fig. 1b), but the
crowning phase remains dependent on heat from the sdwi@sefor continued
spread. Active crown fires are characterized by a solid wall of flame extending
from the fuel bed surface through the top of the canopy. Greatly increased radia-
tion and short-range spotting of active crown fires lead to spread rates much
higher than would occur if the fire remained on the surface. Medium and long-
range spotting associated with active crowning leads to even greater rates of fire
growth.

An independent crown fire is one that burns in canopy fuels without aid of a
supporting surface fire. Independent crown fires occur rarely and are short lived
(Van Wagner 1993), requiring a combination of steep slope, high windspeed, and
low foliar moisture content. Many apparently independent crown fires may actu-
ally be active crown fires in which the canopy phase is momentarily pushed ahead
of the surface phase under the influence of steep slope or strong wind.

Few cases of independent crown fire have been documented. The 1987 South
Mowich fire occurred over a spring snowpack on the slopes of Mount Rainier,
WA (Huff 1988). However, the primary mechanism of fire spread during that fire
was crown-to-crown spread in which lichens ignited first, then the foliage after
being preheated by burning lichen. Radiation from the torching tree then ignited
lichen on an adjacent tree. Spread rate was low—the fire took 2 days of uncontained
spread to reach 25 ha.

We do not address independent crown fires in this paper because they occur
so rarely and because no model of their behavior is available.

The Canadian Forest Fire Behavior Prediction System (Forestry Canada Fire Danger
Group 1992) uses the term “intermittent crown fire” to describe a fire that alternates
in space and time between continuous crowning and surface fire or passive crowning.
Such a phenomenon could result from spatial variability in surface and canopy fuels,
or temporal variability in windspeed, especially when conditions are near the thresh-
old for active crowning.

CHARACTERIZING CANOPY FUELS

Assessing crown fire potential requires the most accurate estimates of canopy fuel
characteristics possible. However, the literature provides little guidance for determin-
ing these characteristics at the stand level. A rich body of literature does exist on quan-
tification of tree crown and forest canopy characteristics for purposes other than fuel
characterization for crown fire modeling.

Reinhardt and others (2000) are attempting to accurately measure canopy fuel
characteristics in a range of forest types and stand densities. These accurate mea-
surements will then be compared with estimates made using two indirect ap-
proaches: instrument-based optical techniques and inventory-based techniques.
The indirect techniques have proven useful in a modeling framework. They now
need to be calibrated and verified for operational use. In addition, photographs
made of the sample stands will provide a good start for a canopy fuel photo
guide.

Three main characteristics of canopy fuels must be quantified to use the coupled
models: canopy bulk density, canopy base height, and foliar moisture content.
Canopy bulk density is the mass of available canopy fuel per unit canopy vol-
ume. It is a bulk property of the stand, not an individual tree. We use the term
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Height above ground, m

Figure 2 —Vertical profile of canopy bulk density in a
lodgepole pine (Pinus contorta) stand on the Bit-
terroot National Forest, Montana. Effective canopy

crown bulk density for reference to the bulk fuel properties of an individual tree.
Canopy base height is more difficult to define, but it too is a bulk property of a
stand, whereas crown base height is a property of an individual tree.

Alternative techniques for estimating canopy bulk density and base height are
described below. We do not yet know the relative accuracy of these methods.
Inventory-based techniques hold promise for highest accuracy, but other meth-
ods are better for mapping large areas. Pending further research, we suggest us-
ing inventory-based techniques where possible.

Canopy Bulk Density

25

With Rothermel’'s (1972) surface fire model we specify the fuels that may
potentially be consumed in the flaming fire frowt ), and the model then esti-
mates what portion of that fuel actually contributes to propagation of the fire
front. However, with canopy bulk densit€BD) we specify, before the fact, the
canopy fuels that would be consumed in the flaming front of a fully active crown
fire. It is reasonable to assume that the foliage, lichen, and moss are consumed in
the flaming front of a fully active crown fire. Some portion of the live and dead
branch wood less than 6 mm diameter should also be consumed in the flaming
front (Brown and Bradshaw 1994; Brown and Reinhardt 1991; Reinhardt and
others 1997). A model by Call and Albini (1997) suggests that 65 percent of
canopy fuel 0 to 6 mm diameter at 100 percent moisture content would be con-
sumed in a crown fire. However, Call and Albini acknowledge that their model
overpredicts consumption in small size classes.

For uniform standsCBD can be computed as the available canopy fuel load
divided by canopy depth (Keane and others 1998). This method carries the im-
plicit assumption that canopy biomass is distributed uniformly within the stand
canopy, which is unlikely to be true even in stands with simple structures;
multistoried stands are probably even more poorly represented by this proce-
dure.

Following Sando and Wick (1972), the Fire and Fuels Exten-
sion to the Forest Vegetation Simulator (FFE-FVS, Beukema

20 +

15 1

10 A

soupueid auy

5-m running mean
foliage and fine branches

and others 1997) uses a technique to estimate “effecliB&y

in nonuniform stands from a stand inventory that does not as-
sume a uniform vertical distribution of canopy fuel. Therefore,
CBD does not necessarily equal canopy load divided by canopy
depth. In FFE-FVSCBD was defined as the maximum 4.5-m
deep (15-foot) running mean of canopy bulk density for layers
0.3 m (1 ft) thick (fig. 2). This method yielded encouraging and
realistic results when applied to stand exam data on the ldaho
Panhandle National Forests. However, we have no way of know-
ing if the results are accurate because canopy fuels have never
been measured directly.

A number of studies exist that predict foliar and branch bio-
mass from tree dimensions, typically diameter, sometimes in
combination with height, crown ratio, or sapwood thickness.
Brown (1978) provides predictive equations for the common co-
nifer tree species of the Inland West; Snell and Brown (1980)

@A W

OO Gendd
e %

W
°

0.1

Canopy bulk density, kg m?

provide similar methods for Pacific Northwest conifers. A large
number of allometric equations of this type from many research
studies are summarized in the computer software BIOPAK
(Means and others 1996). These equations, together with a list
of trees representing a stand, may be used to estimate foliage
load, as well as the load of branchwood of various sizes.

0.2 0.3

bulk density is taken to be the maximum 5-m run-

ning mean (0.21 kg m3).
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An alternative method of estimating foliage load is to first estimate leaf area index
(LAI) using onsite measurement. Several optical instruments are available for esti-
mating LAl (Fassnacht and others 1994; Smith and Somers 1993; Welles 1990). Leaf
area index can be converted to an estimate of foliar biomass using specific leaf area
factors (for example, Keane and others 1996). Published values for specific leaf area
exist for many conifer species.

A canopy fuel photo guide would help managers quantify canopy bulk den-
sity in the field. Further research into the nature and properties of canopy fuels is
needed before we can fully exploit existing and future models of crown fire be-
havior.

Canopy Base Height

Crown base height is a simple characteristic to measure on an individual tree.
Canopy base heigh€BH) is not well defined or easy to estimate for a stand.
Neither the lowest crown base height in a stand nor the average crown base height
is likely to be representative of the stand as a whole. Canopy base height is diffi-
cult to measure in multistory stands and stands with ladder fuels. Van Wagner
(1993) reduced observé&tBH to account for ladder fuels in a two-story stand.
Defined in terms of its consequences to crown fire initia@BIH is the lowest
height above the ground at which there is sufficient canopy fuel to propagate fire
vertically through the canopy. Using this definition, ladder fuels such as lichen,
dead branches, and small trees are incorporated. Sando and Wick (1972) esti-
mated canopy base height of nonuniform stands based on the height at which a
minimum bulk density of fine fuel (100 Ib acré&?, 0.037 kg n¥) is found.

The Fire and Fuels Extension to the Forest Vegetation Simulator (Beukema
and others 1997) uses the Sando and Wick approach in combination with Brown'’s
(1978) equations to estimate canopy base height and canopy bulk dearsiyy
base height was defined as the lowest height above which at leash@@*lffi
(0.011 kg n?) of available canopy fuels is present.

Ladder fuels that increase the intensity of the surface fire, such as short under-
story trees, shrubs, and needle drape, are best accounted through custom surface
fuel modeling or by simple adjustment of simulated surface fire intensity to in-
clude their effect.

Foliar Moisture Content

Foliar moisture contentFMC) has less influence over crown fire initiation
thanCBH, but its theoretical effect on crown fire spread rate through the foliar
moisture effect (Van Wagner 1993) is much stronger (Scott 1998). Numerous
studies oFMC have been conducted throughout North America (Alexander 1988).
Moisture content of conifer foliage varies among species and seasons (Philpot
and Mutch 1971), but not from day to day (Hartford and Rothermel 1991) or year
to year (Philpot and Mutch 1971). The Forestry Canada Fire Danger Group (1992)
related the timing of seasonal changeBMC to latitude, longitude, and eleva-
tion.

In old foliage (at least 1 year old), the lowest moisture contents have been
found inPicea mariana(Chrosciewicz 1986; Springer and Van Wagner 1984),
andPicea glaucaPicea banksianaandAbiesbalsameaChrosciewicz 1986),
each with a lowrMC near 75 percent (though the lowEMC may occur outside
the fire season). Highest old-foliage moisture content was fouRihirs clausa
(Hough 1973) andbies balsame@ozlowski and Clausen 1965; Little 1970),
with values near 150 percent. The range of old-foliaykC for most species
straddles 100 percent, so this value has been used as a Ebf@ult no other
information is available (Finney 1998; Scott 1998). Future research should be
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directed at compiling existingMC data for Western conifers, then conducting
field research to fill in gaps in the data. Larger errors in estimating efféda:
probably result from variable amounts of dry dead fuels and lichen in the canopy.
Van Wagner (1993) estimated effecti&C by computing the loading-weighted
average moisture content of the foliage and fine dead canopy fuels. Until better
data exist, using 100 percent f&vIC is a reasonable approach, especially given
the relative insensitivity of the models to this parameter.

EXISTING MODELS OF SURFACE AND CROWN FIRE BEHAVIOR

The basic behavior of surface and crown fires can be described by fireline
intensity (), forward rate of spreadR], and heat (release) per unit ard®4). (A
complete list of symbols used in this paper can be found in table 1.) Fireline
intensity is the rate of heat release in the flaming front per unit length of fire
front. Byram (1959) defines fireline intensity,as

_HWR

= 1)
60

whereH is the heat yield of the fuel (kJ Kg W, is the weight of fuel consumed

in the flaming front (kg M), Ris the forward rate of spread of the fire (m ®in

and 60 is a conversion factor so that the unit$ feduce to kW m(kJ m* mirr?).

Byram uses the term “available fuel” to descidebut he evidently refers to the

weight of fuel available to the flaming fire front, not the total amount consumed

in flaming and smoldering combustion. In the remainder of this paper, intensity

should be taken to mean Byram'’s fireline intensity as defined in equation 1.
Heat (release) per unit area is the product of the heat yield oflfyelad the

weight of fuel consumed in the flaming frok,. ThereforeHPA is identical to

the quantityH\W, in equation 1. Heat per unit area can also be expressed (Andrews

and Rothermel 1982) as

HPA= It (2)

wherel  is reaction intensity (kJ minm?) andt, is residence time in minutes
(Anderson 1969)

- 12595 3)
o
whereg is the characteristic surface-area-to-volume ratiojafithe fuel bed.
Neither Rothermel’'s (1972) model nor BEHAVE (Andrews 1986) explicitly

computesW,, but becausé&iW, in equation 1 is equivalent t8PA, W, can be
computed as

HPA
w, =28 (4)

Fuel Consumption at the Flaming Front

Conflicting and ambiguous terminology has led to confusion in determining
W, for use in equation 1 and its variants (see table 2). Total fuel\da; the
maximum amount of fuel, including duff and large woody fuels (>76 mm diam-
eter), that could possibly be consumed in a hypothetical fire of the highest inten-
sity in the driest fuels (Byram 1959). Available fuel,, is that portion of the
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Table 1—Symbols and variables used in the text.

Symbol Definition
B,C.E Terms in Rothermel’s (1972) model, all functions of
CBD Canopy bulk density, kg m™
CBH Canopy base height, m
CFB Crown fraction burned
FMC Crown foliar moisture content, percent
FME Foliar moisture effect
HPA Heat (release) per unit area, kJ m
H Heat yield of fuel, kJ kg™
/ Byram'’s fireline intensity, kW m-'

itiation Critical / for initiating a crown fire, kW m-'
I Reaction intensity, kW m
(0] Open (6.1-m) windspeed, km hr
! Critical open windspeed for sustaining fully active crown fire, km hr'
Critical open windspeed for crown fire cessation, km hr'
Critical open windspeed for crown fire initiation, km hr

,active
'cessation
initiation

Q, Heat of preignition, kJ kg™

R Forward rate of spread, m min-'

R for a fully active crown fire, m min*

Critical R for sustaining an active crown fire, m min-!

R for any type of fire: surface, passive crown, or active crown, m min-'

?cﬁve
active

final

Critical R for initiating a crown fire, m min-’
R for a surface fire, m min-"

Mass-flow rate of crown fuel, kg m2 s
Flame residence time, min

Midflame windspeed, km hr!

initiation

surface

Available fuel, or total fuel consumption, kg m2
Fuel available for convection, kg m

Weight of available canopy fuel, kg m

Weight of fuel consumed in the flaming front, kg m?
W._ with the mineral content removed, kg m-2

anopy

Fine fuel that can potentially contribute to flaming front, kg m
Total fuel load, kg m=2

Wind reduction factor

Fuelbed packing ratio

Optimum fuelbed packing ratio

I IIIIX &R

T
3
m

o
°

Effective heating number

Propagating flux ratio

Oven-dry fuel bed bulk density, kg m=
Surface-area-to-volume ratio of fuel particles, cm-'
Slope factor

Wind coefficient

Critical wind coefficient for crown fire initiation

o

~=

S QP Y ®

w (initiation)

total fuel load that is consumed in a given fire; it must always be less than or
equal to W, (fig. 3). Unless otherwise specified, W, includes the consumption of
duff and large woody fuels, most of which takes place after passage of the fire
front. Equation 1 requires W, the usually much smaller quantity of fuel that is
consumed in the flaming fire front. The Forestry Canada Fire Danger Group
(1992) uses equation 1 to define frontal fire intensity (as opposed to Byram’s
fireline intensity) in the Canadian Forest Fire Behavior Prediction System by
using W (total fuel consumption) in place of W, In forest fuel complexes with
duff and coarse fuels, I, can be many times larger than /¥, so values of frontal
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Table 2—Definition of fuel loading, consumption and availability terms and variables. All quantities are
measured in mass per unit area (kg m2).

Term Symbol Definition

Total biomass The total amount of living and dead vegetation per unit
area, including vegetation that is never consumed in a
fire, such as live tree boles and large live branches.

Total fuel load w, The maximum amount of fuel per unit area that can
possibly be consumed in a fire of the highest possible
intensity in the driest possible fuels.

Available fuel w The total amount of fuel per unit area that is consumed by

Fuel available for
convection

Fuel consumed
within the
flaming front

Total fine fuel load?

Net fuel load

a fire, including the post-frontal consumption of duff,
organic soils, and large woody fuels like logs.

The amount of fuel per unit area that is consumed in a
short enough time and with enough intensity to contribute
to the convection column. It is usually larger than W, but
smaller than W, because only a fraction of postfrontal
combustion contributes to convection.

The amount of fuel per unit area that is consumed within
and contributes to fire behavior in the flaming front of the
fire. In Rothermel’s (1972) surface fire model this only
includes fuels less than 7.6 mm diameter.

The amount of surface fuel per unit area less than 7.6 mm
diameter. This term is used in the Rothermel (1972)
surface fire spread model.

The net amount of surface fuel per unit area less than 7.6 mm
diameter after the mineral fraction has been sub
tracted. It is always slightly less than W,. W is also a term

from the Rothermel spread model.

Byram’s definition of W,

aThis term was originally called total fuel load in the Rothermel (1972) model; we modified it here to avoid conflict with

Fuel load terms
w, [ [ [ ]
wo [
w, [
Fuel consumption
crown fire Figure 3—Comparison of fuel
w, [l | [ ] loading, consumption, and avail-
we [ ability terms for a hypothetical
fuel complex under conditions of
we [l (a) high dead fuel moisture that
) leads to surface fire, and (b) low
surface fire dead fuel moisture that leads to
Wy - active crown fire. Terms are de-
duff fined in table 2.
WC - surface < 7.6cm
Wf l:l surface > 7.6cm
|:| canopy fuel
l T T T T T T
0 2 4 6 8 10 12 14

Fuel load, kg m?
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fire intensity should also be many times larger than the fireline intensity used in
this paper. Values of frontal fire intensity from the Canadian FFBP System are
therefore not directly comparable to values of fireline intensity reported here.

Rothermel (1991a) resurrected Byram’s concept of the “power of the fire” to
identify potential plume-dominated fire conditions. To compute the power of the
fire, Rothermel (1991a) estimated the amount of fuel consumed in a short enough
time and with enough intensity to contribute to the convection col¥n,
Rothermel refers to the energy producedMy(that is,H * W) as the unit en-
ergy, which is analogous to heat per unit area in the surface fire model. Rothermel’s
analysis using Albini’s (1976) BURNOUT model indicated th4twas only
slightly greater thaiV.

Further confusion is brought about by variable names from the Rothermel
surface spread model (1972). In that motlé|, which Rothermel called total
fuel load, is actually a subset of the total fuel load defined by Byram. UMike
W_includes only those fuel components that contribute significantly to fire be-
havior at the flaming front. By convention, only the dead fuels less than 76 mm
diameter and live fuels less than 6 mm diameter are includéf (Rothermel
1972). In the Rothermel (1972) modél, is the net weight olV_ after the min-
eral fraction has been subtracted. Mineral fraction is usually held constant at
0.055, soN, =W (1 — 0.055). Some authors have incorrectly Wsgah place of
W, (for example, Bessie and Johnson 1995, equation 12). This error can result in
a many-fold over-calculation of intensity, because the Rothermel model predicts
thatW,is only a small fraction dfV_in forest fuels.

For crown firesW.is the combined weight of surface and canopy fuels con-
sumed in the flaming front. An active crown fire consumes nearly all of the fine
crown fuels in a given area, while a passive or intermittent crown fire consumes
only a portion (Van Wagner 1993).

It will later be necessary to estimate the spread rate that leads to a given fireline
intensity by rearranging equation 1. The difficulty of determinivjfor use in
equation 1 and its derivatives can be avoided by replabijgvith HPAiIn equa-
tion 1.

*
| = HPA* R (5)
60

The Rothermel surface fire spread model was developed to predict spread
rate; only through combination with a model of residence time (Anderson 1969)
can the Rothermel spread model be used to estidRAeand!l (Andrews and
Rothermel 1982). As such, estimates afe not as reliable as thoseRffom the
Rothermel model. However, the Rothermel model is the best choice currently
available for estimating the fireline intensity in surface fires. With testing, the
BURNUP model (Albini and Reinhardt 1995; Albini and others 1995) may prove
useful in estimating fuel consumed in the flaming front of surface fires.

Surface Fire Behavior

For this analysis surface fire spread rate is simulated with Rothermel’s (1972)
model as adjusted by Albini (1976) and implemented in BEHAVE (Andrews 1986),
FARSITE (Finney 1998), NEXUS (Scott 1999), and other fire modeling sys-
tems. Headfire rate of spread for upslope winds is expressed (Rothermel 1972)

_ | $(1+q,+q) ©6)
urface anQg

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



The Rothermel model has many input factors. Fuelbed characteristics have
been combined into standard fuel models (Anderson 1982) that represent styl-
ized fuelbeds. Custom fuel models can be created from a fuel inventory or by
adjusting one of the standard fuel models (Burgan 1987; Burgan and Rothermel
1984). As employed in this analysis, the Rothermel model can be used with ei-
ther standard or custom fuel models to simulate surface fire behavior. Standard
fuel models often do not accurately simulate both spread rate and fireline inten-
sity simultaneously for a given simulation. Even custom models are difficult to
calibrate so that both rate of spread and fireline intensity are accurately simulated
over a range of environmental conditions. For assessing crown fire hazard using
the models outlined in this paper, accurate simulation of surface fireline intensity
is more important than spread rate accuracy. The selection of a standard model or
calibration of a custom model should reflect this importance.

Crown Fire Behavior

Foresters and ecologists use the term crown in reference to the branches and
foliage of individual trees, and the term canopy when referring to the aggregation
of crowns at the group or stand level. Technically, a crown fire is one that con-
sumes the crowns of individual trees (a passive crown fire), while a canopy fire
would be one that burns in the whole canopy stratum as a unit (active or continu-
ous crowning). However, we customarily refer to both types of fires as crown
fires. We will continue to use the term crown fire to refer to both crown and
canopy fires because the modifiers passive and active distinguish the two types.
Several models of active crown fire spread rate are now available (Albini 1996;
Gomes da Cruz 1999; Grishin 1997; Rothermel 1991a). Each model carries prob-
lems or assumptions that limit its application. Despite its shortcomings, we use
the Rothermel (1991a) procedure to estimate crown fire spread rate because it is
the most widely used of the available models.

The Rothermel (1991a) correlation was intended for the Northern Rocky Moun-
tains and other areas with similar fuels, climate, and topography. He used linear re-
gression to relate coarse-scale observed crown fire spread rates to predictions made
with his surface fire model using fuel parameters from Fire Behavior Fuel Model
(FM) 10 (Anderson 1982). Midflame windspeed was set to 40 percent of the ob-
served 6.1-m (20-ft) windspeed. In simple form, the Rothermel (1991a) correlation
for average crown fire spread rate is

Rictve = 3-34(R10 )40% (7)

where R, ), is the spread rate predicted with Rothermel's (1972) surface fire
model using the fuel characteristics for FM 10 and midflame windspeed set at 40
percent of the 6.1-m windspeed.

The input factors from FM 10 must be used to predict crown fire spread rate
using Rothermel’s method, not the actual surface fuel characteristics. Bessie and
Johnson (1995) used actual surface fuel characteristics, which can result in errors
of nearly an order of magnitude, depending on the nature of the actual surface
fuels. However, the mandatory use of FM 10 applies only to simulating crown
fire spread rate with Rothermel’s (1991a) correlation—surface fire spread rate
can still be simulated with any appropriate standard or custom fuel model. The
midflame windspeed for use in the correlation must be set at 40 percent of the
open windspeed, not at the midflame wind that would be used for simulating
surface fire behavior. For surface fires, midflame winds are estimated by multi-
plying the open wind (6.1-m in the United States) by a wind reduction factor,
WRE the ratio of midflame to open windspeeds. In forest stands on level ground,
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Albini and Baughman (1979) estimadRFfrom stand height and crown filling
fraction (the fraction of the canopy volume that is occupied by tree crowns). The
WRFfor forest stands is most often in the range 0.10 to 0.3 (Rothermel 1983).

Rothermel’s correlation is limited to wind-driven crown fires—plume-domi-
nated crown fires are not predicted by this or any other crown fire spread model.

We must make additional assumptions before applying Rothermel (1991a) to
the coupled model. First, we assume the Rothermel crown model estimates the
spread rate of fully active crown fires, though some of his fires, such as the 1989
Black Tiger fire (NFPA 1990), were likely not fully active. In that respect the
Rothermel correlation might underestimate the spread rate of a true fully active
crown fire. Second, we assume that the correlation simulates the flame front
spread rate alone, without the effect of spotting. However, the observed spread
rates used in the correlation included the effect of short- and medium-range spot-
ting on overall fire spread rate. In that respect the correlation should overpredict
spread rate of the flame front itself. Last, we use the average spread rate from
Rothermel (1991a) rather than the maximum he observed. Therefore, crown fire
runs with spread rates faster than the coarse-scale average are possible and will
be underpredicted in our method. The combined effects of fires with significant
spotting and less than fully active crowning in the Rothermel correlation on simu-
lated active crown fire spread rate is uncertain.

Despite these limitations, the lack of practical alternative models requires
that we use Rothermel’s (1991a) method to simulate spread rate of a fully active
crown fire flame front. Different models of active crown fire spread rate—an
improved empirical model (Gomes da Cruz 1999) or a metamodel derived from
a physical model—can be substituted as they become available.

To derive an index of crown fire potential, equation 7 must be written in its
mathematical form

U1+ q,+@)E
R = =3343R (8)
ctive AH QJEQ,g

where all terms are evaluated for the characteristics of FM 10. In Rothermel’s
correlation, crown fire rate of spread depends only on open windspeed, surface
fuel moisture contents, and slope steepness, but not on actual surface or canopy
fuel characteristics. Active crown fire spread rate probably also varies with other
canopy characteristics such as foliar moisture content (Van Wagner 1974, 1989)
and canopy bulk density. However, the models that include canopy bulk density
show contradictory effects of canopy bulk density on spread rate. Grishin’s (1997)
physical model indicates increasing spread rate with decreasing canopy bulk den-
sity, whereas the empirical model developed by Gomes da Cruz (1999) shows a
direct relationship. Albini's crown fire model has not yet been exercised suffi-
ciently to determine how it will respond to variation in canopy bulk density. Until
the conflicting effects of canopy bulk density on crown fire spread rate can be
resolved, using a model that does not include this variable is not unreasonable.

M10

Foliar Moisture Effect

The Rothermel correlation can be extended to include the theoretical effect of
foliar moisture contenEMC, on crown fire spread rate using the foliar moisture
effect,FME, defined by Van Wagner (1974, 1989, 1993) as

(9)

— E(lS—.OOZ?FMC)“
0460+ (25FMC)

[ [
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TheFME is always applied as a ratiolfE to a normal valueEME_, which
is based on thEMC in the data used to construct the crown spread rate model.
TheFMC of the fires used in the Rothermel correlation was not documented and
surely varied among the fires. Therefore, using-M& concept with Rothermel’s
model will require a derivation 6fME_based on some alternativ®1C, such as
an overall averageMC among all species during the fire season in the Northern
Rocky Mountains. Taking the rangef¥IC to be 85 to 120 percent and assum-
ing an average of 100 percent, the ré&tME/FME_ would range from 0.714 to
1.31. Incorporating thEME concept, equation (8) becomes

U
Ripe = 3347 E @ SO0 (10)
OFME, P,£Q, -

whereFME, is 0.0007383 for a referené&C of 100 percent. The foliar mois-

ture effect will not be used further in this paper. HowelwBlE is included as an
option in NEXUS; interested readers can examine its effect on crown fire spread
rate and the Torching and Crowning Indices themselves.

Criterion for Crown Fire Initiation

Several models of crown fire initiation are available. Most are semiempirical
with a basis in convection theory (Alexander 1998; Van Wagner 1977,
Xanthopoulous 1990) that consequently need estimates of heat release rate (fireline
intensity) for determining the upward heat flux. Gomes da Cruz (1999) devel-
oped a logistic regression model based largely on fuel strata gap (similar to canopy
base height) and total surface fuel consumption (as a surrogéég.fGomes da
Cruz used total surface fuel consumption to avoid difficulties in estimating fireline
intensity. However, surface fuel consumption is itself difficult to estimate.
Alexander’s model is similar to Van Wagner’s, but accounts for the effects of
flaming residence time, plume angle, and fuel bed characteristics. While these
additional inputs may improve predictions, they are difficult to estimate, so their
inclusion is of dubious value. Because of the lack of high quality observations,
none of these crown fire initiation models has been rigorously tested against
independent data.

We selected Van Wagner’s (1977) model of crown fire initiation because it is the
most widely used of the potential models, if only because it is one of the oldest. Van
Wagner (1977) theorized that canopy fuels ignite when heat supplied by a surface fire
drives off their moisture and raises them to ignition temperature. He identified the
critical (minimum) fireline intensity of a surface fite, _. , that will initiate a crown
fire. Van Wagner's (1977) separate equations can be combined as follows to compute
I in KW m*:

initiation

~_[CBH(460+ 25 FMC) >

T (11)
initiation E 100

whereCBH is the canopy base height (m). The coefficient 100 in the denomina-
tor is an empirical constant based on a single observation.
For further analysig,, ..., is converted to its equivalent rate of spréad, . ..
by rearranging equation 5 and substituting . for I, following the concepts in
the Canadian FFBP System (Forestry Canada Fire Danger Group 1992) and Van

Wagner (1993)
, _ 60l i:1itiation (12)
Rnitiation - HPA
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Figure 4 —Van Wagner’s crown fire initiation criterion (following Alexander 1988) expressed
as critical surface fireline intensity (a), and critical flame length using Byram'’s (1959) flame
length model (b). Note that critical flame length is less than canopy base height (CBH) for
CBH greater than about 1 m. Example : a stand with CBH of 3 m and 100 percent FMC
requires surface fireline intensity of 875 kW m (flame length 1.7 m) to initiate crowning.

BecauseéHPAis a function of fuel characteristid®)_. .
surface fuel characteristics, ever'jf._. is the same.

Van Wagner’s crown fire initiation criterion has not been well tested, but it
includes the major variables important to initiating a crown fire—height of canopy
fuels above the ground, their moisture content, and the intensity of the surface
fire (fig. 4).1', ..., depends on foliar moisture content and canopy base height.
In the Rothermel surface fire model, surface fire intensity depends on surface
fuel characteristics (load, surface-area-to-volume ratio, heat content, packing ra-
tio, and moisture contents), midflame windspeed, and slope steepness. Different
fuel complexes can have the same valug of (for example, similaCBH

andFMC) but different surface fire intensities.

will also vary with

Criterion for Active Crown Fire Spread

By rearranging a basic heat balance equation applicable to fire spread in any
fuel complex, Van Wagner (1977) theorized that solid flames would form in the
canopy (active crowning) if a critical horizontal mass-flow rate of fuel into the
flaming zone S, is exceeded

S = Igctive CBD (13)

whereR__. is the after-crowning forward rate of spread &&D is the canopy
bulk density (kg nf). Van Wagner (1977) found a critical mass flow rate of 0.05
kg m? sec! for one fire in a red pine plantation, slightly lower than the values
given for experimental fuel beds by Thomas (1963). Until more data on the criti-
cal mass flow rate for crown fires in a wide range of forest types are available we
will rely on Van Wagner's critical mass-flow rate of 0.05 kg sec. Rearrang-

ing equation 12, substituting Van Wagner’s value of 0.0%fand multiplying

by 60 to comput®&' . in m mint (Alexander 1988), the critical (minimum) rate

active

of spread for active crowning' is

active’

, - 30 (14)

ctive — CB D

The only factor affecting the critical spread rate needed to sustain an active
crown fire isCBD (fig. 5).
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IS 60 Figure 5—Van Wagner’s criterion for sustained
= active crown fire spread based on a minimum
% 1 horizontal mass-flow rate of 0.05 kg m2 min.
= 40 Example : a stand with CBD of 0.2 kg m™ re-
.8 quires a spread rate of 15.0 m min to sustain
X 1 active crowning.
20 1
active crown fire
not possible
0 T T T T T T :
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Canopy bulk density, kg m

Quantitative Crown Fire Classification

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

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

high
. Figure 6 —Fire classification based on Van
Active Wagner (1977) and Alexander (1988). A fire
crown fire for which surface fire intensity (/_,,...) is less
R . than critical (/', ,....,) falls in the surface fire
active class; one for which |/ exceeds /'

....... surface initiation

is either a passive or active crown fire de-
pending on the crown fire spread rate cri-

Crown fire spread rate, Ractive

Surface 5| Passive terion. Passive crowning occurs where a
fire & crown crown fire initiates (I_, ... > I, .0, BUL Can-
g fire not be sustained (R, < R’ ) An active
= crown fire occurs where both criteria are
exceeded.
low
low high
Isurface

QUANTIFYING THE HAZARD

Our objective is to produce a method of quantitatively assessing the relative
crown fire hazard of different stands by coupling the existing fire behavior mod-
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els presented above. At any given site, fuels and topography can be considered
constant in the short term. Weather, however, varies significantly throughout a
day, from day to day, and throughout a season.

In the fire behavior models presented above, weather is manifested in two
basic inputs: windspeed and dead fuel moisture content. From a description of
the surface fuels, canopy fuels, and site characteristics needed for the above mod-
els, we can define critical combinations of dead fuel moisture and windspeed that
result in surface, passive crown, and active crown fires. Consider a simulation
for a hypothetical stand with the characteristics shown in table 3. The passive
crown fire region is fairly narrow (fig. 7), and active crowning can occur under
moderate burning conditions.

While it is possible to compute all combinations of dead fuel moisture and
windspeed that lead to crown fire activity for a given fuel complex, for purposes
of a relative hazard assessment it is sufficient to set fuel moistures constant at
values that represent some moisture condition of interest (for example, actual,
typical, or extreme moisture conditions). Windspeed is highly variable and prob-
ably the most important environmental factor affecting crown fire initiation, sus-
tained active spread, and final rate of spread. Therefore, we will determine the
critical open wind© (6.1-m above the canopy), that leads to crown fire activity
for a set of site characteristics, surface and canopy fuel characteristics, and fuel
moisture conditions. Sites that can initiate or sustain a crown fire at lower
windspeeds are more prone to crown fire. Critical open windspeeds for crown
fire initiation and active spread are stand-specific indicators of crown fire haz-
ard. Note that although we use critical windspeeds as indices, the site conditions
(surface and canopy fuels, slope steepness, and so forth), not the weather, are
being rated.

Table 3—Simulation inputs for a hypothetical stand to be

used in examples throughout this paper.

Input Value
Fuel model 10 (timber litter)
Slope 0 percent
Canopy bulk density 0.15 kg m
Canopy base height 15m
Foliar moisture content 100 percent
Wind reduction factor 0.15
Live fuel moisture Normal summer?

a

See table 4 for a listing of fuel moisture content by size class.

Open windspeed, km/hr

70

60 -
active crown fire . .
Figure 7 —Van Wagner’s (1977) crown fire clas-

sification under varying open windspeed and
0 - dead surface fuel moisture conditions for the
// example stand. For this example, a passive
30 2 crown f crown fire region separates surface fire and
pa active crown fire. Inputs : fuel model 10 (tim-
ber litter and understory, Anderson 1982),
canopy base height = 1.5 m, canopy bulk den-
sity = 0.15 kg m3, foliar moisture content =
100 percent, live surface fuel moisture = 78
percent, and wind reduction factor = 0.15.

50 o

20 A surface fire

10 A

0 : T T T T
4 6 8 10 12 14
Weighted-average dead
fuel moisture content, percent
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Two Indices of Crown Fire Hazard

The Torching Index (TI) is the 6.1-m windspeed at which crown fire is expected to
initiate based on Rothermel’s (1972) surface fire model and Van Wagner's (1977)
crown fire initiation criteria. Tl is a function of surface fuel characteristics (fuel model),
surface fuel moisture contents, foliar moisture content, canopy base height, slope steep-
ness, and wind reduction by the canopy.

The Crowning Index (CI) is the 6.1-m windspeed at which active crowning is
possible, based on Rothermel’s (1991a) crown fire spread rate model and Van Wagner’s
(1977) criterion for active crown fire spread. Cl is a function of canopy bulk density,
slope steepness and surface fuel moisture content.

The Torching and Crowning Indices can be determined graphically by plot-
ting R, oce Ricive Rinitiaion @NA R0 OVEr @ range of open windspeeds (fig. 8),
holding moisture content at some specified level—in this example we use
Rothermel’s (1991a) normal summer condition (table 4). The Tl is the windspeed
where the lines foR_ . andR’ . . cross. The Cl is where the lines Ry,
andR’_ . . cross. Van Wagner'’s fire classification is also shown on the chart. At
windspeeds less than Tl a surface fire is expected. If the windspeed is greater
than TI but less than Cl we expect a passive crown fire. Finally, windspeeds

greater than CI result in active crown fire.

Crown fire assessment chart

50

45 -

35

30 A

20 1+

Spread rate, m min
N
[6;]
!

15 A

10 A

Ractive

Riinitiation

surface fire

passive active
Crf?""” Crf‘.""’“ Figure 8 —The Torching and Crowning Indices can

re e be determined graphically on a crown fire assess-
ment chart. The open windspeed at which R
excee_ds R’mm‘arion (Same as Isurfa_ce > I’imlia[ion) 1S the
Torching Index (TI). The open windspeed at which
R, ... €Xceeds R’ . isthe Crowning Index. A sur-
face fire is expected at windspeeds below TI.
Windspeeds greater than Tl but less than CI lead
to passive crowning. Active crown fire is expected
at windspeeds above Cl. The theoretical surface
fire spread at Cl (R',,) is shown; that quantity will
be used later in the paper. Inputs : fuel model 10
(timber litter and understory, Anderson 1982),
canopy base height = 1.5 m, canopy bulk density
= 0.15 kg m, foliar moisture content = 100 per-

Torching index (O'jnitiation)

|
\ Crowning index (O'iac4ive)

—————————— tion factor = 0.15.

cent, normal summer surface fuel moisture con-
> Rsurface dition (Rothermel 1991, table 4), and wind reduc-

Open (6.1-m) windspeed, km hr?

Table 4—Fuel moisture content values (percent) by size class for five seasonal moisture condi-
tions, from Rothermel (1991a).

Seasonal moisture condition

Early spring Late spring Normal Drought Late summer
Class before greenup after greenup summer summer severe drought
1-h 8 9 6 4 3
10-h 14 11 8 5 4
100-h 18 15 10 7 6
live 65 195 117 78 70
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The quantityR’, , the simulated surface fire spread rate when the windspeed =
O',.ive IS also shown in figure 8; it will be referenced in the discussion of crown
fraction burned in appendix A.

The effects of slope are difficult to generalize because slope can either in-
crease or decrease fire spread rate depending on wind direction. In his analysis of
crown fire spread, Rothermel (1991a) suggests assuming level ground for mod-
eling average crown fire behavior over large areas, and assuming upslope winds
for worst-case analysis. One might want to examine effects of wind direction
with respect to slope on crown fire potential. Equations for determining TI and
Cl for cross-slope winds are on file with the authors at the Rocky Mountain
Research Station, Missoula Fire Sciences Lab. The derivations of critical
windspeed for crown fire initiation and sustained spread for upslope winds will
be shown below.

Torching Index—The Torching Index is the open windspeed at whigh,
wrace ASSUMING thatV, is independent of windspeed, as it is in the Rothermel
surface fire model, then Tl is also the windspeed at wRich. =R . Com-

initiation surfac€
bining equations 6 and 12 allows us to expRss, ... = as

R
surface

60| i:1itiation _ I R£(1+ %\,(initiation) + qos) (15)

HPA 0.EQ

where@', . .ion IS the critical wind coefficient for crown fire initiation. Solving
equation 15 forp’, . .0n 9iVES

% o — 60| i;itiationpogQig _ (@ -1 (16)
(initiation) H PAE I )

Rothermel (1972), expressed in Sl units by Wilson (1980) with midflame
windspeed ) in km hr?, definesg

OgO-
@, = C(54.683))"° %Bﬁ% (17)
op

whereC, B, andE are constants for any given surface fuel complex that depend
only ong, andB/rSOp is the ratio of actual to optimum packing ratio of the fuel

bed (Rothermel 1972). Combining equations 16 and 17 and converting to the
open windspeed gives @&

initiation.

I
D6OI initiation pD‘EQig

1
[P
1 HPAZ 0
Tl = O|'r1itiation = & AE : —~E O (18)
4.68WRF DB 0 0
0 C 0
1 %HeH
The Torching Index can be computed for any combination of surface fuels,

fuel moistures, canopy base height, wind reduction factor, and foliar moisture
content.
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Crowning Index—Similarly, to derive the Crowning Inde®,, . , we solve
for O', .. such thaR . _equalsR’ ., which in turn is expressed in terms of
canopy bulk density (equation 13). Solving first for the critical midflame

windspeed,
0n 30
Tep
, 1 3341 ¢
Uactive = & =
4.68 0 B 0
C
3 CHat

As in equation 8, the terms from Rothermel’s crown fire rate of spread equa-
tion are evaluated only for FM 10, so all terms are constant excapd & Qig,

which vary with fuel moisture, andBD and ¢ . Simplifying equation 19, sub-

S
|
[EEN
I

(19)

stituting fuel characteristics for FM 10 and converting to open wind, we have

M164.8Q, 0
cep % 1

o - g O (20)
Cl Oactlve OO45ID 001612 0

H

where the terms are evaluated for the fuel characteristics of FM 10.

Nomograms for computing Tl and CI for flat ground have been created (see
appendix D). For more complex situations, the spreadsheet NEXUS (Scott 1999,
www.fire.org/nexus/nexus.html) can be used. The Torching and Crowning Indi-
ces have been incorporated into FFE-FVS, and have been coded to operate di-
rectly in Arcinfo GIS.

SIMULATING OVERALL SPREAD RATE AND INTENSITY

Methods for simulating surface fire behavior, active crown fire behavior, and
the thresholds for crown fire initiation and active crown fire spread for the North-
ern Rocky Mountains were described earlier. In this section we simulate the be-
havior of a fire as it makes the transition from surface to crown fire as burning
conditions worsen.

Overall Spread Rate

An elusive goal of fire modelers has been to simulate the full range of fire
behavior exhibited in forest stands using one model or system of models. Any
single model is unlikely to adequately simulate surface fire behavior, transition
to crown fire, and crown fire behavior in the near future. However, existing mod-
els can be linked together to produce such simulations. Final rate of fire spread
(R,..)» whether surface or crown, is computed following Van Wagner (1989, 1993)
and the Forestry Canada Fire Danger Group (1992) as

Rfinal = &urface-'- CFH |:‘Zu:tive_ |1urfacl (21)
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whereCFB is a transition function, termed “crown fraction burned,” that ranges
from O for a surface fire to 1 for a fully active crown fire (Van Wagner 1993). (In
the Canadian FFBP System, the Forestry Canada Fire Danger Group [1992] de-
fines a surface fire as havi@FB > 0.1 and an active crown fire as havibgB
> = 0.9.) ConceptualhCFB is the fraction of canopy fuels consumed in a fire.
Several alternative derivations@FB are available (Finney 1998; Forestry Canada
Fire Danger Group 1992; Van Wagner 1989, 1993), but none are based on ob-
served (for example, Stocks 1987, 1989) or modeled (for example Call and Albini
1997) canopy fuel consumption. Inste@dB is simply a transition function to
estimate final spread rate from simulations for surface and fully active crown
fires, and to estimate of the degree of crowning (Van Wagner 1989, 1993). In all
of the above models, the proportion of canopy fuels burned (for estimating fireline
intensity, for example) is assumed to equal the value of the transition function.
We used a lineaZFBtransition function for scaling spread rate betwRen
andR_. . A detailed discussion of alternative methods of estimatifg can be
found in appendix A. For the example stand described e&)jgrandCFB are
plotted on the crown fire hazard assessment chart (fig. 9). Crown fraction burned
is zero until the windspeed equals the TI, then increases linearly to 1.0 where the
windspeed equals the Cl. For windspeeds less than TI, a surface fire is expected
andR,  equalsR_ . . Forwindspeeds in excess of Cl, a fully active crown fire
is expected, anR,__ equalsk_, . In the passive crown fire region between TI
and ClI, passive crowning is expected, B)d is scaled betweeR, . andR .
(equation 21) based @@FB.

Crown fire assessment chart
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Figure 9 —Final spread rate (R, ) and crown fraction burned (CFB) plotted over a range of
windspeeds. Crown fraction burned (right-hand Y-axis) is O until windspeed reaches the
Tl, then increases to 1 where windspeed reaches Cl. In the surface fire region, R,
R

In the passive crown fire region, final spread rate is scaled between Rsuﬂaceﬂ%d
ive IN the active crown fire region, R, ., = R_ ... Inputs : fuel model 10 (timber litter and
understory, Anderson 1982), canopy base height = 1.5 m, canopy bulk density = 0.15 kg
m-3, foliar moisture content = 100 percent, normal summer surface fuel moisture condition

(Rothermel 19914, table 4), and wind reduction factor = 0.15.

surface®
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Overall Fireline Intensity

Final fireline intensity is computed by modifying equation 5 as follows:

‘ — (H PAsurface+ McanopyH canopyCFB»Rfinal (22)
final 60
whereW_  is the available canopy fuel load, aHd,  is the heat yield of

canopy fuels (including a reduction for moisture content). Following FARSITE
(Finney 1998) we assume a heat yield of 18,000 kKXdwgcanopy fuels.

HYSTERESIS IN CROWN FIRE: THE CONDITIONAL SURFACE FIRE

Conventional wisdom is that a surface fire must first go through a passive
crown fire phase before becoming active as burning conditions worsen (for ex-
ample, as windspeed increases), and that any stand not capable of initiating a
crown fire would not support an active crown fire under the same conditions.
However, the links among models of surface and crown fire behavior indicate a
different possible behavior during transition to crown fire. In this section we
discuss the evidence of hysteresis in the linked surface and crown fire models
and its potential impact on fire behavior and crown fire hazard assessment.

For many stand conditions, such as those with low canopy base height (which
makes initiation easier) and low canopy bulk density (which makes active crown-
ing more difficult), a period of passive crowning would be experienced as condi-
tions worsen and active crowning is approached. In these situations the Torching
Index is less than the Crowning Index; the region between the two indices is the
passive crown fire region (fig. 8). In stands that have higher canopy base height
or higher canopy bulk density, such as those associated with dense, single-storied
stands, the Tl can be higher than the CI. That is, stronger winds may be required
to initiate crowning than are needed to sustain active crowning once started. For
example, by modifying characteristics of our example stand s€iidt= 2 m
andCBD = 0.25 kg n¥, the Tl is 45 while the Cl is only 26 (fig. 10). This “rever-
sal” of Tl and CI only occurs with certain combination<C&H andCBD. The
combinations of those variables where Tl = CI (for level ground, normal summer

Crown fire assessment chart

50

. conditional active
45 - surface fire ~§ crown ’E crown
3 fire §| fire
-2 £
40 - Q o . . . .
x e Figure 10 —In conditions of relatively high CBH
35 é’ ) and CBD, the Cl is less than the TI. That is,
o £ more extreme conditions (of wind and fuel
30 4 £ 2 moisture) are required to initiate crown fire than
2 S to maintain active crown fire. This situation can
1§ R lead to a hysteresis in spread rate and inten-

25 - ; ;
sity. Inputs : fuel model 10 (timber litter and

understory, Anderson 1982), canopy base
height = 2.0 m, canopy bulk density = 0.25 kg
15 | m-3, foliar moisture content = 100 percent, nor-

Ractive mal summer surface fuel moisture condition

10 o T T T T T T T T T = (Rothermel 1991a, table 2), and wind reduc-
tion factor = 0.15.
Rsurface
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fuel moisture conditions and/RF= 0.15) can be plotted for a range of surface
fuel models (fig. 11). For the example in figure 11, if @D = 0.2 kg n? there

can be a hysteresis@BH is greater than about 0.2 m for fuel model 8, 1.5 m for
fuel model 10, and 3.5 m for fuel model 12. Many stands of@B& haveCBH

greater than those critical values, so the hysteresis may not be a rare phenom-
enon.

Following Van Wagner’s (1977) classification, any stand for which surface fireline
intensity does not meet the initiation criterion is classed as a surface fire (that is, when
the windspeed is less than the TI). For a before-thestssification of the type of
fire, surface fireline intensity is estimated from a model of surface fire behavior (for
example, Rothermel 1972), which implicitly assumes that the origin of the fire in the
stand of interest is a surface fire. But what if fire spreads to the stand of interest as a
crown fire, having made the transition earlier or elsewhere? How then should fireline
intensity be estimated for the stand of interest?

Figure 11 —Combinations of canopy
base height (CBH ) and canopy bulk
density (CBD) for which the Torch-
ing Index equals the Crowning Index,
for various surface fuel models.
Combinations of CBH and CBD that
fall above the lines will exhibit a hys-
teresis in some range of environmen-
tal conditions. Inputs : level ground,
100 percent foliar moisture content,
and normal summer fuel moisture
condition (Rothermel 1991a).

Canopy base height, m

In applying his classification model to experimental fires in mature and im-
mature stands of jack pine, Van Wagner (1993) calculates surface fireline inten-
sity as the product of fuel consumption and observed spread rate. That is, he
computed the contribution of surface fuels to the total fireline intensity, whether
the fire was on the surface or in the crowns. Therefore, surface fireline intensity
depended in large part on the type of fire observed, with the higher spread rates
associated with crown fire leading to higher surface fireline intensity. According
to Rothermel's (1991a) model, crown fire spread rate can be as many as six to
eight times faster than that of a surface fire burning in the same conditions (Scott
1998), which means that surface fuel contribution to fireline intensity would also
be as much as six to eight times greater during active crowning than for normal
surface fire spread.

With separate models of surface and crown fire behavior, we need to know the
type of fire before applying the classification to determine exactly that—the type of
fire. This circularity occurs only when the Torching Index is greater than the Crown-
ing Index. In that case, when the windspeed is between the two indices, two different
results are possible—surface fire or active crown fire—depending on the type of
originating fire. Rothermel described this phenomenon as a cusp catastrophe in an
unpublished paper presented at the 1999 National Fire Behavior Workshop (March
1-5, 1999; Phoenix, AZ).

If the fire begins as a surface fire, then the former classification would cor-
rectly predict surface fire until the wind reached the TI, at which time active
crowning would begin almost immediately, without experiencing a period of pas-
sive crown fire, because both criteria are met. However, if the fire spreads into
the stand as an already-initiated crown fire, then the higher spread rate of the
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crown fire is used to estimate the contribution of surface fuels to fireline inten-
sity. This higher intensity may be sufficient to meet the crown fire initiation cri-
terion at a lower windspeed. The type of fire experienced therefore depends on
the origin of fire in the subject stand.

We call the region of the classification where the active crowning criterion is
met but the initiation criterion is not a “conditional surface fire” (fig. 12). This is
equivalent to the range between the Cl and Tl when Tl > CI. If the fire originates
as a surface fire, then it is expected to remain so. If the fire originates as an active
crown fire in an adjacent stand, then we compare the contribution of surface fuels
to overall fireline intensity (using the higher crown fire spread rate) against the
threshold for crown fire initiation. If the intensity is greater than critical, then the
active crown fire could continue through the stand, otherwise the fire is expected
to drop to the ground.

The contribution of surface fuels to total fireline intensity during a crown fire
is the product oHPA, _ _andR . . For any given surface fuel modelPA, .. .
varies only with fuel moisture. Using Rothermel’s crown fire spread correlation,
R, varies primarily with windspeed, but also with slope and surface fuel mois-
ture. For level ground and 100 percent foliar moisture content, the critical open
windspeed that could be expected to cause cess&lgn () increases with
CBH (fig. 13).

2 high
f Conditional Active ) ) , o
¢ surface fire crown fire Figure 12_ _—E_xten5|0_n of Van Wag_n_er s (1977) or|g|_na|
= classification to include conditional surface fire.
5 R’active Cases in which CBD is sufficient to support active
S crowning but surface fire intensity (from Rothermel’s
5 ) surface fire model) is below the threshold for initia-
o Surface $ Passive tion fall into the conditional surface fire class. Within
= fire 8 crown this class, the type of fire observed depends on the
s £ fire origin of the fire in the subject stand; surface fires
9] are expected to remain on the surface, and active
O ow crown fires remain fully active.
low high
Isurface
50 S s
63?1 \"0«
H { '13\@ 00‘« o . . .
n 40 & \0@%‘@ Figure 13 —Theoretical open windspeeds for
< \Q}JQ Q@a" \,’“‘o‘“"" crown fire cessation using Van Wagner'’s
E 30 1 sy 1\‘0“%‘;&0\3‘3‘\‘ (1977) initiation criterion for a range of
z o canopy base heights and a variety of
% 20 dead fuel moisture conditions (Rothermel
@ 1991a). Fireline intensity computed as the
.8 product of heat per unit area from fuel
O 10 model 10 (Anderson 1982) and active
crown fire spread rate from Rothermel
0 (1991a). Inputs : Slope = 0 percent, fo-
0 > 2 6 8 10 12 liar moisture content = 100 percent.

Canopy base height, m
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Conditions for Crown Fire Cessation

! -1
O cessation » km hr

The process of crown fire cessation has not yet been studied on its own. How-
ever, Van Wagner’s two criteria for crown fire initiation can be modified and
applied to cessation. There are again two criteria to check; failure to meet either
one will lead to crown fire cessation.

Mass-Flow Rate too Low—The mass-flow rate through the canopy must be
at least 3.0 kg rais?, which leads to a critical spread rate (equation 14). If the
product of the potential active crown fire spread rate and canopy bulk density
does not meet this threshold, then active crowning is not possible and active
crowning ceases. Cessation from failure to meet the mass-flow requirement is
quantified by the Crowning Index. If the windspeed falls below CI then an active
crown fire could be expected to cease.

Intensity in Surface Fuels too Low—The after-crowning contribution of
surface fuels to fireline intensity must be sufficient to meet the threshold for
initiation (equation 11). If the product Bf , . andHPA, . falls below the thresh-
old for crown fire initiation, we assume that the crown fire could not continue.
Using the criterion in this way implies that crown fire spread can be modeled as
a series of crown fire initiations, similar in concept to assumptions made for
surface fire spread (Rothermel 1972). It is not known whether this mechanism is
realistic for crown fires.

Assuming flat ground and normal summer surface fuel moisture condition
(Rothermel 1991a), the open windspeed that leads to cessation of active crown
fire depends on surface fuel model &BH (fig. 14). We use equation 5 for
determining the contribution of surface fuels to fireline inten&tisR_ . , but
HPAis determined in the Rothermel surface fire model from surface fuel charac-
teristics. Cessation from failure to meet the initiation criterion is quantified by

' the open windspeed at which the produdtBA andR__ equals

cessatjoh surface active

the minimum necessary for crown fire initiation.

In formulating crown fire mitigation strategies, forest managers are just as
concerned with causing crown fire cessation as limiting its initiation. Crown fire
cessation is indexed as the highe€oandO' ___ .. which we call the Surfacing
Index (SI). The Surfacing Index can be plotted on the crown fire assessment
chart along with Tl and CI (fig. 15). In the example in figure @bjs greater
thanQO' so Sl =CI.

cessation

50

Figure 14 —Theoretical open windspeed for

) &&“ crown fire cessation using Van Wagner’s

40 1 & & (1977) initiation criterion for a range of
S/ @.&\@ e canopy base heights and a variety of sur-

30 1 < “\\o‘b@“g face fuel models (Anderson 1982).
ﬂ._«e“‘“ Fireline intensity is computed as the

product of heat per unit area from the
various fuel models and active crown fire
spread rate from Rothermel (1991a). In-
puts : slope = 0 percent, live fuel mois-
ture = 100 percent, foliar moisture con-
tent = 100 percent, dead fuel moisture
content = 5 percent.
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Crown fire assessment chart
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Figure 15 —The Surfacing Index (SI)
35 is the higherof O’ . and O’ ...
& In this example, O, .. is higher
E 304 than O’ ... S0 SI = CIl. A crown
g fire is expected to surface when
£ 54 the windspeed drops below SI.
< Inputs : fuel model 10 (timber lit-
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50 1 Figure 16 —The open windspeed for crown
fire cessation (O, ..) and sustained
active crown fire spread (O, ) plot-
40 A ted for a range of canopy base heights
(CBH) and a variety of canopy bulk
0 (CBD=02kgm?) densites (CBD). The intersec_tiorjs of
30 — plots for O .. and O’ . indicate
s combinations of CBH and CBD where
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10 - i factor = 0.15.
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Itis helpful to know whether Cl @' ____. is the limiting factor in crown fire
cessation, which depends mainly@BH andCBD. For level ground, fuel model
10 (Anderson 1982), and normal summer fuel moisture conditions, the combina-
tions of CBH andCBD where CI O ) equalsO'____. can be found graphi-
cally (fig. 16). For those conditions,BD = 0.2 kg n¥ thenO' ____. is limiting
only if CBH is greater than about 7.5 m. We get a better picture of the tradeoffs

by plotting the intersections @' andO’'____. for a variety of fuel models
(fig. 17). With fuel model 12 (medium logging slash) for exam@lg, . is

limiting only if CBH is greater than about 8 m everCBD = 0.3 kg n?. By
contrast, the lowPA for fuel model 8 means thax_____. is limiting if CBH is
greater than about 2 m; otherwise cessation is determined by the mass-flow rate
requirement.
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Canopy base height, m
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Figure 17 —Combinations of canopy
base height (CBH) and canopy
bulk density (CBD) where they
equally limit continued crown fire
spread, for a variety of surface fuel
models. A combination of CBHand
CBD that falls above the line for
the appropriate fuel model indi-
cates that CBH is more limiting
than CBD. Inputs: level ground,
100 percent foliar moisture con-
tent, normal summer fuel moisture
condition (Rothermel 1991a), and
wind reduction factor = 0.15.
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With separate sets of criteria for initiation and cessation, a hysteresis is pos-
sible in which the path of fire behavior as windspeed increases may be different
from the path as it decreases (see fig. 15). Two behaviors are possible in the con-
ditional surface fire region depending on whether the region is approached from
the lower windspeeds as a surface fire or as a crown fire from the higher
windspeeds. Even with constant winds, spatial variability in surface fuels, canopy
fuels, and topography can lead to the incidence of active crown fire where the
former classification always predicts a surface fire.

Implications of Hysteresis in Crown Fire

This procedure for determining the actual type of fire within the conditional sur-
face fire class is an untested theoretical extension of Van Wagner’s (1993) classifica-
tion. The mechanisms of crown fire cessation are poorly understood. This approach
simulates two possible mechanisms. However, not using this revised classification
leads to expectation of surface fire when crown fire may be encountered. Stands that
are considered safe from crown fire initiation cannot necessarily be relied upon to
cause crown fire cessation.

This phenomenon has several important consequences that should be further
investigated. The conditions that lead to crown fire initiation may be quite differ-
ent from the conditions that lead to crown fire cessation. If initiation and cessa-
tion of crown fires follow different paths, then a hysteresis is created in which a
crown fire can be sustained even if conditions ameliorate. Hysteresis could ex-
plain the persistence of crown fires well into the night during major crown fire
runs, such as those that occurred in Yellowstone National Park, WY, in 1988
(Hartford and Rothermel 1991).

The transition from surface fire spread to active crown fire spread can occur
as an abrupt change, with no period of passive crowning to act as a warning.
Even small changes in the fire environment can cause a surface fire to become
fully active quickly. Sudden changes in fire behavior have contributed to the
entrapment of many wildland firefighters.

The fire environment is highly variable in space and time. A hysteresis in the
crown fire phenomenon could take advantage of this variability by initiating crown
fire activity during the short periods when conditions are most favorable, yet
continue with active spread through the lulls. Large fires may be more likely to
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exhibit crown fire activity than smaller ones because, with more perimeter length,
large fires are more likely to encounter fuel and topographic conditions condu-
cive to crown fire initiation (Rothermel 1991b). Once initiated, it may be pos-
sible for crown fire to spread through adjacent stands that could not initiate crown
fire on their own. This has implications for how we determine model inputs in
the face of spatial and temporal variability. The extremes of the fire environment
become much more important than the mean when identifying thresholds.

Hysteresis in crown fire initiation and cessation is not proven to exist. How-
ever, in light of the evidence of hysteresis in high intensity wildland fire, fire
managers should consider its possibility until further investigations can be car-
ried out.

EXAMPLE SIMULATIONS USING THE COUPLED MODEL

All models we used in deriving the indices of crown fire potential and overall
spread rate and intensity have already been tested and verified to some degree,
though not comprehensively. Proper validation of the indices and coupled model
requires numerous observations of surface and crown fire behavior coupled with
accurate, stand-level descriptions of surface and canopy fuels, weather, and to-
pography. Unfortunately, wildfire documentation, the sole source of crown fire
spread observations in the United States, does not contain enough information to
provide useful data. Too many vital model inputs must be inferred or estimated
after the fact rather than observed. In those cases one cannot determine whether
fire behavior observations that deviate from simulations result from errors in the
model or from errors in estimating inputs or fire behavior.

We used data from a few well-documented fires that exhibited various degrees of
crowning (1990 Dude Fire, 1974 Burnt Fire, 1977 Pattee Canyon Fire) in an attempt
to verify that our method was performing reasonably. However, even those fires left
significant gaps in pertinent information (for example, fuel moisture, onsite windspeeds,
stand-specific surface, and canopy fuel data), and contained only coarse-scale obser-
vations of fire behavior. Despite encouraging results of the trials, the lack of complete
data sets (and the attendant need to substitute estimates) renders the verification mean-
ingless, so it is not presented here. Validation data of good quality are difficult to
come by; their collection on wild, prescribed, and experimental fires in the United
States should become a high priority for research and management.

In this section we will demonstrate the application of the indices and fire
behavior simulations by comparing the relative crown fire potential of two con-
trasting forest stands on the Bitterroot National Forest, MT. No observations of
crown fire activity are available for these stands.

We examine the effects of fuel treatments on crown fire potential and discuss
the implications of individual fuel treatment options on crown fire hazard. Fi-
nally, we couple the indices with diurnal weather and fuel moisture data to deter-
mine the expected type of fire throughout the day.

Crown Fire Hazard in Two Stands on the Bitterroot National Forest

The application of the linked models is demonstrated by comparing crown
fire hazard and simulated fire behavior in two contrasting stands on the Bitter-
root National Forest, Montana. Both stands are on the east slope of the Bitterroot
Range, near the town of Hamilton, MT. Stand A (PIPO) is a midelevation stand
of old-growth ponderosa pin®ifius ponderosawith under and middle stories
of Douglas-fir Pseudotsuga menzejzigrand fir Abies grandiy subalpine fir
(Abies lasiocarpp and lodgepole pind’{nus contortq. Stand B (PICO) is higher
elevation (table 5) and dominated by lodgepole pine (fig. 18). The PIPO stand is
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Table 5—Summary of stand and site characteristics for a Pinus ponderosa stand
(A) and Pinus contorta stand (B) in the Bitterroot Mountains, Montana, U.S.A.

Characteristic Stand A Stand B
Slope, percent 20 20
Aspect E NE
Elevation, m 1,520 1,860
Total basal area, m?/ha 29.8 36.4
Surface fuel model 5 10
Canopy characteristics

CBH,m 1.5 0.9

CBD, kg/m? 0.06 0.21

Wmupy, kg/m? 1.22 2.25

H_ .. kJKkg 18,000 18,000

FMC, percent 100 100

WRF 0.15 0.12

Surface fuel moisture, percent

0-6 mm dia. class 5 8
6-25 mm dia. class 6 9
25-76 mm dia. class 8 10
Fine live fuels 117 117
(a) Pinus ponderosa stand (b) Pinus contorta stand
500 2500
[ ABGR, ABLA, PICO [ ABLA
o 200 H FiPO o 2000 [ Pico
3 [ PsME IS [ PSME
g 3
E 300 c 1500
g 3
«n 200 »n 1000 1+—
8 &
= =
100 500
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Diameter class midpoint (cm) Diameter class midpoint (cm)

Figure 18 —Structure of example Pinus ponderosa (a) and Pinus contorta (b) stands on the Bitterroot
National Forest, Montana. Note: the y-axis scales are different for the two stands.

wholly within the B-4 plot described by Arno and others (1995). It had a pre-
1900 mean fire return interval of 13 years, with the last recorded fire in 1908.

Analysis—Canopy fuel load and bulk density were estimated using allometric
equations (Brown 1978). Rather than assume a uniform vertical distribution of canopy
fuels, we estimate@BD in thin layers (0.3 m in height) by summing the crown fuel
load in these horizontal layers (Kilgore and Sando 1975, Sando and Wick 1972). The
“effective” CBD for use in the coupled models was the maximum 4.5-m (15-ft) run-
ning mearCBD within the canopy, as in the Fire and Fuels Extension to the Forest
Vegetation Simulator. This is illustrated for stand B in figure 2.

Following Sando and Wick (1972), “effective” canopy base height (that is,
with ladder fuels incorporated) was estimated by computing the minimum height
above ground where@BD of 0.037 kg n# (100 Ibs acréft!) occurs. Although
the critical canopy bulk density set by Sando and Wick was arbitrary, the results
for these stands agree with visual inspections.
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Moisture contents of fine dead surface fuels were estimated using the mois-
ture tables from the Fire Behavior Field Reference Guide for a July day with high
temperature of 3@ and low relative humidity of 20 percent at 1600 hours at the
elevation of the PIPO stand (table 5). Differences in dead fuel moisture between
the PIPO and PICO stands arise primarily from differences in elevation and shel-
tering from sun. Live surface fuel moisture content was set at Rothermel’s “nor-
mal summer” value of 117 percent for both stands.

Foliar moisture content varies with species and time of year. For the species
present and time of year of the simulatiéiMC is near 100 percent (Brown
1978; Philpot and Mutch 1971), so we used a value of 100 percent for both stands.
We assumed a nominal value of 18,000 kdfkg H_ . (Finney 1998; Forestry
Canada Fire Danger Group 1992). We estimated wind reduction factor from the
degree of sheltering (Rothermel 1983), with guidance from Albini and Baughman
(1979). Based on visual inspection, surface fuels were best represented by FM 5
in the PIPO stand and FM 10 in the PICO stand.

Results—The results of this simulation are shown in table 6. We estimated
type of fire and potential fire behavior at a windspeed of 40 KkmSurface fire
spread rate and fireline intensity are estimated to be higher in the PIPO stand.
However, the highe€BH in the PIPO stand also requires a higher . and

iiaion- QN Dalance, the PIPO stand is not expected to initiate a crown fire until
the open wind reaches 28 km'tfthe Torching Index), whereas the PICO stand
can initiate crown fire activity at a windspeed of only 16 krh hr

Table 6 —Intermediate and final output values for the example simulation. Site, fuel and
environmental conditions are as described in Table 5, with open windspeed of 40 km/hr
for both stands.

Parameter Source Stand A Stand B

Surface fire

L rtacer KW M7 Equation 5 470 313
itatio KW M Equation 11 309 144
HPA_ .o KI M Equation 2 6 13
acer M MIN Equation 6 4.6 1.4
iationr T NN Equation 12 3.0 0.6
‘s M mint Figure 8 9.2 1.1
Crown fire
R e M mint Equations 7, 8 231 20.4
etiver M MiN Equation 14 50 14
Final, or overall
Type of fire Figure 12 Passive Active
CFB Equation 28 (Appendix A) 0.25 1.00
R,.» M min? Equation 21 9.2 20.4
Lier KW M2 Equation 22 1,788 18,337
Crown fire hazard indices
Torching Index, km hrt Equation 18 28 16
Crowning Index, km hr*  Equation 20 70 30
Surfacing Index, km hr? 70 30
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Potential crown fire spread rate is not different in the stands; Rothermel’s
(1991a) correlation does not take into account the possible effect of variation in
canopy bulk density on spread rate. Foliar moisture content is the same in both
stands, so nothing in this example would be gained by using Van Wagner’s foliar
moisture effect. Becaudg , . is similar in the stands, the Crowning Index is
mainly a function ofCBD, which differs considerably in the two stands. The
PIPO stand, with its relatively open canopy, would not support active crowning
until the open windspeed reached 70 krh hr contrast, the dense canopy of the
PICO stand would support active crowning at windspeeds of only 30-km hr

Crown fraction burned is 0.25 in the PIPO stand and 1.0 in the PICO stand.
Therefore, under the conditions specified, we could expect a passive crown fire
in the PIPO stand and a fully active crown fire in the PICO stand. Final spread
rate in the PICO stand is estimated to be 20.4 m',maughly twice that in the
PIPO stand. Fireline intensity in the PIPO stand is only 1,788 ¥\Wuat 18,337
kW mtin the PICO stand. For reference, the limit of mechanical fire control is
3,459 kW mt (1,000 BTU ft* s%).

At windspeeds less than 20 km/hr, spread rate in the PIPO stand is slightly
greater than in the PICO stand (fig. 19a), due to the more open forest cover. Above
that windspeed, though, crowning in the PICO stand leads to much higher spread
rates than in the PIPO stand. The difference in fireline intensity is even greater
(fig. 19b), largely becaus¢PA . andW_  inthe PICO stand are much greater
than in the PIPO stand. The limit of mechanical control is exceeded in the PICO
stand at a windspeed of about 22 ki evhereas a fire in the PIPO stand would
not exceed that intensity until windspeed reached about 46 kiBdrause winds
exceeding 22 km Hroccur far more frequently than winds exceeding 46 kin hr
we could expect fires burning under the dry, summer conditions simulated to be
controllable less often in the PICO stand than the PIPO stand. Knowledge of the
wind climatology of the site would improve this assessment by indicating how
often we might expect the critical wind/fuel moisture combinations to occur.

Discussion— he purpose of the fire behavior simulations is to assess the
relative fire potential in these stands, not to predict the behavior of an actual fire.
From the above simulation it is clear that both stands can experience some kind
of crown fire activity under moderate winds during the summer. However, the
PIPO stand is likely to attain only passive crowning even under high winds,
whereas the PICO stand can support fully active crowning under even moderate
winds.
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Figure 19 —Final rate of spread (a) and fireline intensity (b) for the two example stands on the
Bitterroot National Forest, Montana. The limit of mechanical control (3500 kW m™) is indicated.
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Assessing the Effects of Alternative Treatments

Managers who wish to reduce crown fire hazard must determine how differ-
ent fuel treatments affect torching and crowning. This is done by first simulating
the effects of a treatment on the inputs to the coupled model. Fuel treatments that
reduce crown fire hazard involve a combination of thinning, pruning, pile burn-
ing, broadcast burning, lopping, and chipping. The effects of these treatments
change over time. For example, a broadcast burn reduces surface fuels immedi-
ately after the burn. However, depending on stand structure, resulting mortality
and needle scorch may lead to higher fuel load a few years after the burn. As fuels
decompose, fuel load may again decrease. Managers must consider the time frame
of interest when comparing treatments. The Fire and Fuels Extension to the For-
est Vegetation Simulator (Beukema and others 1997) simulates longer term ef-
fects of fuel treatments. Surface and canopy fuel treatments have variable effects
on the factors affecting torching and crowning (table 7). Foliar moisture content
is assumed to be independent of fuel treatment.

A thinning designed to reduce crown fire hazard will usually raise the effec-
tive CBH . However, in a partial harvest such as selection or crown thinning,
mainly large trees with high crown bases are removed, so the effe&hivanay
not change. Similarly, a broadcast burn will usually incr€&Ble by scorching
lower branches. However, a broadcast burn under moderate burning conditions
may be patchy and of insufficient intensity to raise effediiia¢ for the whole
stand. Understory removal is the harvest of submerchantable trees in the lower
stratum of a multistoried stand. This story usually consists of shade-tolerant co-
nifers with low crowns. Where the understory is well developed, its removal may
also reduce the effectiv@BD of the stand.

A combination of treatments, such as thinning with broadcast burning, is simu-
lated by adding the individual effects. The overall effect of a combination of
treatments on a factor where the individual effects are in opposition (such as the
effects of thinning with whole-tree harvest on fuel load) must be determined by
computing Tl and CI and simulating fire behavior in the treated and untreated
stands.

When simulating the effect of fuel treatments on potential crown fire behav-
ior, it is important to simulate effects on midflame windspeed and fuel moisture.
Thinning to reduce canopy bulk density reduces the moderating effect of the
canopy on windspeed, so midflame windspeed will increase. The increased fuel-
level windspeed coupled with increased insolation also leads to lower dead fuel
moisture in treated stands during summer. These two factors tend to exacerbate
surface fire behaviokHlowever, properly executed treatments also tend to re-
duce the crown fire potential. Crown fire mitigation treatments often repre-
sent a tradeoff—the decrease in crown fire potential comes at the expense of

Table 7—The immediate-term effects of fuel treatments on factors that affect the Torching and Crowning Indices
(from Scott 1998). A blank cell in the table indicates no effect. | = increase, D = decrease, NE = no effect. The
whole-tree yarding treatment is only applicable in conjunction with a harvest.

Canopy Wind Canopy

Surface Dead fuel base reduction bulk
Fuel treatment fuel load moisture height factor density
Overstory thinning | D | or NE I D
Understory removal | | D or NE
Pruning | I
Pile burning D
Whole-tree yarding D
Broadcast burning D I or NE
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increased surface fire spread rate and intensity. The greatly increased spread rate
and intensity of crown fires makes this tradeoff reasonable.

Assessing Crown Fire Potential Throughout a Day

In planning for crown fires it is helpful to know at what time of the day crowning
might begin and how long such conditions would persist, and perhaps compare
these estimates for different treatments. For such an analysis we need diurnal
fuel moisture and windspeed data. As an example we use the published diurnal
weather measured on the North Fork Fire in Yellowstone National Park in August
1988 (Hartford and Rothermel 1991a). Temperature, relative humidity, and fine
fuel moisture were measured for 48 hours in late August (fig. 20). By coupling
the moisture data with the stand characteristics for the Bitterroot PIPO and PICO
stands and a hypothetical trace of open windspeed (fig. 21), we plotted potential
spread rate and intensity throughout the period (fig.22). This type of analysis
may be useful where the timing and duration of a crown fire run needs to be
estimated, or where proposed tactics must be weighed against potential fire be-
havior. However, calibration of such simulations with onsite observations must
be done before attempting to use this analysis operationally.
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Figure 20 —Temperature, relative humidity, and fine dead fuel moisture measured for a 48-hour
period on the North Fork Fire, Yellowstone National Park, Wyoming, 1988 (Hartford and
Rothermel 1991a).
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Figure 21 —Critical windspeeds for crown fire initiation, sustained active spread, and cessation for the diurnal
weather depicted in figure 20 for a ponderosa pine stand (a) and lodgepole pine stand (b) on the Bitterroot
National Forest, Montana. For demonstration, a hypothetical trace of “actual” windspeed is shown.
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Figure 22 —Final rate of spread and fireline intensity for the diurnal weather depicted in figure 20 and the

hypothetical windspeed shown in figure 21 for the ponderosa pine stand (a) and lodgepole pine stand (b)
on the Bitterroot National Forest, Montana. Fire classification is also shown: S = surface fire, P = passive
crown fire, A = active crown fire.
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DISCUSSION
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Crown fire is a complex phenomenon; we are only beginning to understand
the processes of crown fire development, spread, and cessation. Accurate de-
scription of canopy fuels and reliable simulation of these processes remain elu-
sive. Yet crown fires present special problems for managers today. Crown fires’
high spread rates and resistance to control lead to high acreage burned and sig-
nificant adverse effects. We must take steps now to assess and mitigate crown
fire potential.

This paper presents a method of assessing crown fire potential by linking
separate models of surface fire spread and intensity, crown fire spread rate, and
transition to crown fire. Three indices of crown fire potential are computed from
a description of surface fuels, canopy fuels, and site characteristics. The Torch-
ing Index is the open windspeed at which the transition from surface to crown
fire is expected. The Crowning Index is the open windspeed at which fully active
crown fire is possible. The Surfacing Index is the open windspeed at which an
active crown fire is expected to cease, either from failure to meet the minimum
mass-flow rate or from failure of the after-crowning contribution of surface fuels
to fireline intensity to meet the minimum necessary for crown fire initiation.

From the linked models we also seamlessly simulate the wide range of sur-
face and crown fire behavior that occurs in forest stands. These simulations are
used for comparing relative fire behavior of different stands or after treatments to
mitigate crown fire, not for operational prediction of the behavior of a going fire.
The accuracy of simulations can be improved by calibrating model results with
onsite observations.

Due to a lack of high-quality validation data, this and similar methods have
not been validated. As such, users should apply results cautiously. Gathering high-
guality data from prescribed and wild fires for building and testing models of fire
behavior should be made a high priority.

Calculation of the indices for simple cases can be made in the field with no-
mograms (appendix D) or by using NEXUS (Scott 1999), which also allows simu-
lation of the full range of surface and crown fire behavior encountered in forest
stands.

The links among the existing models indicate the potential for a hysteresis in
the crown fire phenomenon; the conditions for crown fire cessation may be quite
different from those for crown fire initiation. If so, many forest stands that seem
to be safe from crown fire because they cannot initiate a crown fire may still be
susceptible to active crown fire if a crown fire has initiated elsewhere. Spatial
and temporal variability in the fire environment leads to higher crown fire activ-
ity than predicted using average conditions.
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APPENDIX A: CROWN FRACTION BURNED

The equation commonly used for t6&B transition function (Finney 1998;
Van Wagner 1989, 1993; Forestry Canada Fire Danger Group 1992) is of the
general form

CFB=1-¢™ (23)

wherea is a scaling factor andis based on the difference between predicted and
critical spread rates. In this section we will review the alternative implementa-
tions of thisCFB transition function and derive a new form of our own.

The concept of a transition function for scaling between surface and crown
fire spread rate predictions was first proposed by Van Wagner (1989). In that
model,x =R -R' anda=0.23 in order to forcEFB = 0.9 wherR

surface initiation surface

exceedR’ .. by an arbitrary 10 m mih Van Wagner does not state how the

10 m mint threshold was selected. The functional form of Van Wagner’s (1989)
CFB equation is thus

CFB=1- 4_-23( Rsurtace™ R’initiation)) (24)

In the Canadian FFBP System, the Forestry Canada Fire Danger Group (1992)
employs theCFB concept for both two-equation and one-equation models of
crown fire spread rate. In the two-equation model for Conifer Plantation Fuel
Type C-6, the Forestry Canada Fire Danger Group (1992) uses equation 24 di-
rectly. In the one-equation models, a single equation describes spread rate for the
full range of fire behavior, surface through crown. THgs, is estimated di-
rectly—intermediate estimatesRf . _andR_ . are avoided — and the implicit
CFB equation is

CFB=1- 4‘-23( Réinal ~ Rhitiation )) (25)

In this one-equation modélFBis used only to estimate the degree of crown-
ing and final fire intensity, but not the final fire spread rate as in equation 21.
Although the Forestry Canada Fire Danger Group (1992) sets the vadua of

0.23 such tha€FB = 0.9 wherR, . exceedsR’ ... by 10 m mir, this same
value ofa is used in equation 23, which is based on the amount by \Rjich

(rather tharR_ . ) exceedsR' . . .

Van Wagner (1993) modified hiSFB concept to allow dynamic calculation
of the coefficient to account for variation in canopy fuel characteristics. In that
paper he states that the coefficiemtas “based on the difference betwerf.[...|
and R’ J. that is, on the difference between the point where crown consump-
tion begins and the point where it becomes complete” (p. 446). Van Wagner (1993)
set the value o& such thatCFB = 0.9 forR, = 90 percent of the difference
betweerR’ . .andR’ .. (Due to the form of th€FB equation [equation 24],

CFB approaches 1.0 asymptotically, so the point at wg@iEB = 1.0 cannot be
specified.) Thusa is

In(0.2)

O
909(%. Rn.t.at.on)g .

For Van Wagner's (1993) immature jack pine dataRet, . was 2.15 m
mintandR' . was 12.89 m mif the difference between these being 10.74 m

active

min?. Ninety percent of this difference (9.666 m/min) yiekds 0.238 in the
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above model. This value, however, is only valid in stands where 90 percent of
(R’ e Rinitiation) 1S @bout 9.666 m/min. To that end, Van Wagner also estinaated
for a mature stand of jack pine whég,. . =1.45mmitandR’ . =25.14m

mint and obtained = 0.108. Van Wagner’s (1998)B equation is of the same
functional form as equation 24, but with different valuea &r the immature

and mature stands.

For assessing crown fire hazaedB should vary with fuel characteristics
believed to be important in determining crown fire behavior and be consistent
with Van Wagner's (1977) crown fire initiation and sustained spread thresholds.
In other words, th€FB function should be scaled such tl&tB approaches 1.0
at the point where active crowning is expected.

Each of the above implementations has a problem of internal consistency,
especially when applied to stands with different surface or canopy fuel character-
istics. The problem is the inconsistency between the derivati@amd the sub-
sequent formulation of in equation 23.

First, we must determine whethein equation 23 should b —R’ ..
as in the one-equation model used in the Canadian FFBP Syst&, o

' iaionr WHICh is used in all the other formulations. In the Canadian FFBP Sys-
tem and Van Wagner (1989), the derivatiom & said to be based on the differ-
ence betweeR . _andR' . . Given that, using=R . -R' . seems
reasonable. HoweveEFBln the one-equation model of the Canadian FFBP Sys-
tem, with the same value afas the two-equation model, is instead computed
usingx=R._—R .. .Becaus® > =R__ , their one-equation model will
over-predictCFB relative to the two-equation model.

A more pressing problem for making crown fire hazard assessments is the
proper scaling aato correctly represent various stand conditions. Using a single
value ofa implies that progress toward fully active crowning is independent of
CBD. In contrast, Van Wagner (1977) suggests a critical mass-flow rate through
the canopy (a function d8BD) must be met before fully active crowning can
occur. Van Wagner's (1993) dynamic computation of the pararaetecounts
for differing canopy characteristics in a way that makes consistency with a criti-
cal mass-flow rate possible.

However, because Van Wagner (1993) scaled the coeffchitveerR’!
andR’, , , consistency is most logically achieved by uskg R, | — R} i.0n
rather tharx =R’ . in theCFB equation. For practical purposes the predicted
R acelS Usually much less thdi,_ using the standard U.S. Fire Behavior Fuel
Models commonly associated with conifer forests fuels.

This inconsistency is best illustrated with an example. Consider a dense forest
stand withCBD = 0.20 kg ¥, CBH = 2 m,WRF = 0.15, and surface fuels
characterized by FM 10, on level terrain. Such a stand is obviously susceptible to
active crown fire. For this starl_. =15 m min* (equation 14)R’ . =1.08
m mim! (equation 12), and= 0. 184 (equatlon 26). Even under the most extreme
environmental conditions (fine dead fuel moisture 3 percent, live surface fuel
moisture 70 percent, open [6.1-m] windspeed 70 km/hr), predicted surface fire
spread rate is only 6.0 m/min. Following Van Wagner (1993), avidls above,

CFB would be only 0.60. Following the two-equatiGfB model of the Cana-
dian FFBP System (equation 28)FB would be only 0.68. Under the extreme
conditions specified, we could reasonably expect fully active crowningfFgo
should be much closer to 1. Rothermel’s (1991a) crown fire correlation predicts
thatR_ . will equalR’ . , at an open windspeed of only 21 km".hAt that
Wlndspeed the Van Wagner (1993) predicEB = 0.06 and Forestry Canada
Fire Danger Group (1992) models predi¢iB = 0.07. In Van Wagner’s model,

this problem results because the coefficeistbased on=R' = —R but

active initiation’

CFBis scaled bx=R -R In the Canadian FFBP System, the problem

surface initiation”

is the use of a single valueato represent the wide range of stand conditions we
need to evaluate.

|n|t|at|on
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We can avoid this inconsistency in two ways. First, we can acfalk)wing
equation 26 but use=R; | —R; ..., IN equation 23. UnfortunatelR, , is itself
a function ofCFB (equation 21), resulting in a problem of C|rcular|ty that can be
solved by iteration.

Alternatively, we can keeg =R —R'. .. for the CFB equation but
provide an alternative derivation afthat will properly scal€CFB to equal or

approach 1 when the critical mass-flow rate is met. For example,

U -in(cy) U
- (27)
HRSA anatlon %

whereR'’,, is the predicted surface fire spread rate that corresponds to the envi-
ronmental conditions for whicR,_ =R’ . _(see fig. 8 in text). In equation 27
we drop the 0.9 factor so that the point at wheh =R’ . corresponds ex-
actly toCFB = 0.9. This is satisfying because the Canadian FFBP System defines
an active crown fire as one havifug-B > 0.9. In other words, this approach is
consistent with the Van Wagner (1977) and the Canadian FFBP System classifi-
cations and will properly predict active crown fire spread rates when the critical
mass-flow rate is met (Van Wagner 1977).

All of the above approaches are based on the assumption tiGEBteansi-
tion function should follow the negative exponential form of equation 23. How-
ever, no empirical evidence suggests what equation form best represents the
transition to active crown fire. Assuming a straight line functiorCiieB, as did
Stocks (1987, 1989) when relating canopy fuel consumption to Initial Spread
Index, might be better than assuming a more complex shape. The equivalent
straight-line CFB equation is

(?:gaci _RRnnanc)m) (28)

In this paper, the purpose of predicting crown fire behavior is to assess the
relative crown fire potential of different stand structures. Therefore, we use equa-
tion 28 for estimatingCFB and equation 21 faR __ because that approach (1)
assumes the simplest shape for @B function in the absence of empirical
evidence to the contrary, (2) correctly bou@fsB such thalCFB = 1.0 where

 aive = Racive (3) dO€s not require iteration, and (4) varies logically with most
surface and canopy fuel characteristics believed to influence crown fire develop-

ment.

CFB=
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APPENDIX B: GLOSSARY

Active crown fire—A crown fire in which the entirduel complex becomes in-
volved, but the crowning phase remains dependent on heat released fsom the
face fuelsfor continued spread. Also calleaghning andcontinuous crown fire.

Available canopy fuel—The mass ofanopy fuelper unit area consumed in a crown
fire. There is no post-frontal combustion in canopy fuels, so only fine canopy
fuels are consumed. We assume that only the foliage and a small fraction of the
branchwood is available.

Available fuel—The total mass of ground, surface and canopy fuel per unit area
consumed by a fire, including fuels consumed in postfrontal combustion of duff,
organic soils, and large woody fuels.

Canopy base height-The lowest height above the ground at which there is a suffi-
cient amount o€anopy fuelto propagate fire vertically into the canopy. Canopy
base height is an effective value that incorporates ladder fuels such as shrubs and
understory trees. See als®| strata gapandcrown base height

Canopy bulk density—The mass oavailable canopy fuelper unit canopy vol-
ume. It is a bulk property of a stand, not an individual tree.

Canopy fuels—The live and dead foliage, live and dead branches, and lichen of
trees and tall shrubs that lie above sheface fuels See als@vailable canopy
fuel.

Conditional surface fire—A potential type of fire in which conditions for sustained
active crown fire spread are met but conditions for crown fire initiation are not. If
the fire begins as a surface fire then it is expected to remain so. If it begins as an
active crown fire in an adjacent stand, then it may continue to spread as an active
crown fire.

Continuous crown fire—Seeactive crown fire.

Crown base height—The vertical distance from the ground to the bottom of the live
crown of an individual tree. See alsanopy base height

Crown bulk density—The mass of available fuel per unit crown volume. In this
paper it is a property of an individual tree, not a whole stand. Seeaispy
bulk density.

Crown fire— Any fire that burns ircanopy fuels

Crown fire cessation—The process by which e@own fire ceases, resulting in a
surface fire. Crown fire cessation is a different mechanism than crown fire initia-
tion, possibly leading thysteresis

Crown fire hazard—A physical situation (fuels, weather, and topography) with
potential for causing harm or damage as a result of crown fire.

Crowning Index—The open (6.1-m) windspeed at whanttive crown fire is pos-
sible for the specifiefire environment.
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Environmental conditions—That part of thdire environment that undergoes short-
term changes: weather, which is most commonly manifest as windspeed and dead
fuel moisture content.

Fire environment—The characteristics of a site that influence fire behavior. In fire
modeling the fire environment is described by surface and canopy fuel character-
istics, windspeed and direction, relative humidity, and slope steepness.

Fire hazard—A physical situation (fuels, weather, and topography) with potential
for causing harm or damage as a result of wildland fire.

Fire intensity—Seefrontal fire intensity . Contrast witkfireline intensity.

Fireline intensity—The rate of heat release in tteming front per unit length of
fire front (Byram 1959).

Flaming front—The zone at a fire's edge where solid flame is maintained.

Foliar moisture content—Moisture content (dry weight basis) of live foliage, ex-
pressed as a percent. Effective foliar moisture content incorporates the moisture
content of other canopy fuels such as lichen, dead foliage, and live and dead
branchwood.

Foliar moisture effect—A theoretical effect ofoliar moisture content on active
crown fire spread rate (Van Wagner 1974, 1979, 1983).

Frontal fire intensity —Similar tofireline intensity, it is the rate of heat release per
unit length of fire front, including the additional heat released from postfrontal
flaming and smoldering combustion (Forestry Canada Fire Danger Group 1992).

Fuel complex—The combination of ground, surface, and canopy fuel strata.

Fuel modet—A set of surface fuel bed characteristics (load and surface-area-to-
volume-ratio by size class, heat content, and depth) organized for input to a fire
model. Standard fuel models (Anderson 1982) have been stylized to represent
specific fuel conditions.

Fuel strata gap—The vertical distance between the top ofghdace fuelstratum
and the bottom of theanopy fuelstratum.

Fuel stratum—A horizontal layer of fuels of similar general characteristics. We
generally recognize three fuel strata: ground, surface, and canopy.

Full-range fire behavior simulation—The simulated behavior of a wildland fire
whether it is a surface fire, passive crown fire, or active crown fire. Ground fire
behavior is usually not included.

Ground fire—A slow-burning, smoldering fire iground fuels. Contrast withsur-
face fire.

Ground fuels—Fuels that lie beneath surface fuels, such as organic soils, duff, de-
composing litter, buried logs, roots, and the below-surface portion of stumps.
Compare withsurface fuels

Hysteresis—The failure of a property that has been changed by an external agent to
return to its original value when the cause of the change is removed. In crown fire,
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hysteresis is expressed in the persistence of active crowning after the fire envi-
ronment has changed such that a crown fire could no longer initiate.

Independent crown fire—A crown fire that spreads without the aid of a supporting
surface fire.

Intermittent crown fire —A crown fire that alternates in space and time between
active crowning and surface fire or passive crowning. Seepalssive crown
fire.

Mass-flow rate—The rate of fuel consumption (kgZs?) through a vertical plane
(oriented parallel with the fireline) within the fuel bed. It is the product of spread
rate (m ¢) and fuel bed bulk density (kgin

Passive crown fire—A crown fire in which individual or small groups of trees torch
out, but solid flaming in the canopy cannot be maintained except for short peri-
ods. Passive crown fire encompasses a wide range of crown fire behavior from
the occasional torching of an isolated tree to a nearly active crown fire. Also
called torching and candling. See aiistermittent crown fire .

Plume-dominated firee—A fire for which the power of the fire exceeds the power
of the wind, leading to a tall convection column and atypical spread patterns. The
models used in this paper do not address plume-dominated fire behavior. Contrast
with wind-driven fire .

Running crown fire—Seeactive crown fire.

Site characteristics—The characteristics of a location that do not change with time:
slope, aspect, elevation.

Surface fire—A fire spreading throughurface fuels

Surface fuels—Needles, leaves, grass, forbs, dead and down branches and boles,
stumps, shrubs, and short trees.

Surfacing Index—The higher ofO’, . andO' ___ .. The Surfacing Index is the
open windspeed at which active crown fire can be expected to drop to the
surface, either due to insufficiemass-flow ratethrough the canopy or insuffi-
cient contribution oburface fuelsto fireline intensity.

Torching Index—The open (6.1-m) windspeed at which crown fire activity can
initiate for the specifiedire environment.

Total biomass—The mass per unit area of all living and dead vegetation at a site.

Total fuel load—The mass of fuel per unit area that could possibly be consumed in
a hypothetical fire of the highest intensity in the driest fuels.

Wind-driven fire —A wildland fire in which the power of the wind exceeds the
power of the fire, characterized by a bent-over smoke plume and a high length-to-
width ratio.

Wind reduction factor—The ratio of the midflame windspeed to the open (6.1-m)

windspeed. For convenience of measurement eye-level winds are usually substi-
tuted for midflame winds.
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APPENDIX C: ENGLISH/METRIC UNIT CONVERSION

FACTORS

M utiplication fact os

weight
from o=> g oz Ib kg ton Mg
g 1 0.035 2.205E-03 0.001 1. 102E-06 1.000E-06
oz 28.35 1 0.06251 2. 835E-02 3.125E-05 2.835E-05
Ib 453.6 16 1 0. 4536 5. 000E-04 4.536E-04
kg 1000 35. 30 2.205 1 1. 10E-03 0.001
ton 9.072E+05 3.202E+04 2000 907. 2 1 0.9072
Mg 1E+06 3.530E+04 2205 1000 1. 102 1
length
from o=> mm cm rich feet yar d m eter chai n km mle
mm 1 o1 3.937E-02 3.281E-03 1.094E-03 0.001 4.971E-05 1.E-06 6.214E-07
cm 10 1 0.3937 3. 281E-02 1.094E-02 0.01 4.971E-04 1.E05 6.214E-06
inch 25. 40 2.540 1 0. 08333 0. 02778 0. 02540 0. 001 2.540E-05 1.578E-05
feet 304. 8 30.48 12 1 0. 3333 0. 3048 0. 01515 3. 048E-04 1.894E-04
yard 914.4 91.44 36 3 1 0. 9144 4. 545E-02 9.144E-04 5.682E-04
m eer 1000 100 39. 37 3.281 1.094 1 0. 04971 0. 001 6.214E-04
chain 2.012E+04 2. 012E+03 7. 920E+02 66 22 20. 12 1 2.012E-02 1.250E-02
km 1E+06 1.E+05 3.937E+04 3. 281E+03 1. 094E+03 1000 49. 71 1 0.6214
mle 1.609E +06 1. 609E+05 6. 336E+04 5280 1760 1. 609E+03 80 1. 609 1
area
from b=> cm2 in2 ft2 yd2 m2 acre ha km 2 me
cm2 1 0.1550 1. 076E-03 1.196E-04 0.0001 2.471E-08 1E-08 1E-10 3.861E-11
in2 6.452 1 6. 944E-03 7.716E-04 6.452E-04 1.594E-07 6.452E-08 6.452E-10 2.491E-10
ft2 929.0 144 1 0.1111 0. 09290 2. 296E-05 9.290E-06 9.290E-08 3.587E-08
yd2 8361 1296 9 1 0. 8361 2. 066E-04 8.361E-05 8.361E-07 3.228E-07
m2 1E+04 1550 10. 76 1.196 1 2.471E-04 1.E-04 1E-06 3.861E-07
acre 4.047E+07 6. 273E+06 4. 356E+04 4840 4047 1 0. 4047 4. 047E-03 1.563E-03
ha 1.E+08 1.550E+07 1. 076E+05 1. 196E+04 1. E+04 2.471 1 0. 010000045 3. 861E-03
km 2 1E+10 1.550E+09 1. 076E+07 1. 196E+06 1. E+06 247.1 100 1 0. 3861
mP 2.590E+10 4. 014E+09 2. 788E+07 3. 098E+06 2. 590E+06 640. 0 259.0 2.590 1
bulk densi ty
from b=>  ton/(ac-ft) kg/ m3 on/(ac-in) | b/ft3 gmfim3
ton/ (ac-ft) 1 0. 7355 0. 08333 0. 04591 7. 355E-04
kg/m 3 1360 1 0.1133 0. 06243 0. 001
ton/(ac-in) 12 8. 826 1 0.5510 8. 826E-03
Ib/ft3 21.78 16.02 1.815 1 0. 01602
gm km 3 1360 1000 113. 3 62.43 1
area intensi ty
from b=> kJ(m2mhn) KW /m 2 BTU(ft2-s) cal /(cm 2-s)
kd/ (m 2m n) 1 0. 01667 1. 469E-03 3.984E-04
KW m 2 60 1 0.08811 0. 02390
BTU[ft2-s) 680. 9 11.35 1 0.2712
cal/(cm 2-s) 2510 41. 84 3.687 1
heatcont ent
from o=> kJ/ kg BTU/b cal /gm
kJ/ kg 1 0. 4303 0. 2390
BTUIb 2.324 1 0. 5555
cal/gm 4184 1.800 1
rate ofspr ead,speed
from 0=> ft/mn ch/ hr cm/s mimn km /hr f t/sec mi/hr knot m/ sec
ft/mn 1 0.9091 0. 5080 0. 3048 0. 01829 0. 01667 0. 01136 9. 875E-03 5.080E-03
ch/hr 1. 100 1 0. 5588 0. 3353 0. 02012 0. 01833 0. 01250 0. 01086 5. 588E-03
cmbk 1.968 1.790 1 0. 6000 0. 03600 0. 03281 0. 02237 0. 01944 0.01
mMmn 3.281 2.983 1.667 1 0. 06000 0. 05468 0. 03728 0. 03240 0. 01667
km hr 54. 68 49.71 27.78 16.67 1 0.9113 0.6214 0. 5400 0.2778
ft/sec 60 54. 55 30.48 18.29 1.097 1 0. 6818 0. 5925 0. 3048
mihr 88 80 44. 70 26.82 1.609 1.467 1 0. 8690 0. 4470
knot 101. 3 92.06 51.44 30.87 1. 852000037 1. 688 1.151 1 0.5144
m kec 196. 8 179.0 100 60 3.6 3.281 2.237 1.944 1
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fireline intensi ty

from o=> J/ (ft-sec) cal /(cm -sec) KW /' m BTU(ft-sec) kcal /(m sec)
J/(ft-sec) 1 7. 841E-03 3.281E-03 9.485E-04 7.841E-04
cal/(cm sec) 127. 5 1 0.4184 0.1210 0.1
KW m 30438 2.390 1 0. 2891 0. 2390
BTU(ft-sec) 1054 8. 268 3.459 1 0. 8268
kcal /(m sec) 1275 10 4. 184 1.210 1
heat ,ener gy
from o=> J cal kJ BTU
J 1 0.2390 0. 001 9.485E-04
cal 4. 184 1 4. 184E-03 3.968E-03
kJ 1000 239. 0 1 0.9485
BTU 1054 252.0 1.054 1
fuell oad
from o=> g/m?2 M gha tons/ ac kg/ m 2 bs/ft2
g/m 2 1 0.01 4.461E-03 0.001 2.048E-04
M gha 100 1 0. 4461 0.1 0.02048
tons/ ac 224. 2 2.242 1 0. 2242 0. 04591
kg/m 2 1000 10 4.461 1 0.2048
Ibs/ ft2 4882 48. 82 21.78 4.882 1
basalar ea
from o=> ft2/ac m 2/ha
ft2/ac 1 0. 2296
m 2ha 4.356 1
angles
from o=> degr ees radians
degrees 1 0. 01745
radians 57. 30 1
heatperuni  tar ea
from b=> J ft2 kI m2 BTUf2 kecal /m 2 cal/lcm 2
Jft2 1 0.01076 9. 479E-04 2.572E-03 2.572E-04
k¥ m 2 9296 1 0.08811 0. 2391 0. 02391
BTUft2 1055 11. 35 1 2.713 0.2713
kcal /m 2 388.9 4.183 0. 3686 1 0.1
cal/m 2 3889 41.83 3.686 10 1
48
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APPENDIX D: NOMOGRAMS
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_- 1 late spring after greenup
— 90 2 normal summer
o A 3 early spring before greenup
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Figure D-1 —Chart for determining Crowning Index from canopy bulk density and stylized surface fuel moisture. Level ground is
assumed. Fuel moisture conditions are described in table 4.

100
] 1 late spring after greenup
90 A 2 normal summer
1 3 early spring before greenup
80 - 4 drought summer
5 severe drought
70 ~
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40 A
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Canopy bulk density (kg m-3)

Figure D-2 —Example use of figure D-1. For normal summer fuel moisture condition (Rothermel 1991a) and canopy bulk density = 0.15
kg m3, the Crowning Index is 38. That is, an open windspeed of at least 38 km hr? is needed to sustain active crowning.

Crowning index (Oactive), km hr -1
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Surface fuel
moisture condition
(Rothermel 1991)

Spring after greenup

Foliar
moisture
content

Wind reduction
(Rothermel 1983)
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-3 —Nomogram for determining the Torching Index for fuel model 5 (Brush 2 feet).
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o moisture condition
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-4 —Nomogram for determining the Torching Index for fuel model 8 (closed timber litter).
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Figure D-5 —Nomogram for determining the Torching Index for fuel model 9 (hardwood and long-needle pine litter).
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crown base height, m

Fuel model 9
Hardwood and long-needle
pine litter

10

Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

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



o \o \0
2 o \ Surface fuel
3 \e \® : -
@6 ® moisture condition
o \o \2 (Rothermel 1991)
3 \g \o
o \2 \&
38\
- [
2, Z
3, )
S
%
2
B2
R
%
&
S
0/@
2
%

Wind reduction
(Rothermel 1983)

e
)
l

3
s
<
ke
<
5
g
&
ki
o)
5
=
2
%)
@
ISy

Foliar
moisture
content

10

20

-1

30

40

50

]

Torching index (O ;,iiation)» KM hr

60

70

80

90

100

2 4 6 8
crown base height, m

Fuel model 10
Timber (litter and understory)
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-6 —Nomogram for determining the Torching Index for fuel model 10 (timber litter and understory).
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-7 —Nomogram for determining the Torching Index for fuel model 11 (light logging slash).
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-8 —Nomogram for determining the Torching Index for fuel model 12 (medium logging slash).
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Figure D-9 —Example nomogram for determining the Torching Index. Inputs : fuel model 10 (timber litter and understory), slope = 0,
canopy base height = 1.5 m, foliar moisture content = 100 percent, normal summer fuel moisture condition (Rothermel 1991a), and
wind adjustment factor = 0.15. The Torching Index is 32, indicating that an open windspeed of at least 32 km hr? is needed to initiate
crown fire activity in the stand.
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Figure D-10 —Nomogram for determining the Torching Index for normal summer fuel moisture condition (Rothermel 1991a).
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).
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Instructions:

Begin in upper-right chart.

Draw vertical line from crown base
height to appropriate foliar moisture
content.

From that intersection draw a
horizontal line to the appropriate
surface fuel moisture condition.
Draw a vertical line down to the
line corresponding to the degree

of sheltering.

Draw a horizontal line and read the
Torching Index on the vertical axis.

NOTE: this chart assumes a head fire on
level ground. For other conditions, use
NEXUS (see text for more details).

Figure D-11 —Example nomogram for determining the Torching Index for normal summer fuel moisture condition (Rothermel 1991a).
Inputs: fuel model 10 (Timber litter and understory), slope = 0, canopy base height = 1.5 m foliar moisture content = 100 percent,
normal summer fuel moisture condition (Rothermel 1991a), and wind adjustment factor = 0.15. The Torching Index is 32, indicating
that an open windspeed of at least 32 km hr* is needed to initiate crown fire activity in the stand.
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Figure D-12 —Chart for determining the open windspeed (O’__,...) at which the contribution of surface fuels to fireline intensity is too

low to maintain crown fire spread, for a variety of surface fuel models. The contribution of surface fuels to fireline intensity is
computed as the product of HPA_  and R, ... Normal summer fuel moisture condition (Rothermel 1991a) is assumed.
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Figure D-13 —Chart for determining the open windspeed (O’ .) at which the contribution of surface fuels to fireline intensity is too

low to maintain crown fire spread, for a variety of fuel moisture conditions (Rothermel 1991a). Surface fuel model 10 was used in this
chart. The contribution of surface fuels to fireline intensity is computed as the product of HPA and R
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Rocky Mountain Research Station
240 W. Prospect Road
Fort Collins, CO 80526



RMRS

ROCKY MOUNTAIN RESEARCH STATION

The Rocky Mountain Research Station develops scientific
information and technology to improve management, protec-
tion, and use of the forests and rangelands. Research is
designed to meet the needs of National Forest managers,
Federal and State agencies, public and private organizations,
academic institutions, industry, and individuals.

Studies accelerate solutions to problems involving ecosys-
tems, range, forests, water, recreation, fire, resource inven-
tory, land reclamation, community sustainability, forest engi-
neering technology, multiple use economics, wildlife and fish
habitat, and forest insects and diseases. Studies are con-
ducted cooperatively, and applications may be found world-
wide.

Research Locations

Flagstaff, Arizona Reno, Nevada

Fort Collins, Colorado* Albuquerque, New Mexico
Boise, Idaho Rapid City, South Dakota
Moscow, Idaho Logan, Utah
Bozeman,Montana Ogden, Utah

Missoula, Montana Provo, Utah

Lincoln, Nebraska Laramie, Wyoming

*Station Headquarters, Natural Resources Research Center,
2150 Centre Avenue, Building A, Fort Collins, CO 80526

The U.S. Department of Agriculture (USDA) prohibits discrimination
inallits programs and activities on the basis of race, color, national origin,
sex, religion, age, disability, political beliefs, sexual orientation, or marital
orfamily status. (Notall prohibited bases apply to all programs.) Persons
with disabilities who require alternative means for communication of
programinformation (Braille, large print, audiotape, etc.) should contact
USDA's TARGET Center at (202) 720-2600 (voice and TDD).

To file a complaint of discrimination, write USDA, Director, Office of
Civil Rights, Room 326-W, Whitten Building, 1400 Independence Av-
enue, SW, Washington, DC 20250-9410 or call (202) 720-5964 (voice or
TDD). USDA is an equal opportunity provider and employer.
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