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Abstract

This thesis evaluates the effectiveness of BEHAVE: Fire Behavior Prediction and Fuel
Modeling System in predicting fire behavior in the Northeastern pine - oak forest. This
fuel complex is composed primarily of a litter and huckleberry shrub understory with a
pitch pine and oak overstory. Measurements of fuel bed physical characteristics, weather
and fire behavior are taken from a series of prescribed burn studies in Cape Cod National
Seashore in Massachusetts. Site-specific fuel models are constructed which provide the
necessary inputs for fire predictions. Observed spread rates and flame lengths are over-
predicted by BEHAVE for burns conducted during the winter (dormant season) and
under-predicted for burns conducted during the summer (growing season). Attempts to
improve winter predictions are successful when the litter moisture is adjusted in order to
account for the live wintergreen which increases the overall moisture content of the
surface fuels. A sensitivity study is performed where each input parameter is varied over a
reasonable interval in order to view its impact on predictions. The model’s high sensitivity
to fuel bed depth and 1-hr surface-area-to-volume ratio appear to be the cause for fire
prediction deviations during the winter, while the high live fuel moisture contents appear
to overwhelm and suppress fire behavior predictions during the summer. It is concluded
that BEHAVE’s representation of fuel complexes as a homogeneous fuel bed with
constant properties does not take into account the unique features of the litter and shrub
components. An alternative, simple model of fire spread is developed which treats each
component as a separate fuel bed. The model is based on a measurement of the heat
release rate which can be determined directly through the principle of oxygen consumption
calorimetry. Future work using small- and large-scale testing apparatus will help
determine the ignition process of the live shrubs and the effect of parameters such as
moisture content on the burning characteristics of the fuels.

il
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Nomenclature

A weighted surface area [dimensionless]

A4 cross-sectional area of combustion interface [m’]
a fuel absroptivity

G specific heat of fuel bed [kl/kg-K]

C specific heat of air [kJ/kg-K]

d fuel bed depth, m

—  mass loss rate per unit area of fire front [Ib/ft>-min]

F view factor

Fo flame length, ft

f weighting factor [dimensionless]
g acceleration of gravity [m/s?]
H,  heat per unit area [Btu/ft’]

Hry  flame height [m]

h heat content [Btu/lb]

h.  half-width of confidence interval
1 vector sum of all heat fluxes

Is fireline intensity [Btu/ft-s)

I,  propagating flux [Btu/ft>-min]
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Ir reaction intensity [Btu/ft’-min]
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1. Introduction

An extensive study has been conducted in the Cape Cod region of Massachusetts
for the purposes of analyzing the physical characteristics and fire behavior of a fuel
complex found in the northeastern United States (W. A. Patterson III, personal
communication, 1995). The fuel complex is the pine-oak forest which is composed of a
litter and shrub understory, and a pitch pine and oak overstory. Data have been collected
from a series of measurements of fuel bed physical characteristics and subsequent
prescribed burns. The purpose of this thesis is to use these data to construct standardized
fuel models which represent the characteristics of the fuel complex necessary for fire
behavior predictions. The effectiveness of current wildfire simulation models in predicting
fire behavior in the pine - oak forests will be evaluated.

The pine - oak forest is located primarily near the coastline of the northeastern
United States from the mid - Atlantic north through central New England. A unique
characteristic of this fuel complex is the predominantly huckleberry (Gaylussacia baccata)
shrub understory which is very flammable due to its ease of ignition and ability to sustain
combustion even under high moisture conditions. The potential fire behavior of these
fuels was seen in Long Island, New York in late August, 1995 when two individual fires
burned 9,500 acres and a number of houses and businesses (McFadden, 1995a,b). This
pine barren fuel complex had a large fuel loading of primarily a scrub oak and huckleberry
shrub understory. Under extreme drought and high wind conditions, fires whipped

through this understory and upward into the pine overstory producing flame lengths over



40 feet. Similar fire behavior was observed in southern Miles Standish State Forest near
Plymouth, Massachusetts in 1957 (W. A. Patterson III, personal communication, 1996).
The scrub oak/huckleberry understory together with a pitch pine overstory burned over
15,000 acres in under two days. The running crown fire jumped a four - lane highway and
produced flame lengths over 100 feet.

This thesis will focus on the fuel complex found in the Cape Cod National
Seashore which is composed of a pitch pine and oak overstory with a predominantly
huckleberry shrub understory. These fuels create a great deal of concern due to their fire
behavior potential and the threat of fire to neighboring communities. There is a significant
wildland/urban interface with over 600 houses, businesses and other structures in and
around the Cape Cod National Seashore (Crary, 1987, D. W. Crary, Jr., personal
communication, 1996). The entire Cape Cod area is also a major attraction for tourism,
especially in the summer months, resulting in heavy traffic flow, emergency egress
difficulties and increased potential of careless fires. Due to aggressive firefighting
procedures in this area over the past 50 years, there is also an increased accumnulation of
these hazardous fuels creating a potential for catastrophic fire. Therefore, it is of great
interest to study the various means of reducing these fuel loads, the behavior of these fuels
in fire, and the potential to model and predict the behavior of a fire spreading through this
fuel complex.

The field of wildland fire modeling is currently in a transitional period, marked by a
re-evaluation of well established methods of predicting fire behavior, as new concepts and

techniques are introduced to better understand the behavior of a spreading wildfire. The



past 30 years have seen large steps toward the use of predictive tools to simulate the
growth, spread and effects of all types of wildland fires. In the early 1970’s, a
mathematical model was developed as a first attempt to produce a complete predictive
package that could represent the physical and chemical characteristics of various fuel
complexes and mathematically predict the behavior of a fire moving through these types of
fuels (Frandsen, 1971; Rothermel, 1972). Several of these concepts and ideas were used
concurrently in the development of the National Fire Danger Rating System (NFDRS)
(Bradshaw, Deeming, Burgan, & Cohen, 1984; Burgan, 1988), which uses daily
observations of temperature, humidity, precipitation amounts and duration, and wind
speeds to establish the fire hazard in the region where the measurements were taken. The
NFDRS is still being used to obtain important weather data and establish various levels of
fire danger and their corresponding suppression requirements.

In the late 1970’s and early 1980’s, attempts were made to incorporate the
theoretical and empirical relationships developed by Frandsen (1971) and Rothermel
(1972) into a set of tools that could easily be used by land managers, firefighters and other
field personnel to model the behavior of fires before or during their occurrence. Several
improvements and additions were made to the original mathematical concepts and
incorporated into a set of nomograms, or charts, that would allow one to graphically
predict the rates of spread, flame lengths and various other measures of behavior of a fire
burning in a particular fuel complex (Albini, 1976a, 1976b). With the introduction of

advanced calculators (Rothermel, 1983), this process could be performed easily.



A set of computer programs was developed in the mid-1980’s called BEHAVE:
Fire Behavior Prediction and Fuel Modeling System (Andrews, 1986; Andrews & Chase,
1989; Burgan & Rothermel, 1984). The BEHAVE system consists of fuel models that are
used in conjunction with fire prediction models in order to estimate various measurements
of fire behavior and fire growth patterns. The fuel models of BEHAVE numerically
describe a fuel complex through such parameters as fuel loading, size, arrangement and
chemical properties. The fire prediction models incorporate these fuel models along with
several environmental parameters into a set of equations which predict the speed, size and
various measures of intensity of a fire moving through the fuel complex. This is different
from the NFDRS which was designed to establish the fire risk in an area through such
parameters as a spread component and burn index.

These models are still in wide use today and have been utilized in several aspects
of land management and wildfire suppression. BEHAVE was used to help resolve fuel
modification and urban planning issues in the wildland/urban interface of the |
Oakland/Berkeley Hills area of California (Rice & Martin, 1985). By predicting the
potential fire behavior in the area’s northern coastal scrub fuels, debates were resolved on
the fire hazard of this fuel complex and the placement of fuel breaks.

Another use of BEHAVE’s predictive capabilities is in the planning for the
prescribed burning of an area. This technique of fuel management is the application of fire
to a forest or other wildland area, under a specific range of weather conditions, in order to
achieve specific management objectives (Mobley, Jackson, Balmer, Ruziska, & Hough,

1973). Prescribed fires can be used to reduce hazardous fuel accumulations, improve



wildlife habitat, prepare a site for planting or seeding, control disease, enhance the
appearance of an area, etc. Such land management procedures have not been utilized
extensively in regions of the northeastern United States.

This thesis will use the data obtained from prescribed burns conducted at Cape
Cod National Seashore in Massachusetts to evaluate the effectiveness of BEHAVE in
predicting fire behavior in the pine - oak forest fuel complex. The structure of the thesis
will include an overview of the theoretical and experimental basis of BEHAVE, including
a discussion of the mechanisms by which a fire spreads and how these are mathematically
represented within the fire prediction model. A description of BEHAVE itself follows,
including the necessary input parameters required to obtain fire predictions. This leads to
a description of the fuel complex under analysis and how it fits into the theoretical
assumptions of BEHAVE.

The fuel and fire prediction models within BEHAVE will be analyzed next. Site-
specific fuel models for several experimental plots will be constructed. The fire behavior
predictions for the fuel models will be compared with observations of fire behavior during
the prescribed burns. After developing initial conclusions about BEHAVE’s predictions
based on these comparisons, a more in-depth analysis will be performed on the fire
prediction model. This analysis will include an evaluation of how each parameter affects
the outcome of fire behavior predictions, and the effectiveness of the data collection
techniques used to obtain these parameters. An understanding of the strengths and
weaknesses of BEHAVE will be obtained from this analysis along with suggestions for

improving the outcome of fire behavior predictions. The thesis will conclude with a



discussion of an alternative, simple model of fire spread based on quantitative measures of

the unique burning characteristics of the fuel components. Suggestions for future work

will also be made.



2. Background

2.1 Fire Spread Mechanisms

Figure 2.1 provides an illustration of the different potential components of a fuel
complex. The lowest component above the soil is a layer of dead and decomposing fuel
particles called the duff layer. This layer can support a smoldering fire for long periods of
time, although it will not usually contribute to the active flaming front. Typically, surface
fires will spread through the next layer of fuels, composed of grass or litter (freshly fallen
leaves, needles, and other debris). Above the litter is an intermediate layer of fuel, varying
in compactness and height and composed of slash fuels (produced by logging, etc.) and
shrubs, or “ladder” fuels. This layer is marked by dead branches, live fuels or other
accumulations which can provide continuous fuels from the lower layers to the overstory.
The fire behavior within these intermediate layers will vary depending on the
characteristics of the species, climate of the region and other variables. The overstory, or
top layer, is usually marked by trees which can vary in compactness from an open stand
(sparsely populated trees) to a closed stand (densely populated trees). Surface fires will
not usually involve the overstory, although the trees can become scorched, damaged or
killed under conditions of large flame lengths or extended exposure to high fire
temperatures. When the overstory is ignited, it can support a crown fire where the fire

moves through the tree canopy, sometimes independent of the surface fire below.



OVERSTORY

Py
it
iy

/8

7

SHRUBS
¢

DUFF/SOIL

Figure 2.1: Components of a fuel complex.



Fires spreading through wildland fuels are typically modeled as following an
elliptical pattern of spread that is altered by topography, wind and varying fuel types
(Anderson, 1983). Figure 2.2 gives an illustration of the basic components of a spreading
fire. The portion of a fire spreading in the direction of the wind is considered a head fire,
and is usually the portion at the highest level of fire behavior (flame lengths and spread
rates). With varying topography and wind conditions, the fire may spread aggressively in
varying directions causing several independent head fires, or converging fire fronts. A fire
spreading perpendicular to the wind direction, or along the sides of a fire, is called a flank
fire and is usually of intermediate fire behavior. Fires spreading against the wind are

backing fires and typically have the lowest level of fire behavior.

Head Fire

Flank Flank {F

Wind

Backing Fire

Figure 2.2: Components of a spreading fire.



The spread of fire through wildland fuels can be viewed as a series of ignitions
(Fons, 1946) where the fire front, or flaming zone, moves through a fuel bed heating the
potential fuel ahead. As this fuel is heated, its moisture content at the surface decreases as
the water is evaporated. The surface of the potential fuel eventually becomes sufficiently
hot to undergo the process of pyrolysis, or thermal degradation of solids to produce char
and combustible gases (Kanury, 1995). This gas-air mixture is then ignited by the
advancing flames and }the fuel becomes part of the flaming zone.

Figure 2.3 represents a fire spreading through a porous fuel bed, of constant depth,
toward a unit volume of potential fuel. This unit volume is the smallest volume that
retains the characteristics of the fuel bed (Frandsen, 1971). As the potential fuel
approaches the flaming zone, it is heated by the mechanisms of radiation and convection
from both the flames above the fuel and from the flames within the fuel bed itself.

Because the majority of the heat rises, the contribution of convective heating from the
flames above the fuel is small under no-wind, no-slope conditions. However, when the
addition of wind or slope (Figures 2.4 and 2.5, respectively) causes the flames to be bent
over the potential fuel, heat transfer from this flaming region becomes more significant, as
the fuel is exposed to more convection, radiation and direct flame contact (Rothermel,

1972).
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Figure 2.3: Characterization of a flame front moving through a fuel bed under no
wind, no slope conditions.
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Figure 2.4: Characterization of a flame front moving through a fuel bed under wind
conditions.
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Figure 2.5: Characterization of a flame front moving through a fuel bed under
upslope conditions.

2.2 A Mathematical Model for Fire Spread

Frandsen (1971) developed a theoretical rate of spread equation for a fire burning
through a porous, homogeneous fuel bed of constant depth. This was accomplished by
applying the conservation of energy principle to a unit volume of fuel lying within the fuel
bed and ahead of the advancing flaming zone. Figure 2.6 shows the vector sum of all heat
fluxes, I , and the net heat absorbed per unit volume, py.Qig, as the unit volume, AV,
approaches the fixed combustion zone interface (Frandsen, 1971). The coordinate system
is defined with the x-axis horizontal, the z-axis vertical and the y-axis parallel to the fire

front (out of the page in Figure 2.6).
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Figure 2.6: Energy balance applied to a unit volume of fuel ahead of the advancing
flame front.

Both the horizontal and vertical components of the heat flux incident on the unit volume
were considered, although only for heating within the fuel bed itself. Heat transfer from
the flames above the fuel was not included explicitly. The flame front is assumed to be
sufficiently wide to discount the heat transfer in the y-direction due to symmetry. The

theoretical rate of spread equation was written as:

[f/min], 2.1)
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where:
R = quasi-steady rate of spread [ft/min},
Iig = horizontal heat flux absorbed by the unit volume of fuel at the time of ignition
[btu/ft’-min],
pve = effective bulk density (amount of fuel per unit volume of the fuel bed raised
to ignition ahead of the advancing fire) [Ib/ft’],
Qi = heat of preignition (heat required to bring a unit weight of fuel to ignition)

[Btu/Ib],

(0;) = gradient of the vertical heat flux at a constant depth z [btu/ft*-min).

Ze

(0 denotes the partial derivative)

Equation 2.1 is viewed as the ratio of the heat flux received from the flaming zone to the

heat required to ignite the potential volume of fuel, or 7,/ p,,,Q’_8 , where 1, is the

propagating flux (Frandsen, 1971; Rothermel, 1972). The assumption of a quasi-steady
rate of spread is valid when all fuel and environmental conditions are held constant.
Rothermel (1972) developed experimental and analytical methods of evaluation to
provide an approx.imate solution to equation 2.1 in terms of measurable fuel and
environmental properties. This was brought about by the introduction of several new
terms and correlations based primarily on experimental data. The final form of the spread

equation is:
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_1,E(+4,+4)

R
pb 6Qig

[ft / min], 22)

where:
Ir = Reaction Intensity [Btu/ft*-min],
& = Propagating Flux Ratio, O to 1,
¢, = Wind Coefficient, O to 1,
¢. = Slope Coefficient, O to 1,
p» = Oven-dry Bulk Density [Ib/ft’],

¢ = Effective Heating Number, O to 1.

Equation 2.2 is used to predict the spread of fires and different measures of intensity
within the flaming zone. The residual burning of fuels after the flame front has passed,
however, is not accounted for.

As in equation 2.1, the numerator of equation 2.2 is the driving force of the fire
and is defined as the propagating flux, I, or the proportion of the total heat release rate
per unit area that is received by the potential fuel ahead of the flame front. In order to
evaluate this quantity, it is assumed that the propagating flux under no-wind, no-slope
conditions, (I,)o, is proportional to the reaction intensity, I, or the heat release rate per
unit area of the fire front (Rothermel, 1972). The proportionality constant is £, or the

fraction of the total heat release rate that is actually received by the potential fuel. The no-
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wind, no-slope propagating flux is written as (I,), = £Ir. Additional heat transfer, from
the flames above the fuel, by convection, radiation, and direct flame contact, due to
increases in wind and slope, is accounted for through the wind and slope coeficients,
respectively.

The source of the no-wind, no-slope propagating flux is the reaction intensity, Iz,

and can be written as:

I, = —%h [Btu/ ft? - min], 23)

where:

h = heat content of fuel [Btu/Ib],

%:— = mass loss rate per unit area of the fire front [Ib/ft*-min].

The heat content, or heat of combustion, is a chemical property of the fuel, defined as the
total amount of heat released when a unit mass of fuel is oxidized completely (Drysdale,

1985).

In order to estimate the mass loss rate term of equation 2.3, several new terms are

introduced to produce the final relation:

Ir = wohI 'mvym, = w,hT, (2.49)

where;
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wa, = net fuel loading [Ib/ft?],

I'" = potential reaction velocity [min™'],
M = moisture damping coefficient, 1 to 0,
N, = mineral damping coefficient, 1 to 0,

I = reaction velocity [min™].

The product of I" 'nun; is the reaction velocity, I', and represents the completeness and

rate of fuel consumption. It is defined as,

r=2% [min"], @.5)

R

or the ratio of the reaction zone efficiency, 1s, to the time for the fire front to travel the
depth of one flaming zone (reaction time),7z. The reaction velocity is dependent on the
properties, size and arrangement of fuel particles in the fuel bed.
In the denominator of equation 2.2, the effective bulk density term of equation 2.1
is written in terms of a measurable oven-dry bulk density, ps, and an effective heating

number, €. The oven-dry bulk density is,

po=wo/d [Ib/ft’], (2.6)
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where W, is the oven-dry, or no-moisture, fuel loading, and 3 is the fuel bed depth. The

oven-dry fuel loading is related to the net fuel loading by the relation (Albini, 1976a),
Wa = Wo(1-S1) & w, [Ib/R?], (2.7)

where St (approximated as 0.0555) is the fuel particle total mineral content (Burgan &
Rothermel, 1984). The effective heating number is the fraction of a fuel particle that must
be heated for ignition and increases as the fuel diameter becomes smaller. Thus, the
product of the oven-dry bulk density and the effective heating number indicates the weight
of fuel, per cubic foot, which must be heated to the ignition temperature. The heat of
preignition, Qj,, is the amount of heat required to ignite this fuel, per unit weight (Burgan
& Rothermel, 1984). The effective heating number and the heat of preignition are written

as (Rothermel, 1972):

€ = exp(-138/c). (2.8)

Qi =250 + 1,116M; 2.9)
where o is the surface-area-to-volume (S/V) ratio, or fuel particle size, and M is the fuel

moisture content expressed as a percentage of the oven-dry weight.

Substituting equations 2.4 and 2.6 - 2.9 into equation 2.2, we have,
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~ hr' 77}4 7]’56(1 + ¢w + ¢:)
[exp(-138/ 6)][250 + 1,116M ]

[f / min]. (2.10)

Equation 2.10 represents an approximate rate of spread equation. Several empirical
correlations were derived from small-scale laboratory experiments in order to express the

variables in terms of measurable parameters.

2.2.1 Experimental Methods

A series of tests were conducted involving the construction of small-scale fuel beds
composed of either wood excelsior (fine fuels), ¥4 sticks, or %2” sticks (Rothermel, 1972;
Rothermel & Anderson, 1966). These fuel beds represent a homogeneous fuel array of
constant depth and were constructed in either a wood crib fashion, as a series of tripods,
or in a uniformly packed bed of excelsior (Fons, Bruce, & Pong, 1959; Rothermel 1972).
Fuel beds in the reaction velocity experiments were approximately 3 ft wide, 5-to-8 ft
long, and 4-t0-6 inches deep. The parameters varied in the experiments were the surface-
area-to-volume ratio, o, and the fuel bed packing ratio, B. The packing ratio of a fuel bed
is defined as the ratio of the oven-dry bulk density to the oven-dry particle density, g =
Pv/Pp, and was varied by altering the depth and loading of the excelsior, or the space
between sticks in the wood crib and tripod arrays. A load cell, or weighting platform, was
also utilized in order to measure the mass loss rate and reaction time, as the quasi-steady

fires burned through the fuel beds.
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The reaction velocity, I', was experimentally determined by evaluating the reaction
zone efficiency in equation 2.5 as 7, =, /(w,RP, ), where m, is the experimentally
determined mass loss rate, and Py, is the width of the weighting platform used in the
experiments. The potential reaction velocity, I, was determined by dividing the
experimentally determined I" by n and n, in order to separate I' from the effects of the
moisture and minerals of the fuels that were used in the experiments (Rothermel, 1972).
This allowed I" to be correlated only to the physical features of the fuel array.

From these experiments, it was found that there exists an optimum packing ratio,
PBop, Where an ideal balance between fuel and air is achieved, providing maximum burning
conditions. The important parameters were determined to be o, B, Bop, and the ratio /8.y,
which is a measure of how close the fuel bed is to its optimum packing ratio. The
variables €, Bop, I, €, ¢, and ¢, are all directly correlated to combinations of these

parameters, as shown in equations 2.11 to 2.15.

B, =334807"", 2.11)
'=T".. (8/B,)" expl[AQ-B/p,)] [min"], (2.12a)
' =0"(495+05946")" [min™], (2.12b)
A =13307""" (Albini, 1976a), (2.12¢)
£=(192 +0.25950)" exp[(0.792 + 0.681c° }( B + 0.1)], (2.13)
o B )
=CU®B| | , 2.14
?. ( s, (2.14a)
C = 7.47exp(-0.1330*), (2.14b)
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B =0.025260"%, (2.14c)
E = 0.715exp(-3.59x10% o), (2.144d)
U = midflame windspeed [ft / min],

¢, =52756"(tang)’, (2.15)
tan ¢ = slope.

2.2.2 Modeling Fire Spread through Actual Fuel Beds

The above equations were derived under the assumption that a fire is spreading
through a homogeneous fuel bed with constant properties and under constant
environmental conditions. Actual forests, grasslands and shrub fields, however, are often
composed of several different fuel components, particle sizes and arrangements. It was
assumed that these variations within a fuel complex could be accounted for by grouping
the fuel into categories according to similar properties, such as size class, living fuels and
dead fuels (Rothermel, 1972). This concept was then incorporated into the development
of fuel models, which numerically represent each component of a fuel complex - litter,
grass, shrubs and slash - by size class, fuel load, and fuel properties. These fuel models
provide the necessary input parameters to the fire spread equations and will be discussed
later in this chapter.

A weighting procedure was developed in order to account for the variations in fuel
parameters and condense them into values which represent the entire fuel complex
(Burgan & Rothermel, 1984; Rothermel, 1972). This procedure is based on the
assumption that heat transfer, moisture evaporation and other combustion processes all

occur through the surface of fuels (Rothermel, 1972). Fine fuels (0-.25 inch diameter)
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have the highest surface-area-to-volume ratios, react the fastest to these processes and are
the primary carrier of the fire. The majority of the weighting procedure, then, is based on
a measure of the amount of surface area that is contributed by each fuel size class and
category.

There are two categories of fuels, dead and live, within a fuel complex. The dead
fuels are divided into three size classes based on a corresponding timelag class, or the
theoretical time required for a fuel particle to lose approximately 2/3 of the initial moisture
content above equilibrium (Fosberg & Schroeder, 1971). Equilibrium moisture content is
the moisture content a fuel particle would obtain if left in a steady-state environment long
enough to obtain equilibrium (Bradshaw et al., 1984). The timelag and corresponding size |
classes are as follows:

e 1l-hour: 0-.25 inch,

e 10-hour: .25 -1 inch,

e 100-hour: 1 -3 inch.

Live fuels include the live herbaceous, hb (grasses, ferns) and live woody, wd (leaves, O -
.25 inch diameter twigs) classes.
Dimensionless weighting factors, fi, represent the contribution of each size class

and category. The weighting factors are defined as (Burgan & Rothermel, 1984):

fiae = Arnd/Adeas, (2.16a)
f104r = A1o-n/Adesd, (2.16b)
f100-4r = A 1004/ Adead, (2.16¢)
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fio = Aw/Ative, (2.16d)

fwd = Awd/Alive, (2.16e)
ficad = Adoad/(Adeat *+ Ative), (2.16f)
five = Ative/(Adead + Alive), (2.16g)

where the dimensionless A4, ..., A in equations 2.16a-e are based on the mean values
of oven-dry fuel loading, surface-area-to-volume ratio and oven-dry particle density of

that size class:

A; = [(0); (W) (pp);- (2.17)

Then, Agesd = Artr + Atotr + Arootr a0d Ajive = App + Awa.
From the above weighting factors, characteristic values of each input parameter
used to evaluate the fire spread equations are determined. For instance, the weighted heat

content of a fuel complex is,

heompiex = facathdced + finhis + fudhaa [Btu/lb]. (2.18)

A slightly different method is used to calculate the mean fuel bed depth for the fuel
complex. Here, the depth of each of the i = 1 to 4 fuel components (grass, litter, shrubs,
slash) is weighted by the ratio of the oven-dry load of each component, (w,);, to the total

oven-dry load, (w,)r. That is,
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Coompies = 2,6, (W,), | (W,)r [ 2.19)

The reaction intensity, equation 2.4, becomes (Albini, 1976a):

I =T'Y.(#,), (X)), [Btu/f*/min]. (2.20)

i=1

where the ~ denotes the weighted, characteristic parameters for each of the fuel
components. The potential reaction velocity, I", is similarly calculated by substituting
characteristic values of S/V ratio and a mean value of packing ratio into equations 2.11
and 2.12a - 2.12c. Each of the characteristic parameters is then substituted into equation

2.2 in order to calculate the rate of fire spread through a fuel complex.

2.3 BEHAVE: Fire Behavior Prediction and Fuel Modeling System

2.3.1 Overview

BEHAVE incorporates the mathematical model of fire spread developed by
Rothermel (1972) and given by the equations in section 2.2, along with previously
indicated revisions by Albini (1976a, 1976b), into a set of computer programs for use in
wildfire suppression, prescribed burn planning, fire reconstruction, or other land
management needs (Andrews & Chase, 1989; Andrews, 1986, Burgan & Rothermel,

1984). The programs run in an MS-DOS environment, and are relatively easy to use.
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Figure 2.7 shows the structure of the BEHAVE system, along with a brief description of

each of the programs and modules (Andrews, 1986).

SYSTEM SUBSYSTEMS PROGRAMS MODULES
- S
— NEWMDL spread rate, flame langth, and intensity
developmant program spread rate, flame length, and intensity
SIZE
FUEL ares and pesimeter
fu ing — CONTAIN
subsystem attack foroe requirements
mruc::m N
TSTMDL sutomatic linking of DIRECT,
fuel model test and CONTAN
adjustment program sPOT
BEHAVE L
fire behavior mw
prediction and | .
fuel modelin, MORTALITY
system & FIRE 1 tree mortality level
BURN
fire behavior SLOrE )
fiction sul slope from topographic maps
[ MOISTURE
FIRE2 fine dead fhel moistare, table and
— fire behavior — graphic options
prediction program JGNITE
- probebility of ignition
RH
relative humidity from wet bulb
| anddry bulb tempersatures

Figure 2.7: BEHAVE system structure.

The programs predict the spread and different measures of intensity of fires
burning in a quasi-steady state, independent of the source of ignition, and spreading in an

elliptical pattern (Andrews, 1986). Only fires burning in surface fuels, within about 6 feet
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of and contiguous to the ground, are modeled. The system is not applicable to ground
(duff) fires, crown fires, or other severe fire conditions such as a ‘blow-up’ or firestorm
situation. All fuel properties, wind, and slope conditions are assumed to be constant
throughout the prediction time.

The major fire behavior parameters predicted by BEHAVE are the rate of spread,
reaction intensity, heat per unit area, fireline intensity and flame length, each of which is
measured within the flaming zone. The rate of spread and reaction intensity (equations 2.2
and 2.4, respectively) come directly from Rothermel’s mathematical mode! of fire spread,
as discussed in section 2.2. The heat per unit area (equation 2.21) is defined as the heat
released from a square foot of fuel while the flaming zone is in that area. Fireline intensity
(equation 2.22) is the heat released per second from a foot-wide section of fuel extending

from the front to the rear of the flaming zone. Flame length (equation 2.23) is written in
terms of fireline intensity. The following are the equations used by BEHAVE to predict

these parameters (Andrews, 1986):

Rate of Spread
R=1e80%8.%8.) | cpainghr 1 Chain = 66 Feet] 2.2)
b ig
Reaction Intensity
Iz = wyhMnyme [Btw/f*/min], 2.4
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Heat Per Unit Area
Ha = Inst, [Btw/ft’], @2
t, = flame residence time [min],

Fireline Intensity

In = (IroRet,)/60 [Btu/ft/s], (2.22)
Flame Length
FL = 0.451s°* [fi]. (2.23)

2.3.2 Fuel Models

BEHAVE incorporates the use of fuel models to represent a particular fuel
complex and provide the necessary input parameters to the fire behavior equations. These
models were developed as a substitute to on-the-spot sampling of fuel input parameters,
during or before a prescribed burn or wildfire, which can be time-consuming and costly
(Rothermel, 1972). Land managers can choose a fuel model that closely fits the
vegetation of interest, by either using one of the 13 standard fuel models, or by creating a
custom fuel model through the FUELS subsystem of BEHAVE.

Currently, there are 13 Northern Forest Fire Laboratory (NFFL) fuel models
developed for input to the BEHAVE system, see Table 2.1 (Andrews, 1986). Each
represents typical fuel complexes found in North America. These are also being referred
to as the Fire Behavior Prediction System (FBPS) fuel models (W. A. Patterson III,

personal communication, 1996).
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Table 2.1: The 13 NFFL fuel models.

R

. Short grass
Timber (grass and understory)

Dormant brush, hardwood slash
Southern rough

Timber Litter

Closed timber litter
Hardwood litter

Timber (litter and understory)
Slash

Light logging slash
Medium logging slash
Heavy logging slash

Fuel models represent a particular fuel complex through such parameters as fuel
loading, surface-area-to-volume ratio, fuel bed depth, heat content and moisture of
extinction. The moisture of extinction is defined as the upper limit of dead fuel moisture
content beyond which the fire will no longer spread with a uniform front (Rothermel,
1983). If fuel moistures exceed this value, they will no longer contribute to the spreading

fire, and predicted fire behavior may reach zero. This parameter is calculated by the
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program and is based on experimental data obtained by measuring the moisture of
extinction at various packing ratios for the 13 NFFL fuel models (Burgan & Rothermel,
1984). From these data, it was determined that the moistures of extinction for dead litter,
grass, and slash components behave according to the relationship My o, = 100(0.12 +
4.88.,), where M, ., is the component moisture of extinction, and B, is the component
packing ratio. For the dead shrub components, My, = 0.35 for shrubs with leaves that
contain oils and waxes and My ., = 0.20 for those that do not. Then, a similar weighting
procedure is used to find the dead fuel moisture of extinction for the fuel model, M;, as for

the characteristic fuel bed depth,

Mx,dmd = i Mx,x‘ (wo)i /(wo )o' (224)

i=1

Heat content values are chosen as 8,000 Btu/lb for each of the 13 NFFL fuel
models. Some fuel factors required as input to the fire spread equations are held constant,
as they have little effect on the outcome of fire behavior predictions, are reasonably similar
amongst various fuel types, and/or are difficult to measure. These include the particle
density, 32 Ib/ft; total mineral content, 0.0555; effective mineral content, 0.010; 10-hr
S/V ratio, 109 ft'; and 100-hr S/V ratio, 30 ft”! (Burgan & Rothermel, 1984). Figure 2.8
shows the final form of a fuel model, specifically the NFFL fuel model #1, composed of

short grasses up to one foot in height.
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NFFL FUEL MODEL #1

LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 0.74 1 HR 3500. DEPTH, FT 1.00
10 HR 0.00 LIVE HERB 190. HEAT CONTENT, BTU/LB  8000.
100 HR 0.00 LIVE WOODY 190. EXT MOISTURE, % 12.
LIVE HERB 0.00 SIGMA 3500. PACKING RATIO 0.00106
LIVE WOODY 0.00 PR/OPR 0.25

Figure 2.8: Final numerical values of NFFL fuel model #1
2.3.2.1 Custom Fuel Models

The FUEL subsystem of BEHAVE allows users to construct site-specific fuel
models or modify the standard NFFL models by using the NEWMDL program. The fire
behavior characteristics can then be tested under simulated environmental conditions with
the TSTMDL program (Burgan & Rothermel, 1984). Constructing a new fuel model may
be necessary when fuel conditions are not well represented by the standard NFFL models.
This has been done in fuel complexes such as Southern palmetto-gallberry (Hough &
Albini, 1978), California chaparral (Rothermel & Philpot, 1973), and Alaska’s black
spruce forests (Norum, 1982).

To develop a custom fuel model, the fuel complex is divided into four components
(litter, grass, shrubs and slash), each of which is further divided into the dead fuel size
classes and/or live fuel classes. The litter, shrub and slash components can contain 1-, 10-
and 100-hr fuels. Shrubs can also include additional live herbaceous and woody fuels.
The grass component can contain 1-hr and/or live herbaceous fuels. The fuel loading,

depth and percent coverage are entered into the program NEWMDL for each of the

30



relevant fuel components in the area of interest. Both the fuel load and depth estimates
are adjusted depending on the percent coverage of each component. For the live grass
fuels, the model also allows users to construct a dynamic model, which accounts for the
drying of the grasses through the season (Andrews, 1986). This is done by transferring a
fraction of the live herbaceous fuel load to the 1-hour dead fuel load, for live fuel
moistures between 30 and 120%.

The 1-hour dead, live herbaceous and live woody surface-area-to-volume ratios
must also be estimated for each of the appropriate components. Values can range from
192 ft”! for course fuels to 3,500 ft”! for fine fuels. Heat content values are also required
for the dead and live fuel categories and can range from 7,000 to 12,000 Btu/Ib. Lower
heat contents are suggested by the program for fuels of low volatility, such as solid wood,
grasses and hardwood leaves, and higher values are suggested for fuels which are highly
volatile, such as those that contain oils and waxes (Burgan & Rothermel, 1984). As
discussed earlier, moisture of extinction values are provided by the program, although they

can be manipulated between 10 and 60% by the user.

2.3.3 Inputs/Outputs of the Fire Prediction Model

The DIRECT module of the FIRE 1 program is the main source for fire behavior
predictions within BEHAVE. The following are its input and output parameters

(Andrews & Chase, 1989):
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Table 2.2: Input/output parameters of the DIRECT module of BEHAVE.

Input Output

Fuel model Rate of S ch/h

1-hr fuel moisture, % Heat per unit area, Btu/ft

10-hr fuel moisture, % Fireline intensity, Btu/ft/s

100-hr fuel moisture. % Flame length, ft

Live herbaceous moisture, % Reaction intensity, Btw/ft/min

Live woody moisture, % Effective windspeed, mi/h

Midflame windspeed mi/h Direction of maximum spread
| Slope, %

Direction of wind vector

Direction for spread calculations

The input parameters include the fuel model which supplies the physical and
chemical characteristics of the fuel bed and several environmental parameters which
represent the weather conditions and topography during the proposed time of burning.
The temperature and reiative humidity are represented by the dead fuel moisture contents,
while the live fuel moisture contents depend on the stage of plant development, time of
year, extent of drought, and other complex, species-dependent processes. The midflame
windspeed corresponds to the windspeed at a height above the surface fuel equivalent to
the mid-level height of flames (Rothermel, 1983). The DIRECT module allows users to
indicate the slope of the terrain, the direction of the wind with respect to the slope and the
direction for spread predictions.

The DIRECT module predicts each of the fire behavior parameters of equations
2.2,2.4 and 2.21 to 2.23. Predictions can be obtained for head, flanking or backing fires
depending on the slope and wind conditions indicated. Equation 2.2 recognizes the
contribution of both the slope and wind effects on the rate of spread, although interactions

between them are not recognized (Burgan & Rothermel, 1984). The effective windspeed
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in Table 2.2 depends on the midflame windspeed, slope and fuel model, and gives an
indication of the relative effects of different combinations of wind and slope on predictions

(Andrews, 1986).
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3. Pine - Oak Forests

The fuel complex under study is the northeastern pine - oak forest with a
flammable shrub understory, see Appendix A, located from the mid-Atlantic coast north
through central New England. This fuel @mpla is of particular interest as it and similar
fuel complexes in the Northeast are incorporated into extensive prescribed burn plans for
the purposes of fuel reduction, species regeneration and education. Several plots
containing the pine - oak forests with a huckleberry shrub understory have been studied as
part of a joint effort between members of the Cape Cod National Seashore and the
Department of Forestry and Wildlife Management at the University of Massachusetts at
Ambherst (Crary, 1987). The purpose of this 10-year study is to examine the effects of fire
on the various species within the complex, and obtain data for fuel modeling and fire
behavior prediction purposes (W. A. Patterson III, personal communication, 1995). This
thesis will focus on the fuel complex located in the Lombard/Paradise Hollow area at the
tip of Cape Cod in Truro, Massachusetts. Variations of this fuel complex are located in
other areas thrbughout the Northeast, including scrub oak barrens with a scattered pitch
pine overstory in central Massachusetts, and grass/huckleberry fields found on islands off

of Cape Cod, including Martha’s Vineyard and Nantucket.

3.1 Description

The pine - oak forest is characterized by three of the dominant fuel components

shown in Figure 2.1. The bottom litter component, usually ranging from one to six inches
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in depth, is composed primarily of oak and shrub leaves along with some pine needles,
with close to 100% ground coverage. The intermediate, shrub component is dominated
by huckleberry (Gaylussacia baccata), along with additional shrubs including blueberry
(Vaccinium vacillans and V. angustifolum), and wintergreen (Gaultheria procumbans).
The huckleberry can reach heights of 4 to 6 feet, and the total shrub component usually
has about 65-70% ground coverage. The overstory is composed of white and black oak
(Quercus alba and Q. velutina), and pitch pine (Pinus rigida). Overstory heights average
between 30 to 50 feet, with approximately 80% canopy closure. The plots in the Cape
Cod area also contain a small amount of scrub oak (Quercus ilicifolia), with cover of
about 5% and heights up to 6 feet.

It is appropriate to utilize this fuel complex as a means of validating the
mathematical model developed by Rothermel (1972) and incorporated into BEHAVE.
The litter and shrub fuel components fit within the porous fuel bed assumptions of the
model and are generally continuous. Shrub heights are under six feet tall and contiguous
to the ground, and observed fire behavior tends to exhibit the “series of ignitions”
assumption that is the basis of the spread equations (Frandsen, 1971).

The pitch pine and oak overstory can also contribute to the overall fire behavior
under extreme conditions, however the model will not adequately predict the behavior of
fires spreading from the surface fuels vertically to the overstory. The information can,
however, be used to predict the possibility of overstory scorching from a surface fire,

which may lead to a crown fire or the torching of individual trees. -
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3.2 Fire Behavior

Appendix B establishes general guidelines which help quantify and classify various
hazard levels of fire behavior. This provides a practical method of indicating significant
changes in fire behavior and portraying the relative fire danger of a particular fuel
complex. Throughout this analysis, the primary fire behavior characteristics of interest
will be the spread rate and flame length. These are the most visible characteristics of a
fire, and often dictate the necessary actions for suppression and control efforts. Tables 3.1
(Andrews, 1986, National Wildfire Coordinating Group, 1989; Rothermel, 1983) and 3.2
(developed in Appendix B) give general interpretations of the various hazard levels of

flame lengths and spread rates, respectively.

Table 3.1: Fire suppression interpretations of flame lengths.

Flame Length (ft) Interpretations
<4 Fire can generally be attacked at the head
or flanks by persons using handtools.

Hand line should hold the fire.

4-8 Fires are too intense for direct attack on
the head by persons using handtools.
Handline cannot be relied on to hold the
fire.

Effective equipment: dozers, pumpers,
retardant aircraft.

8-11 Fires may present serious control
problems - torching, crowning, and
spotting.

Control efforts at the fire head will
probably by ineffective.

>11 Crowning, spotting, and major fire runs
are probable.

Control efforts at the head of the fire are
ineffective.
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Table 3.2: Fire suppression interpretations of spread rates.

Spread Rate, ft/min

Interpretations

<5

Very slow rate of spread. Corresponds to
average 20-person crew line production rate in
short brush over an extended period.

5-30

Range of spread rates that can be handled by
average 20-person crew doing fast line
construction on an initial attack.

Lower values correspond to line production rates
in short brush (fuel model 5). Higher values for
litter/timber fuels (fuel model 9).

30-100

Dozer and tractor-plow fireline production rates.

Production rates are generally faster in shrub
fuels than timber.

100-260

Walking speeds of firefighters moving away
from the fire.

260-530

Jogging speeds of firefighters moving away from
the fire.

530+

Estimated speeds in extreme wildfire conditions.

Firefighters would have to run from the head of
the fire.

The primary focus of the fuel modeling and fire behavior prediction analysis is the
litter and shrub components of the pine - oak forests. A description of fire spread through
this understory depends a great deal on the season in which it is burned. A distinction is
made between the dormant season (fall, winter, and early spring) and the growing season
(spring, summer). The major distinguishing factors between these two seasons are the

variations in live fuel moisture contents and the presence of leaves on the live fuels during

the growing season.
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3.2.1 Dormant Season Fire Behavior

The primary means of fire spread in this fuel complex is through fuel in the litter
and shrub components. The litter layer is readily ignitable and will sustain a spreading fire
under most conditions. This layer of fuels is largely consumed during a fire, and has been
observed to produce flame lengths in the range of 1 to 2 feet. This often produces a
sufficient exposure to the intermediate layer of shrubs, and in particular the huckleberry, to
cause ignition.

During the dormant season, the low fuel moistures of the live huckleberry stems
and the dead litter fuels will significantly increase the overall fire behavior. Average live
moisture contents for the months of March and April range from about 65 to 70%. These
shrubs also tend to retain their dead stems, providing fuels for vertical fire spread. Even
under the more controlled levels of environmental conditions (lower winds, higher relative
humidity) during prescribed fires, flame lengths produced by the litter and huckleberry
components have exceeded 10 feet (W. A. Patterson III, personal communication, 1996).
Fires during the dormant season are typically the most intense, with greater levels of fire
behavior and fuel consumption than in the summer, growing season. This can be
attributed to a combination of the lower live fuel moistures and a lack of an overstory

canopy, causing a higher sun exposure and increased drying of the fuels below.

3.2.2 Growing Season Fire Behavior

During the growing season, the mechanisms of fire spread are similar to the

dormant season. However, live moisture contents of the shrubs are higher, ranging
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between 65 and 70% for the stems and between 125 and 180% for the leaves. The leaves
contain a high ether extractive content, which includes the various waxes, oils, terpenes,
and fats present in many plant fuels (Philpot, 1969b). These ether extractives have been
found to increase the flammability of live fuels by facilitating the initiation of combustion
at higher moisture conditions and increasing the burning rate (Philpot, 1969a; Shafizadeh,
Chin, & DeGroot, 1977). This behavior is unique to the region as most broadleafed,
deciduous plants in the Northeast will only burn under extereme drought or fire conditions
(Crary, 1987).

Overall, prescribed fires during the growing season tend to produce a level of fire
behavior that is about Y2 to % that of the dormant season, usually just charring the stems
and killing the leaves of the huckleberry (W. A. Patterson III, personal communication,
1996). However, ignition of the huckleberry can produce flame lengths similar to those
during the dormant season, displaying somewhat of a mini “crown fire” effect as the fire
burns through the shrubs. Previous summer prescribed burns in patches of huckleberry

have been reported to produce flame lengths in excess of 15 ft (Crary, 1987).
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4. Testing BEHAVE

4.1 Prescribed Burn Studies

The series of prescribed burns and fuel modification experiments were conducted
from 1986 to 1996 in the Lombard/Paradise Hollow area of Truro, Massachusetts. Fuel
bed physical characteristics and fire behavior data have been collected from several
experimental plots containing the pine - oak forests with a predominantly huckleberry
shrub understory (Crary, 1987, Patterson, 1986, Patterson, Saunders, & Horton, 1984).
Information from these studies was used in this thesis for the development of site-specific
fuel models and for comparison of observed fire behavior with predictions obtained from
BEHAVE.

The research site is located on 17 acres between the Lombard and Paradise
Hollows within the Cape Cod National Seashore (Crary, 1987). Several 20 mx 20 m
study plots were designated as either a burn, mowed, or control plot, where the
corresponding treatment was prescribed burning, mechanical fuel height reduction, or no
treatment, respectively, see Figure 4.1. The treatments were conducted at 1-, 2-, 3-, 4-, or
S-year intervals, during the “Winter’ (primarily March and April) or ‘Summer’ (July). For
example, plot K12 is designated as a BW3A plot, or a plot that was Burned in the Winter
every 3 years. The designation of A, B, C, etc. indicates replicate treatments. Several
larger control plots were designated as TP, or Test Plot. Plot TPO1 was approximately 70

m x 70 m and plot TPO6 was approximately 80 m x 40 m.
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The data from 9 experimental plots (4 summer and 5 winter) and 2 of the larger
control plots (which have recently undergone summer burn treatments) were used in the
analysis of BEHAVE. These will be referred to as ‘experimental’ and ‘control’ plots,
respectively. Table 4.1 gives the plot, treatment, date, and an abbreviation that is used

throughout the remainder of the text to denote each individual plot.

Table 4.1: Prescribed burn plot information.

Plot | Treatment | Date of Burn { Abbreviation
118 BS2B 7/30/92 118928
K12 | BW3A 4/24/89 K1289W
K14 | BS3A 7/28/89 K1489S
E12 | BW3C 3/18/92 E1292W
K15 | BW3B 4/06/92 K1592W
K14 | BS3A 7/30/92 K14928
MI13 | BS3C 7/31/92 M13928
G23 | BW4B 3/28/90 G2390W
117 BWS5A 4/07/92 11792W
TP01 | Control 8/04/95 TPO1S
TP06 | Control 7122/96 TP06S

Each of the experimental plots contained 36 metal stake-flags, see Figure 4.2.
These flag points aided in the measurement of fire behavior characteristics including
spread rates, flame lengths, flame heights and flame depths, by enabling an observer to
note the arrival of the fire front at a specific flag. All of the measurements were made
visually by one person for the purpose of uniformity. Spread rates were calculated either
by dividing the distance of fire travel by the elapsed time and recorded directly as a rate, or
by merely noting the arrival of the fire at a particular flag alongside constantly recorded
time intervals. In the latter method it was often difficult to calculate the spread rates, as

the procedure of noting the arrival of the fire at various flags was inconsistent and often

42



focused on several sides of the fire at the same time making the path of the fire difficult to
follow. Flame heights were also recorded visually using 4-ft reference stakes with 1-ft
interval markings. A visual estimation of flame angle was made in order to measure the
flame lengths. Wind speeds were recorded at each time interval, along with an indication
of whether the fire observation was of a head, backing or flanking fire. There were no
significant slope changes from zero for any of the 20 m x 20 m burn plots.

Fire behavior measurements were obtained using different methods for the control
plots. Head fire spread rates were recorded using a system of 10 timers spaced in three
rows on a 10 m x 15 m grid for plot TPO6S and a 10 m x 10 m grid for plot TP01S. The
timers were activated at a temperature of 200°C using 1.5 mm type k mineral insulated
stainless steel sheathed (310) insulated junction thermocoupleé. The spread rates were
calculated from the difference between timer activation times and the distance of fire
travel. Head fire flame lengths were approximated from observers’ estimates and pictures
taken during the burns. The slope of plot TP01S and TP06S ranged from 0-3% and 0-
7%, respectively.

The fires were started either as a point source at the middle of the plot, or as a
series of strip head or line fires. The ignition source was a single match for the point
source ignitions, and a driptorch for the strip head fire ignitions, see Figure 4.2. The fires
reached a steady state of spread fairly quickly and were allowed to burn either uninhibited
until burnout or completed with a ring fire ignition patten. Any adjustments to fire
behavior, through the use of a ring fire or the converging of multiple fire fronts, were not

included in the data analysis.
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Figure 4.2: Layout of experimental burn plots.
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4.2 Custom Fuel Models

Site-specific fuel models were developed for each of the 9 experimental and 2
control burn plots, based on fuel data collected prior to each burn. This was done in order
to match the specific fuel conditions of each plot as closely as possible when testing the
effectiveness of BEHAVE in predicting fire behavior. Each input parameter will be
discussed, along with the corresponding measuring techniques utilized. Figures C.1
through C.11 in Appendix C show the data, by fuel component, used to construct each
custom fuel model, along with the final set of numerical data used as input to the fire

prediction model.

4.2.1 Fuel Load

4.2.1.1 Experimental Plots

All of the dead, downed fuel load, with the exception of the leaves and pine
needles in the litter layer, was determined using the downed woody fuel inventory method
described by Brown (1974). This inventory procedure is based on the planar intersect
technique, where lines are laid out from random sample points to establish a sample plane.
Pieces of dead, woody fuel which cross this plane are counted, along with measurements
of fuel and duff depth, in order to estimate the total fuel load, by size class, present on a
particular plot of land. Results of the downed woody fuel inventories for each of the burn

plots are shown in Table 4.2 (Patterson, 1996).

45



LSS 8c L ol X l0 180 Zio |e90 MZBLI
L4 ST 9 S I l62 12 299 10 98} SO 0 |ee MO6EZO

€€} Zl Sl } S i tAl] 0% jo LdX4 g0 zZ0 2z STEEIN|
| €1 (*] Z 3 Sl bl [+ 4°] 0 4] 18€ 900 =18 SZEP I
S} 4 Iv S0 0 160 Sl |6v'L 9.0 |6se 44 €10 lelo MZESIN
S0 SB) lo S0 } L&A S e 0 10 142 €00 ez} Meeeia
} 1€} lo 4 } S b 'S lo lo I8¢ 900 LA Seer i
S0 €1 s S0 10 2 S’} o4 lo 201 +~m~ 0 [4) MBBT I
|£8°0 bi lo S0 IS4 S0 Ll 1€9°L 1o A SO0'e 610 A STe81I

dea tdaq fond Apoom uapoy punosg
N4 '8AY | UNg ‘@AY sydeq pn4 syded ung peumo(] ‘@AY | J4-000| @AY | 40001 'BAY [I4-00) @AY [IU-Q| oAy Y-} "ary id
(seyou) sydeq end @J06/8U0)) Speo] |enJ

*A10)yuanul [9n) APOOM PIUMOP ZGGT P JO SIMSAY :T'¥ IGBL

46



While this downed woody fuel inventory was conducted for each of the
experimental plots in early summer of 1992, the results were used as fuel load estimates
for each of the plots under study regardless of when the burn actually took place. Thisisa
reasonable estimate for plots that were burned in late summer 1992 as they were burned
after the inventory (118925, K14928, and M1392S). Also, plot 11792W had not been
burned before 1992 and so the average values of five untreated, experimental plots were
used for reasonable fuel loading estimates. Some error in using the 1992 fuel inventory
may occur for plots E1292W, K1592W and G2390W, where the inventory took place
after the burn. This may result in an under-estimation of the fuel load, particularly the 1-hr
fuel sticks that are usually consumed the most during the burns.

The numbers of times that each plot had been burned prior to the burn under study
is also an important factor (W. A. Patterson III, personal communication, 1996),
particularly for plots K1489S and K1289W. Plot K1489S had been burned twice before
the 1992 inventory and plot K1289W had been burned three times. However, both had
only been burned once prior to the 1989 burn. It has been found that the first bﬁms in this
fuel complex tend to be of sufficient intensity to consume most of the litter layer and kill,
but not fully consume the shrubs. Over the next three years prior to the 1989 burn, the
litter accumulates again and the dead shrubs remain standing. Under dry 1- and 10-hr fuel
conditions, the second burn will produce fire behavior similar to the initial burn. After this
second burn, there is a substantial drop in shrub height, standing dead load and

corresponding fire behavior. This would result in a lower dead fuel accumulation in 1992

than was actually present in 1989.
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Errors in approximating the downed fuel loads from the 1992 inventory would be
small, particularly for the overall 1-hr fuel load, as the majority of this parameter was
represented by the leaf and needle content of the litter layer. This quantity was determined
by a separate means, called “biomass plots” (Patterson, 1996). In this procedure, small
subplots were inventoried in the fall before each burn. All dead and live material from
four 100 cm x 40 cm subplots per plot was collected, separated and weighed on an oven-
dry basis to determine the litter, standing dead, live leaf and live twig fuel loads. The
values from the four biomass plots were averaged in order to produce the appropriate

loads for each burn plot, see Table 4.3.

Table 4.3: Biomass plot data obtained prior to each prescribed burn.

Fuel Load (tons/acre)

Plot Standing | Litter | Live Woody

Dead Load Load
118928 0.16 3.9 0.35
K1289W 0.3 4.2 1.95
K1489S 0.72 3.5 1.18
E1292W 0.1 3.6 1.87
K1592w 0.51 4.4 4.35
K14928 0.62 4.3 1.04
M13928 0.08 4.6 0.57
G2390W 0.02 5.5 2.03
11792W 0.42 9.4 3.20

These biomass plots were conducted before the burns and had to be corrected to
account for any subsequent litter accumulation during the winter. This was done by
measuring the total litter fall in control plots over a 3-year period. It was found that on

average 350 g/m’ (1.6 tons/acre) of leaves and needles accumulate annually.
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When constructing the custom fuel models for the experimental plots, the litter
component was composed of the leaf and needle loading obtained from the biomass plots.
The shrub component was composed of the 1-, 10-, and 100-hour fuel loads determined
from the downed woody fuel inventory, and the standing dead and live woody fuel loads
determined from the biomass plots. Parameter values for the shrub component, shown in
Figures C.1 through C.9, have been reduced according to the percent coverage for each

plot, as discussed later.

4.2.1.2 Control Plots

The fuel loading for control plots TPO1S and TPO6S was estimated using
inventory data collected in 1985 before treatments began in the research area (Crary,
1987). Biomass plots were averaged from a total of 48 samples to yield all necessary
data, see Table 4.4. Litter loads also included downed woody fuel of all sizes and so a

separate fuel inventory was not necessary.

Table 4.4: Biomass plot data for control plots.

Fuel Load (tons/acre)
Litter/1-hr | 10-hr | 100-hr | Standing | Live Woody
Load Load | Load Dead Load
5.86 0.12 0.30 0.23 1.43

When constructing the custom fuel models for the control plots, the litter
component was composed of the leaf and needle loading and all of the downed woody fuel
obtained from the 1985 biomass plots. The shrub component was composed of the

standing dead and live woody fuel loads determined from the same source. Parameter
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values for the shrub component, shown in Figures C.10 and C.11, have been reduced

according to the percent coverage.

4.2.2 Surface-Area-to-Volume Ratio

Measurements of 1-hr and live woody S/V ratios had not been made for this fuel
complex. Thus, values of 2000, 1500 and 1350 ft”* for the litter, 1-hr shrub and live
woody S/V ratios, respectively, were used in the custom fuel models (W. A. Patterson III,
personal communication, 1996). The sensitivity of fire behavior predictions to this

parameter will be discussed later.

4.2.3 Fuel Bed Depth

The program NEWMDL requires a depth estimate for each of the components
appropriate to a fuel complex. For the experimental plots, a series of live fuel height
measurements were conducted before each burn (Patterson, 1996). Fifteen 100 cm x 20
cm subplots were sampled in order to estimate the average height of each shrub and tree
species. Since the huckleberry was the tallest and most dominant of the shrubs, its
average height was taken as the shrub depth. Shrub heights for the control plots were
estimated from pictures taken prior to the burns and were found to be roughly 3 feet for
the huckleberry in each plot. Average shrub heights for each of the major species present

on the burn plots are given in Table 4.5.
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Table 4.5: Live shrub heights for the major species within each burn plot.

Average Live Fuel Heights (cm)

Plot Gaylussacia | Vaccinium | Gaultheria Vaccinium

baccata vacillans | procumbans | angustifolum
118928 22.7 17.2 53 10.7
K1289W 574 37.0 11.5
K1489S 56.1 23.5 10.4 15.9
E1292W 55.7 233 9.3 17.9
K1592W 52.7 30.7 10.7 18.8
K14928 329 16.9 7.3 12.8
M13928 317 23.5 9.3 9.4
G2390W 72.1 31.2 15.2 13.3
11792W 119.5 44.5 11.1
TPO1S 99.0
TP06S 99.0

No direct measurements of litter depth were taken. Estimates of litter depth were
based on average fuel depth measurements obtained from the 1992 downed woody fuel
inventory, see Table 4.2. This measurement is meant to represent the height above the
duff layer of all dead fuel, at each sample point. The fuel depth measurements, however,
usually corresponded to the litter depth due to the low amounts of downed fuel on the
experimental plots. For the untreated plots, the litter depth averaged 5 to 6 inches. For
the burn plots, litter depth was close to 1 inch due to consumption during previous
prescribed burns. A value of 5.75 inches, obtained from the average of all untreated,

experimental plots in 1992, was used for the control plot litter depths.

4.2.4 Percent Coverage

An estimate of the percent ground coverage is required for each of the fuel
components in the custom fuel model. For coverage of less than 100%, the values of fuel

load, S/V ratio and fuel bed depth for that component are reduced by multiplying those
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values by the percent coverage. While the litter layer could reasonably be assumed to
cover 100% of the plot, this was not the case for the shrubs. The average coverage for
shrubs in this type of fuel complex is usually between 65 and 70%, for untreated plots.
The coverage is usually less for plots that are burned more frequently, as the shrubs are
given less time to re-grow. Based on the interval at which the plot was burned, along with
shrub height data taken before the burn, an overall percent coverage was assigned for each

bumn plot, see Table 4.6:

Table 4.6: Shrub component percent ground coverage.

Plot % Coverage |
118928 40
K1289W | 60
K1489S | 60
E1292W | 80
K1592W | 70
K1492S | 50
M13928 | 50
G239%0W | 75
11792W | 85
TPO1S 75
TP06S 65

4.2.5 Heat Content

Values for heat content have not been found in the literature for fuels in this
complex (Fahnestock, 1970; Golley, 1961; Kelsey, Shafizadeh, & Lowery, 1979,
Richards, 1940; Susott, 1982; Susott, DeGroot, & Shafizadeh, 1975; Susott, Shafizadeh,
& Aanerud, 1979). Therefore, a value of 8000 Btu/Ib was used for each of the live and

dead fuel components, as was done with the 13 NFFL fuel models. The NEWMDL
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program suggests higher values, closer to 9500 Btu/lb, for shrubs which contain oils and
waxes. The heat content would appear to depend greatly on the season in which the fuel

is burned and whether or not leaves are present. This will be discussed later.

4.3 Environmental Parameters

The prescribed burns were conducted on days of moderate fire and weather
conditions (low winds and high relative humidity) due to concerns with possible extreme
fire behavior. This resulted in lower levels of fire behavior not indicative of the true
potential discussed in Chapter 3. Table D.1 of Appendix D gives a sense of the various
levels of relative humidity and 1-hr fuel moistures, and their fire hazard interpretation
(National Wildfire Coordinating Group, 1989). Exceptions to this table have been found
in Cape Cod National Seashore where fuel moistures of 12-15% have been recorded on
days of 70-90% relative humidity (W. A. Patterson III, personal communication, 1996).
The relationship between fuel moistures and fire hazard, however, appear to be
reasonable. Live fuel moistures are not controlled by the same environmental factors as
dead fuel moisture, although there are general guidelines to assist in estimating this
parameter. Table D.2 gives guidelines for estimating live fuel moisture contents based on
the stage of plant development (Rothermel, 1983). Again, the pine - oak forest fuel
complex deviates from this table, with live shrub moistures usually not exceeding 200% in
all stages of development. Table D.3 gives a scale of windspeeds for comparison to those

encountered during the prescribed burns (National Wildfire Coordinating Group, 1989).
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Fuel moisture data were collected on the day of the burn. The litter, live leaf and
live stem moistures were all determined by collecting and drying samples prior to the time
of ignition. The 1-, 10- and 100-hour fuel moistures were determined using a ‘Protimeter’
wood moisture meter which gives a direct, electronic reading of fuel moisture when

inserted into the fuel stick. The ranges and average values are given in Table 4.7.

54



(M 74 1’181 9bl S90d.1
0L ¥'8Si 60 Siodl
9'6S c'8S 8'9S L'Sy 6'6¢ 8'Cl MZ6LLI
91€ €92 18 {4 8'0¥ 8'vet €92 M08ECO
9'.6 916 198 §'69l L'ivl 8’6l es 6¢ce 4] SCEELN
€801 L'66 9 6081 €191 vivl L'€S 1R 44 1 SCeYIA
99 €69 9'v9 8y ¥'9¢ vil MZ66G X
£0L 69 L'L9 14 L¥e y8l Mc6ci3
66 091 114 S6svid
(214 9'€ee 8'¥C (44 1 X4 8 M68CIN
£8Ll G'S0l 001 191 9yl 8'¢cl cys 8'8¢ 144} Sce8il
‘XeiN ‘QAY ‘UIN ‘XeN ‘OAY ‘UIN ‘XeiN ‘DAY ‘UIN 10id
% ‘8iNISION WIS AN % '2JNSIOW JBa7 9AI % ‘JniSION JyY-001
6€l el vei S980d.1
0c 1 Ad] ¥8l siodl
§'6S L'8¢ 413 €68 6Ll L8 (41} MZ6LLI
1%°] 94LC L8 | X4 L6 98 MO06£CTO
G'LC €91 68 8'8¢ 61l 8 V'Ll 9¢l vol SC6ELN
8'cc (31 ot L6l vyl x4 901 €6 98 SZeviN
or 6'¥C 8 £9¢ vil 8 Lci L'L) 66 MZBS X
[4°14 y'ee L6 8'ee A4 €6 9¢l el 1 X4 Mc6cl3
X4 S9! Lci SS9 S'Gl vel S68vIN
L'le 8§l 8 8 8 M6S8ZIN
S8l 1.4°13 (44} 6¢c €91 801 Z8l LGl (44} S2681I
‘XBeiN ‘OAY ‘UIN ‘XeN KL\ ‘UIN ‘Xey ‘BAY "UiN 10|d

% ‘2IMISION JY-01

% ‘QJMSION Jy-|

% ‘2JNISION Jai

‘uingq yoed Jo Lep Ay uo Judsdad saamsiow PN L'y QL

55



Table 4.8 gives the range of midflame windspeeds recorded during the course of

each prescribed burn, along with average slope, temperature and relative humidity.

Temperature and relative humidity measurements were obtained through the use of a

psychrometer, found in the standard belt weather kit (Mobley et al., 1973). Wind

measurements were also made on-site, using a hand-held electronic anemometer.

Table 4.8: Weather information recorded during each burn.

Midfiame Windspeed, | Slope, Temperature, °F Relative
mi/h % Humidity, %

Plot Time of Burn | Min. | Ave. | Max. | Ave. | DryBulb | Wet Bulb Ave.
118928 1400 0 0.6 1.2 0 70 63 69
K1289W 1015 0 2.0 5.0 0

K14898 1430 0 1.0 5.0 0 82 73 61
E1292W 1415 0 1.3 3.5 0 38 31 40
K1592W 1245 0.7 29 6.2 0 50 41 44
K14928 1430 0 0.5 1.8 0 73 64 61
M13928 1200 0 0.2 1.8 0 76 64 53
G2390W 1000 0 2.0 6.0 0 40 32 36
11792W 1000 0 0.9 3.5 0 48 38 36
TPO1S 1300 0 2 4 0-3 83 78
TPO6S 1430 2 2.5 4 7 77 45

For fire behavior predictions, average values of midflame windspeed were used as

input to BEHAVE, along with average values of each of the appropriate fuel moistures.

The average litter moisture was used for the 1-hr fuels whenever available, due to the

larger fuel load contribution of litter in this size class. Similarly, average live leaf

moistures were used for live woody fuel moisture estimates during the summer burns, as

they are the major carrier of fire through the shrubs during this season.
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4.4 Observed vs. Predicted Fire Behavior

4.4.1 Results

The purpose of the comparison between observed and predicted fire behavior was
to analyze the effectiveness of BEHAVE in predicting fire behavior in this fuel complex,
based on site-specific fuel models and average environmental conditions. These
predictions were compared to the average observed fire behavior recorded during each
burn. Tables 4.9 and 4.10 give the range of fire behavior observed on each of the burn
plots, along with the corresponding predictions. One predicted value was obtained for

each of the plots from the DIRECT module of BEHAVE.

Table 4.9: Observed and predicted spread rates.

Head Fire Spread Rates (ft/min)

Observed Predicted Error, %
Plot Min. Ave, Max. Under Over
KI1289W | 2.0 38 6.5 6.6 74
K1592W 1.5 55 12.0 7.7 40
G2390W 1.7 40 6.5 10.1 153
118928 0.5 1.0 1.0 0.25 75
K1489S 6.0 9.1 12.5 22 76
K14928 1.0 1.1 13 1.1 - -
M13928 1.1 26 5.0 0.5 81
TPO1S 11.8 14.0 15.0 44 69
TP06S 20.0 26.0 26.0 6.6 75
AVE. : 75 89
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Table 4.10: Observed and predicted flame lengths.

Head Fire Flame Lengths (f)
Observed Predicted Error, %

Plot Min. | Ave. Max. Under Over
K1289W 1.0 24 40 50 108
E1292W 1.0 1.3 22 42 223
K1592W 1.3 2.1 35 5.6 167
G2390W 10 3.7 8.0 6.8 84
11792W 3.0 40 5.0 5.9 48
118928 0.8 0.8 1.0 04 50

K1489S 35 54 11.0 2.5 54

K1492S 0.8 1.9 33 1.2 37

M13928§ 1.2 2.0 28 08 60

TPO1S 3.0 5.0 8.0 3.7 26

TP06S 3.0 50 7.0 48 4

AVE, 39 126

Figures 4.3 and 4.4 graphically show the results of the comparison for spread rates
and flame lengths, respectively. The x-axis represents the observed values of fire
behavior, where the data points correspond to the average recorded spread rate or flame
length during the burn. The purpose of the error bars was to evaluate the accuracy of
predictions when the entire range of the observed fire behavior was considered. The y-
axis represents the predicted value of spread rate and flame length for each of the burn
plots. For plots 118928 and M1392S, a value of zero was predicted for spread rates, as a
result of the program rounding predictions less than 0.5 ft/min down to zero. For ease of
comparison with observed values, the non-rounded value was obtained from the graphs
available in the TSTMDL program of BEHAVE.

The 45-degree line on each of the figures represents the line of exact agreement

between the observed and predicted fire behavior. Fire behavior (spread rates and flame
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lengths) is over-predicted (above the 45-degree line) for the winter burns, and under-
predicted (below the 45-degree line) during the summer. Tables 4.9 and 4.10 give the
percent under- or over-prediction for spread rates and flame lengths, respectively,

expressed as a percent of the observed values.
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4.4.2 Discussion

One main objective of the prescribed burns was to collect the necessary data to
effectively evaluate the potential fire behavior of this fuel complex in the future. From an
initial overview, the errors in predictions obtainéd from BEHAVE were high, generally
greater than 50% when comparing predictions to the average observed spread rates and
flame lengths. However, because the prescribed burns were not conducted under carefully
controlled experimental conditions, with discontinuities in fuel bed and environmental
characteristics, it is also beneficial to compare fire behavior predictions with the complete
range of observed behavior. In this case, deviations of predictions from observations are
narrowed for many of the plots, as the error bars in Figures 4.3 and 4.4 indicate that some
of the fire behavior observations were similar to predictions. More significant deviations,
however, are realized for plot K1489S where observed flame lengths reached values well
over the predictions. Also, for plots G2390W, K1489S, TP01S and TP06S, Figure 4.3
shows that their whole range of observed spread rates fell outside predictions. This
discussion will analyze the possible causes of the deviations of predictions from
observations along with their significance.

From a practical point of view, as outlined in the various hazard levels of flame
lengths and spread rates in Tables 3.1 and 3.2, the levels of fire behavior observed during
each prescribed burn were generally low, as was the predicted fire behavior. The majority
of observed and predicted spread rates fell in the first level or lower end of the second

hazard level (0-30 ft/min) as indicated in Table 3.2 and, in fact, never exceeded a value of
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approximately 10 f/min. These spread rates are quite slow, and do not create a great deal
of concern when planning for a prescribed burn or suppression efforts during a wildfire.
Similarly, when considering the various hazard levels established for flame lengths in Table
3.1, observed and predicted values tended to stay within the first two levels (0-8 ft).
These flame lengths are acceptable for most prescribed burn operations, as the necessary
precautions are usually taken to help ensure containment, including handtools, water
supply and pre-established firebreaks. One interesting plot, however, was K1489S, which
exhibited a wide range of recorded flame lengths, some of which reached 11 feet. The
deviation of predictions from observed flame lengths, in this case, are significant from a
fire suppression interpretation. Similarly, the under-prediction of spread rates for plots
TPO1S and TPO6S were significant and will be analyzed further.

The size of the experimental plots may be a contributing factor to the deviations of
predictions from observed fire behavior. Winter plot predictions over-estimated the
potential of the fuel complex which may indicate that the fires on the 20 m x 20 m plots
were not able to reach a full steady-state of spread. However, the fire behavior during the
summer was consistently under-estimated, indicating that other, more complex factors are
causing inaccuracies in predictions. This is supported when considering the larger control
plots which were also under-predicted.

The clear difference in the results of the comparison between observed and
predicted fire behavior based on the season in which the plots were burned raises
questions as to the seasonal variations in the flammability of the fuels and how fuels are

represented within the fire prediction model. The main differences between the winter and
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summer months are the characteristics of the live shrub component, including the presence
of leaves with high moisture contents during the summer. In previous prescribed burns of
this fuel complex, whether or not the live fuels have contributed to observed fire behavior
has depended greatly on the litter layer’s ability to support a hot enough fire that would
heat the shrubs sufficiently to sustain fire spread (W. A. Patterson III, personal
communication, 1996). This, in turn, seems to be dependent on the environmental factors
present on the day of the burn, namely the moisture contents of the dead fuels and the
wind speeds.

On burns of low intensity, the primary carrier of the fire is usually the litter layer,
which would make this fuel complex similar to NFFL fuel model 9, characterized by
closed long-needle conifer and hardwood stands with a litter layer that will support a
strong surface fire (Rothermel, 1983). Figure 4.5 shows the values of the fuel model

parameters used in this standard fuel model.

STATIC 9. NFFL FUEL MODEL 9

LOADS, T/AC S/V RATIOS, 1/FT OTHER

1 HR 2.92 1 HR 2500. DEPTH, FT 0.20
10 HR 0.41 LIVE HERB 190. HEAT CONTENT, BTU/LB 8000.
100 HR 0.15 LIVE WOODY 190. EXT MOISTURE, % 25.
LIVE HERB 0.00

LIVE WOODY 0.00

Figure 4.5: NFFL fuel model 9 parameters.

For comparison purposes, fuel model 9 was used to predict fire behavior for each
of the burn plots. The results (Tables 4.11 and 4.12) indicate that the plots that exhibited

lower levels of spread rates and flame lengths were predicted well by fuel model 9, but it



under-predicted in nearly ever other case, suggesting the importance of the additional
shrub component within the fuel complex. Other NFFL fuel models, such as the shrub
group (fuel models 4-7 shown in Figure 2.1), may also be used in limited cases, although
several aspects of these models differ from the characteristics of the pine-oak forests,
producing large deviations in predictions, see Tables 4.11 and 4.12. It is important that a
custom fuel model be used to evaluate fire behavior in this fuel complex, in order to

account for the unique interactions between fuel components.

Table 4.11: Spread rate (ft/min) predictions using NFFL fuel models.

Plot Observed | Custom | NFFL9 | NFFL4 | NFFL 5 | NFFL 6 | NFFL 7
K1289W 3.8 6.6 2.2 42.42 15.15 9.9 12.12
K1592W 55 7.7 33 41.41 5.5 13.13 13.13
G2390W 4 10.1 2.2 40.4 15.15 9.9 11.11
118928 1.0 0.25 1.1 2.2 0 2.2 22
K1489S 9.1 2.2 1.1 7.7 2.2 55 5.5
K14928 1.1 1.1 1.1 44 1.1 33 2.2
M13928 2.6 0.5 1.1 22 0 1.1 1.1
TPO1S 14.0 4.4 1.1 3.3 1.1 6.6 5.5
TPO6S 26.0 6.6 2.2 9.9 2.2 10.1 7.7

Table 4.12: Flame length (ft) predictions using NFFL fuel models.

Plot Observed | Custom | NFFL 9 | NFFL4 { NFFLS5 | NFFL 6 { NFFL 7
K1289W 24 5.0 1.5 15.6 5.2 33 3.9
E1292W 1.3 4.2 1.1 44 1.1 2.3 25
K1592wW 2.1 5.6 1.7 14.2 1.8 3.6 3.9
G2390W 3.7 6.8 1.4 14.6 5.1 3.1 3.7
11792W 4.0 5.9 0.7 0 0.1 1.2 2
118928 0.8 04 0.8 23 0.5 1.6 1.5
K1489S 54 2.5 0.9 2.6 0.6 1.9 1.8
K14928 1.9 1.2 0.9 4.6 0.6 1.8 25
M1392S 2.0 0.8 0.8 2.2 0.5 1.3 1.2
TPO1S 5.0 37 1.0 18 04 23 24
TP06S 5.0 4.8 1.5 5.0 12 34 2.9
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There are several parameters within the fuel and prediction models that could
account for the various fire behavior encountered during the burning of each plot, and the
deviations of predictions from these observations. The most obvious of these, which
usually produce direct effects on fire behavior, are the environmental parameters,

including the wind speed and fuel moisture contents.

4.4.2.1 Environmental Parameters

Midflame windspeeds were generally low during the prescribed burns, although the
burns with the highest recorded winds (plots K1289W, K1592W, G2390W, K1489S,
TPO1S, and TPO6S) as shown in Table 4.8, tended to have the highest observed spread
rates and flame lengths. Their corresponding predictions followed this trend, with the
exception of plot K14898S, see Tables 4.9 and 4.10.

Burns that were conducted under conditions of low moisture content did not
always result in higher observed or predicted fire behavior. Recall that 1-hr moisture
contents were determined from the litter moisture estimates whenever available. This is
generally reasonable, as the litter fuels composed most of the 1-hr component. However,
both the litter and 1-hr moisture contents together varied widely, see Table 4.7, suggesting
some non-uniformity within the burn plots. Similarly, the 10- and 100-hr moisture
contents also had a wide range of recorded values. Whether or not these variations would
have a strong impact on fire behavior predictions needs to be analyzed further.

With respect to seasonal differences, the litter layer is usually drier during the

winter and early spring than in the summer, which would help account for the expected
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increase in fire behavior described in Chapter 3. For the burn plots under study, however,
there was no consistent trend in dead fuel moisture contents between the winter and
summer. The measured live fuel moistures shown in Table 4.7 did vary widely, especially
when considering both the leaves and stems during the summer. For example, the range
of possible live fuel moistures for plot M1392S ranged from about 85% to 165%. The
moisture contents of the live fuels used for fire behavior predictions had the greatest
seasonal difference among plots, averaging about 50% for stems in the winter and 160%
for leaves during the summer. This division between summer and winter values is
consistent with results where the lower winter live fuel moistures corresponded to over-
predictions and higher summer values to under-predictions.

Another aspect to consider is the interaction between the live and dead fuels.
Woitkiewicz (1996) found that a possible explanation for lower levels of fire behavior in
the winter burns may be due to the abundance of Gaultheria procumbens (wintergreen) on
the forest floor. These live fuels average a moisture content of about 130% during this
season and are very short, ranging from 1-2 inches on frequently burned plots to 5-7
inches on untreated plots (W. A. Patterson III, personal communication, 1996).
Therefore, the wintergreen is an integral part of the litter layer and can actually decrease
fire behavior when there are sufficient quantities.

One way to represent the multiple sources of fuel moisture within the same layer of
fuels is to calculate an adjusted fuel moisture which takes into account the ratio of the

amount of the dry litter fuels to the wet wintergreen. This adjusted moisture content is

defined as (Woitkiewicz, 1996):
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adj. moisture = [total mass H>O/total dry mass] x 100. [%] 4.1)

The mass of water is defined as the product of the oven-dry mass of the fuel and its
moisture content. For instance, from the biomass plots of K1289W, there was 113.5 g of
wintergreen at 130% moisture content and 948.5 g of litter at 8% moisture content.
Therefore, there are 147.8 g of water in the wintergreen and 75.9 g of water in the litter
for a total mass H,O = 223.7 g and total dry mass = 1062 g. The adjusted moisture
content is then 21.1%. This is a large difference compared to the value for litter of 8%
and may help account for the lower levels of fire behavior during the prescribed burns. A
similar calculation was performed for each of the winter plots and their adjusted moisture

contents are shown in Table 4.13.

Table 4.13: Adjusted fuel moisture for winter surface fuels.

Plot Litter Moisture | Adjusted Moisture
Content, % Content, %
K1289W 8 21.1
E1292W 13 27.8
K1592w 11.1 27.5
G2390W 9.7 222
11792W 19.2 223

The result of using these adjusted fuel moistures as 1-hr fuel moistures in the fire
predictions model was a decrease in predicted spread rates and flame lengths, see Tables

4.14 and 4.15, respectively. Predictions were improved as there was less of an over-
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prediction for each plot, see Figures 4.6 and 4.7. This same exercise was not performed

for the summer plots as their fire behavior was already under-predicted.

Table 4.14: Observed vs. predicted spread rates using adjusted litter moisture

content.
QObserved Predicted
Plot Min. | Ave. | Max. | Original | Adjusted
K1289W 2.0 3.8 6.5 6.6 44
K1592W 1.5 5.5 12.0 1.7 4.4
G2390W 1.7 4.0 6.5 10.0 6.6

Table 4.15: Observed vs. predicted flame lengths using adjusted litter moisture

content.
Observed Predicted
Plot Min. | Ave. | Max. | Original | Adjusted
K1289W 1.0 2.4 4.0 5.0 3.6
E1292W 1.0 1.3 2.2 4.2 34
K1592W 1.3 2.1 3.5 56 3.8
G2390W 1.0 3.7 8.0 6.8 49
11792W 3.0 4.0 5.0 5.9 5.0
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4.4.2.2 Custom Fuel Models

The fuel models are the primary means by which the structure and properties of a
fuel complex are represented. In examining the custom fuel models for the nine
experimental plots (Figures C.1 to C.9) there are general trends which indicate the interval
at which the plots were burned. The amount of dead fuel accumulations increased as the
interval between prescribed burns increased, ranging from under 6 tons/acre for plot
118928, a 2-year burn interval plot, to over 16 tons/acre for plot 11792W, which had not
been burned previously. This is most notable in the 1-hour size class, resulting primarily
from the larger amount of litter accumulations on plots that were burned less frequently.
Live woody fuel loads ranged from 0.14 tons/acre for plot 118928 to 4.83 tons/acre for
plot 11792W, however there was not a consistent increase over the increasing burn
intervals. Fuel bed depths also increased, in general, with increasing burn interval, ranging
from 0.14 to 1.43 feet. This is consistent with expectations, as the shrubs are allowed to
grow longer between burns, which also causes a deeper litter layer. Also, for frequently
burned plots, there are fewer shrubs to hold the litter in place, causing fall accumulations
to be blown off the plots during the winter. No consistent effects on observed fire
behavior were found as most of the above parameters varied between plots, although a
general trend of increased fire behavior occurred as the burn interval increased.

As discussed in section 4.2.1.1, the number of times that each plot was burned
prior to the burn of interest is also important. This also helps account for the low fuel

loads in plot 118928, as this plot was burned three times previous to the 1992 burn. Plots
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that were burned once prior to the burn of interest, including plots K1289W, G2390W,
and K1489S, would tend to have a higher standing dead load as the first burn tends to kill
the live fuels which then remain standing for the second burn. From Table 4.3, plot
K1489S did have the largest amount of standing dead fuel which corresponds to the high
levels of fire behavior observed during the 1989 burn. However, there was no consistent
trend in standing dead load with number of previous burns for the other plots.

With respect to seasonal differences between fuel models, live woody fuel loads
were consistently lower during the summer than the winter. This results from the summer
burning which retards the growth of the shrubs as they resprout (W. A. Patterson III,
personal communication, 1996). Also, while the variability in summer live leaf and stem
fuel moistures is accounted for in the environmental parameters, it may be beneficial to
separate these fuel types within the fuel models. If the fuel loads for the leaves and stems
are separated, then they can each be assigned different moisture contents instead of using
the higher leaf moisture for the whole live load. A revised custom fuel model was
constructed for each of the summer experimental and control plots, see Appendix E. The
live stem load was accounted for as a live herbaceous load within the grass component
with the corresponding shrub depth. The live leaf load was accounted for as a live woody
load in the shrub component in order to account for the oils and waxes present in the
leaves. The results of this analysis were surprising, as there was no change in predicted
fire behavior for any of the summer experimental or control plots. This suggests that the

fire prediction model may not account for the contribution of live fuels at moisture content
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values over about 90% as found in the summer stems. Perhaps only at the lower winter
stem moistures averaging 50% does the live load contribute to predicted fire behavior.
Seasonal changes can also exist within the chemical properties of a particular
species, which would be represented by the mineral and heat content parameters within the
fuel models. Recall that the total and effective mineral contents are held constant within
the fuel models and have been found to be similar among most fuel types. For the heat
content of the fuels, a value of 8,000 Btu/lb was used as an arbitrary estimation within the
custom fuel models for each of the dead and live components of the winter and summer
plots. This parameter, however, may actually fluctuate throughout the year, helping to
account for the variations in fire behavior within this fuel complex. This has been found to
be the case with Chamise, a major component of the flammable chaparral brush fields of
southern California (Philpot, 1969b). The heat content of the leaves and stems of Chamise
was found to increase over the months of May to October, by up to 600 Btu/Ib. This
increase was directly related to the ether extractive content of the fuel, typically found on
or near the surface of the leaves and stems. The general cycle of ether extractives for the
Chamise was a decrease over the period from January to May, then an increase by almost
4% dry weight, reaching its peak in the fall. This information was incorporated into a
dynamic fuel model for the chaparral, where heat content was written as a time-dependent
function (Rothermel & Philpot, 1973). Similar results of seasonal changes in heat content
have been found for Douglas-fir and ponderosa pine, where a 10% increase occurred over
the course of the summer (Philpot & Mutch, 1971). Thus, extreme fire behavior in the

shrub understory of the pine - oak forests during the winter may be largely due to the
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lower moisture contents of the live fuels, while an increase in ether extractives and heat
content would allow for similar fire behavior at higher moisture contents during the

summer months.

4.4.2.3 Fire Prediction Model

The above considerations suggest that the representation of the live fuels within
the fuel and environmental parameters are most important in accounting for the distinction
between winter.and summer predictions. This raises concerns as to the extent to which
the live fuels are assumed to contribute to the overall fire behavior within the fire
prediction model. In previous studies with Tasmanian grasslands, it was found that the
live fuels that burned during the experiments were often predicted not to burn by
BEHAVE, resulting in several under-predictions (Marsden-Smedley & Catchpole, 1995a,
1995b).

Of the summer burn plots in the present study, K1489S had the most complete set
of observations with respect to the type of vegetation burning. Areas with primarily litter
and the shorter blueberry shrubs tended to produce flame lengths of 1.5 to 2.5 feet,
although spread rates could not be distinguished from the data in these particular fuels.
The addition of the huckleberry shrubs, however, produced flame lengths ranging from 5
to 11 feet, with corresponding spread rates of 6 to 12.5 ft/min. Thus, it appears that the
live fuels in this particular plot are significantly contributing to the overall fire behavior.

If BEHAVE is assuming live fuels will not burn when they actually do, this may be

due primarily to the prediction model ignoring the contribution of live fuels at the higher
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moisture content levels found during the summer, and possibly even winter months.
Similar to the dead fuels, there is a moisture of extinction calculated by the prediction
model for live fuels, or the value of moisture content for which the live fuels will no longer
contribute to the flaming front (Albini, 1976a, 1976b). This parameter is internal to the
fire prediction model within BEHAVE and can not be altered by the user. It is based on
the assumption that the live fuel moisture of extinction is linearly related to the “effective

heat”, Q.¢, produced by the burning dead fuel, defined as (Fosberg & Schroeder, 1971):

Qcr = 1800{(1-a)/ct](1-M¢.3), [cal/g] (4.2)

where a is the fraction of living fuel and M is the fuel moisture content expressed as a
fraction. At the extinction moisture, there is just enough of this effective heat to raise the
temperature of the live fuel to ignition. This corresponds to the heat of preignition which
is a linear function of moisture content, see equation 2.9. Equating the two relationships
for “effective heat™ and heat of preignition (equations 4.2 and 2.9, respectively), allows
the live fuel moisture of extinction to be written as a function of the dead fuel moisture
content and the fraction of the total fuel load that is live. BEHAVE uses a modified
version which incorporates all size classes and a different weighting parameter for the fuel
loading of each component. The live fuel moisture of extinction, M jiving, i Written as

(Albini, 1976b):
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W,; = oven-dry loading of size class j [tons/acre],
o; = surface-area-to-volume ratio of size class j [ft™],

Mg; = moisture content of size class j [fraction].

43)

4.4)

(4.5)

Equations 4.3 to 4.5 were inserted into a spreadsheet program for each of the nine

experimental and two control plots of the present study, in order to calculate the live fuel

moisture of extinction as calculated by BEHAVE, see Table 4.16.
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Table 4.16: Calculated live fuel moisture of extinction.

Plot Live Fuel Moisture No % Coverage Reduction
of Extinction, % for Load, %

K1289W 1462 974
E1292W 1171 779
K1592W 440 325
G2390W 1100 863
11792W 493 404
118928 8511 4033
K1489S 1562 1107
K1492S 3159 1892
M13928 4867 - 2702
TPO1S 484 361
TP06S 1128 748

The values in column 2 represent the live fuel moistures of extinction when using the
appropriate inputs from each of the eleven custom fuel models. These values are given as
percentages, and so the calculated values of live fuel moisture of extinction range from
440% to over 8500%, for the eleven burn plots. This would indicate that the live fuels
will be predicted to burn in all cases. The usefulness of these values is questionable as the
moisture content of most live fuels probably never exceeds 300-400%, see Table D.1, and
usually not over 200% for the pine - oak forests.

Equation 4.3 predicts high values of moisture of extinction when the fraction of
live fuels is low. That is, when there is a lot more dead fuel than live fuel, it is assumed
that there is a high amount of effective heat being produced to bring the live fuels to
ignition. This effective heat is equal to the heat of preignition at very high values of
moisture content, and therefore, a large moisture of extinction is predicted. Live fuel

fractions for the nine burn plots ranged from 0.02 for plot 118928 (moisture of extinction
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of 8500%) to 0.30 for plot K1592W (moisture of extinction of 440%). The effect of the
small live fuel fractions may have been magnified when the live fuel loads were reduced in
the custom fuel models depending on the percent coverage of the shrub component. For
comparison, if 100% coverage is assumed and the un-reduced values of fuel loading for
each size class are used, see Tables 4.2, 4.3 and 4.4, then the live fuel moistures of
extinction are significantly reduced, as shown in the third column of Table 4.16.

However, these alternative values are still generally well above 325%, and so this does not
resolve the uncertainty of values given by equation 4.3.

These results indicate that the live fuels will contribute to overall fire behavior
within the prediction model, and will continue to be predicted to burn until the ratio of live
to dead fuel approaches a value of one or higher. This agrees with the assumption that
both the live and dead fuels will burn when sufficient fine dead fuel exists and the dead fuel
moisture content is low enough relative to its moisture of extinction (Albini, 1976b).
Similarly, if the dead fuel is too moist or its load is too light relative to the live load, then
only the dead fuel will burn, although the live fuel continues to act as a heat sink,
absorbing heat from the advancing flame front and slowing the rate of spread. In the first
case, where both are burning, each is producing a reaction intensity and the model simply
adds them together. In the latter case, only a dead fuel reaction intensity is produced and
the live fuels primarily affect the denominator, or heat sink portion, of the spread equation.

It appears that the live fuels are a key parameter within the pine - oak forest fuel
complex. BEHAVE is predicting these live shrubs to burn, although the magnitude of

their contribution appears to be very dependent on the season in which they are burned.
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This corresponds to the moisture content of the live fuels, where the higher values during
the summer produce a greater heat sink and decrease the predicted fire behavior. A more
detailed analysis is necessary to examine how each of the live fuel parameters enter into
the fire spread equations and what, if any, impact will uncertainties in measuring or
estimating these parameters have on prediction outcomes. This applies to all of the fuel
and environmental parameters, and a similar analysis would help to determine the relative
importance of each, the effectiveness of their measurement process, and indicate possible
sources of errors in ﬁfe behavior predictions. Such an analysis follows for the pine - oak

forests in the form of a sensitivity study.
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5. Analysis of BEHAVE

5.1 Sensitivity Study

A sensitivity study is an analysis of how changes in model parameters affect the
results generated by the model (American Society for Testing and Materials [ASTM
E1355], 1992). A complete sensitivity study of BEHAVE including all combinations of
variations in input parameters would require an extremely large number of computer runs
to view the effects on each fire behavior characteristic. The present analysis focuses only
on changing each input parameter independently, while all others are held constant. Using
the subprogram TSTMDL, the variations in predicted spread rates and flame lengths
resulting from changes to single input parameters were evaluated in graphical form over
the allowable range, as outlined by Burgan (1987) and Burgan and Rothermel (1984).
These graphs provide a general display of the interaction between input parameters and
fire behavior predictions. In order to analyze the sensitivity of BEHAVE to variations in
input parameters, an interval of interest for each of the fuel and environmental parameters
was established. These intervals were based on either the range of values present on the
day of the burn, the estimated error in the data collection process, or other stated criteria.
The corresponding variation in predicted spread rates and flame lengths was then
evaluated.

The general guidelines for establishing the sensitivity of the model to, or relative

importance of, each input parameter were based primarily on the degree of change in the
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two fire behavior characteristics - spread rate and flame length. The degree of change in
input parameter is calculated as: (Lupper = Tiower)/Tiower, Where Lypper and Liower are the upper and
lower values in the interval of interest. For example, if the 1-hr fuel load was varied
between 1 and 3 tons/acre, the degree of change would be 2. The degree of change in
output, or predicted fire behavior, is calculated as: |Oupper = Otowee)/Otower, Where Oppper and
Oiower are the output values corresponding to the upper and lower input parameters,
respectively. If an increase in 1-hr fuel load from 1 to 3 tons/acre produces a decrease in
flame length from 4 to 2 feet, this is equivalent to a degree of change in output of 0.5.
This provides a consistent method of evaluating each input parameter and, by evaluating
the ratio of the degree of change of output to the degree of change of input, the input
parameters can be ranked according to the fire prediction model’s sensitivity to each. An
analysis follows for each of the input parameters, including an establishment of the interval
of interest, the corresponding variations in predicted spread rates and flame lengths, and
the degree of change of both input and output parameters. The causes within the fuel and
fire prediction models for the interactions between the important parameters will also be

discussed. The input parameters will be ranked based on their impact on fire behavior
predictions.
5.1.1 1-hr SV Ratio

The 1-hr surface-area-to-volume ratios were not measured for the various fuels in
this complex, so the accuracy of the values chosen is not known. The values used

throughout each of the custom fuel models were 2000 and 1500 ft for 1-hr litter and
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shrub fuels, respectively. These values correspond to the mid-range of suggested values
by Burgan and Rothermel (1984) for various grasses, broadleaved plants and conifer
needles. It is assumed that actual values of 1-hr S/V ratio in the litter and shrub
understories of the pine - oak forests would tend to fall within this range, although the
variability between the various species is unknown. A large interval of interest was chosen
for evaluation, 1000 to 3500 ft”, corresponding to a degree of change of 2.5.

For each of the custom fuel models, the predicted spread rates increased with
increasing 1-hr S/V ratio, rising faster with the higher values, or finer fuels, see Figure 5.1
for typical behavior. Over the interval of interest, spread rates doubled on average, with
degrees of change ranging from 0.7 to 1.8. For the winter burns where predicted fire
behavior was higher than for the summer, the degrees of change had more practical
significance.

For instance, over the interval of interest, spread rates for plot K1492§ increased
from about 0.5 to 1.5 ft/min, or a degree of 2.5. These spread rates fall in the lower end
of the first hazard level as described in Table 3.2 and cause little concern. The practical
significance is increased with plot K1592W, where spread rates were predicted to
increase by a similar degree of 2.8, or approximately 5 to 14 ft/min, which includes the
first and second hazard levels in Table 3.2. This suggests that when predicted spread rates
are higher, errors in approximating the 1-hr S/V ratio can have a greater effect on the

usefulness of spread rate predictions.
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Figure 5.1: Predicted spread rate vs. 1-hr S/V ratio for plot K1592W.

As 1-hr S/V ratio was increased, predicted flame lengths increased initially,
peaking at a S/V ratio between 500 to 1000 ft”'. Flame lengths then decreased over the
rest of the interval as shown in Figure 5.2. The interval of interest fell within this region of

decrease in flame lengths, which was small, ranging from a degree of change of 0.1 to 0.3.
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Figure 5.2: Predicted flame length vs. 1-hr S/V ratio for plot K1289W.
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The interaction between spread rates and flame lengths with 1-hr S/V ratio is
complex, as several of the parameters and weighting factors in the spread equation,
equation 2.2, have been written in terms of this parameter. Whether or not spread rates
and flame lengths increase or decrease with increasing 1-hr S/V ratio, depends greatly on
the behavior of the potential reaction velocity, I"', found in the reaction intensity term of

equation 2.4 which can be written as:

Ir = puOhI" 726, ;.1

Recall from equations 2.12a-c that I'" is written in terms of /B, and o, and is at its
maximum at Bo,. For tightly packed fuel beds where B/Bo,>1, as is the case for each of the
burn plot fuel models, I'" decreases with increasing 1-hr S/V ratio. This causes similar
behavior in the reaction intensity.

The reaction intensity is in the numerator of the spread equation and therefore has

a decreasing effect on the overall rate of spread.

_LE(1+44, +4)
pb@ig

R [ft / min), (2.2)

This is overshadowed, however, as both the propagating flux ratio, & and wind

coefficient, @ , increase with increasing o, thereby increasing the numerator of the spread

equation, see equations 2.13 and 2.14a-d.
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In the denominator of equation 2.2, the effective heating number, €, is dependent
on o, as shown in equation 2.8. As o increases, so does €, resulting in an increase in the
denominator. Overall, the effect of increasing 1-hr S/V ratio is an increase on predicted
spread rates.

The behavior of predicted flame lengths to increases in 1-hr S/V ratio was very
similar to the behavior of I" and Iz with changes in 1-hr S/V ratio. This can be seen by
combining the relations for the heat per unit area and fireline intensity from equations 2.21

and 2.22 into equation 2.23 and writing flame lengths as:

FL = 0.45(IrRt,/60)**. (5.2)

From the above discussion, we know that the reaction intensity is decreasing, while the
spread rate is increasing with increasing 1-hr S/V ratio. Overall, however, the effects of
the reaction intensity overshadow this behavior along with the additional ¢ term in the
denominator from t, = 384/c (Andrews, 1986), causing the pattern found in Figure 5.2.
The decrease over the interval of interest for each burn plot has been found to be small,
which would result from the near square root exponent in equation 5.2.

Predicted spread rates are sensitive to variations in 1-hr S/V ratio, although flame
lengths are not. Brown (1972) suggested that the contribution of these fine fuels may be

overemphasized in the fire prediction model. This is consistent with results obtained for
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grassland fuels (Gould, 1991) where the wide variability of possible values for S/V ratios

leads to substantial errors in predictions.

5.1.2 Woody S/V Ratio

A value of 1350 ft”! was used as an estimate for the live woody surface-area-to-
volume ratio in each of the custom fuel models. Within the shrub component, this
includes both the leaves and small stems of the live fuels. The variability in S/V ratio
between these two components of the live fuels is not known and so the live woody S/V
ratio was varied over the same interval as the 1-hr S/V ratio. Predicted spread rates
generally decreased with increasing live woody S/V ratio, with the exception of plots
K1289W and K1592W which decreased in spread rate over about half the range then
increased slightly. The changes in predicted spread rates were small, averaging less than
0.5 ft/min, or degrees of change ranging from <0.1 to 0.3. Predicted flame lengths also
decreased with increases in this parameter, with degrees of change ranging from <0.1 to
0.3.

The effects of this parameter on predictions can be explained qualitatively by the
fact that, while the live fuels are contributing to fire behavior, they are also very wet and
are absorbing heat from the advancing flame front. This effect is amplified as the S/V
ratio increases and a larger fraction of these fuels must be heated to ignition. This is seen
quantitatively with the effective heating number in equation 2.8, which is based on the
finding that a larger fraction of a fuel particle is required to be heated to ignition as the

fuel particle size gets smaller. This increases the heat sink portion of the spread equation
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and overall, there is a decrease in predicted spread rates and flame lengths with increasing
live woody S/V ratio.

The small increase in predicted spread rates over the range of about 2000 to 3500
ft”! for plots K1289W and K1592W were not significant, although most likely due to the
slightly higher windspeeds (Burgan & Rothermel, 1984). The increasing wind coefficient
in the numerator of the spread equation would overcome the decreasing parameters,

causing an overall increase in spread rate.

5.1.3 1-hr Fuel Load

In order to estimate an interval of interest for the total 1-hr fuel load, it was
necessary to first estimate the accuracy of obtaining litter load values using the techniques
mentioned in Chapter 4. Recall that four subplots of size 100 cm x 40 cm were chosen
out of each of the 20 m x 20 m burn plots. From these subplots, the litter, standing dead
and live woody fuel loads were computed for the entire plot. This could be viewed as
sampling a population of 4 out of 1000 subplots. A simplifying assumption was made that
the 1000 subplots make up a normally distributed population and that the 4 subplots are a
random sample. This is reasonable when considering the litter load as it usually covers
100% of the plot and is relatively uniform.

The needed random sample size, n, for a specified half-width h,,, confidence
coefficient 1-c, and planning value for the population standard deviation o, is (Neter,

Wasserman, & Whitmore, 1993):
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(5.3)

where z = z(1-0/2) is the percentile of the standard normal distribution, or the number of
standard deviations away from the mean. Solving for h,, we can estimate the accuracy of
the litter load measurements by obtaining the width of the confidence interval around the
population mean.

The confidence coefficient was chosen to be 0.95, commonly accepted in
experimental methods. The planning value of the population standard deviation refers to
the standard deviation that would be obtained if the entire population was sampled. No
data of this type was available for comparison, and so sample standard deviations were
first computed from the four litter load measurements taken for each of the burn plots.
Each of the deviations were in close agreement between plots and so it was felt reasonable
by the author to assume that the average of all of the sample standard deviations would
closely represent the population standard deviation. This value was taken to be ® = 0.7
tons/acre. From equation 5.3, withn=4, z=1.96, and © = 0.7, the half-width, h,,, of the
0.95 confidence interval was found to be approximately 0.7 tons/acre. With 95%
confidence, the litter load estimates will be precise to +0.7 tons/acre when sampling 4 out
of 1000 subplots.

Since most of the shrub component of the total 1-hr fuel load was determined from
the downed woody fuel inventory method, the accuracy was taken to be +20%, as

suggested by Brown (1974). Combining the precision of £0.7 tons/acre for the litter load
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and 320% for the 1-hr shrub load, the overall interval of interest was computed for each

of the burn plots, see Table 5.1.

Table 5.1: 1-hr fuel load intervals of interest.

Fuel model. Plot _| Range (tons/acre) (degree of change) |
14. 118928 3.65-5.27 (04)

15. K1289W 4.22-598 (0.4)

16. K14898 3.89-5.83 (0.5

17. E1292W 3.75-5.57 (0.5)

18. K1592W 4.40-6.14 (04)

19. K14928 4.46 - 6.30 (0.4)

20. M13928 4.44-6.10 (0.4

21. G2390W 5.65 - 747 (0.3)

22. 11792W 9.91-11.91 (0.2)

The effect of increasing 1-hr fuel load is similar for both predicted spread rates and
flame lengths. Figure 5.3 shows the typical sharp increase which levels off toward a peak,
then slowly decays. For each of the burn plots, the 1-hr fuel load intervals of interest
tended to fall close to the peak, or stable portion of the curve, and so the variations in
predicted fire behavior with increasing 1-hr fuel load were generally small. Spread rates
were predicted to increase or decrease by less than 1 fi/min, and flame lengths by, at most,
0.5 ft. These corresponded to degrees of change in spread rates of <0.1 to 0.3, and flame

lengths of 0.1 to 0.3.
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Figure 5.3: Predicted spread rates vs. 1-hr fuel load for plot G2390W.

The behavior of predicted spread rates and flame lengths to increasing 1-hr fuel
load is governed primarily by the reaction intensity. This is caused by the dependence of
reaction intensity on the oven-dry fuel load, w,, through the reaction velocity term.

Equation 2.12a can be approximated as:

Mol (w,)" exp[A(1-w,)]. (5:4)

Over the range of 1-hr fuel loads, the reaction velocity increases with increasing fuel load

until the optimum packing ratio is reached, followed by a decrease in the reaction velocity

(Burgan, 1987). This pattern was followed closely by the predicted spread rates and flame

lengths for each of the plots.
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5.1.4 10-hr Fuel Load

For each of the custom fuel models, the predicted spread rates and flame lengths
decreased with a corresponding increase in 10-hr fuel load. This is not, however, felt to
be an important parameter to the pine - oak forests in this particular location. This is due
to the extremely low values of this size-class (0-.24 tons/acre) in each of the fuel models,
see Figures C.1 to C.9. During the 1992 downed woody fuel inventory of the 58 test

plots, 10-hr fuel loads never exceeded 0.7 tons/acre.

5.1.5 100-hr Fuel Load

A reasonable interval of interest for the 100-hr fuel load was determined to be
1+20%, as suggested by Brown (1974) for values determined by the downed woody fuel
inventory. This corresponds to a degree of change averaging 0.5. Increasing this
parameter caused a decrease in predicted spread rates and flame lengths, agreeing with the
guidelines of Burgan and Rothermel (1984) on changing fuel load. The degree of change
in predicted spread rates and flame lengths was small, ranging from <0.1 to 0.2. For plots
E1292W, M1392S and 11792W, the actual values of 100-hr fuel load were very small
(<0.7 Tons/Acre) as determined from the fuel inventory, and so they were not included in
the sensitivity study, due to the lack of precision of the TSTMDL graphs when evaluating
these small intervals of interest. The behavior of predictions to variations in 100-hr fuel
load for these plots, however, was similar to the other plots.

The primary reason for the decrease in fire behavior with increasing 100-hr fuel

load is the corresponding decrease in the characteristic S/V ratio for the entire plot
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(Burgan, 1987). The addition of the larger fuels, which have a low S/V ratio, increases
the weighting parameter for that size class, therefore decreasing the calculated
characteristic value. The increasing S/V ratio along with increasing the fuel load in tightly

packed fuels creates an overall reduction in predicted spread rates and flame lengths.

5.1.6 Live Woody Fuel Load

Although the live woody fuel load was determined by the same method as the litter
load, it may not be acceptable to use the same simplified method of determining the
precision of the estimates. While the litter layer usually covers 100% of the area, the live
woody fuels average between 60 and 70% coverage. Also, the data included load
estimates for both the leaves and stems of the live fuels along with different species which
were highly variable between plots, and so estimating a population standard deviation
would be difficult. Considering these non-uniformities and variabilities in this fuel
component, it is unlikely that sampling 4 out of 1000 subplots could statistically represent
the entire plot and fulfill the requirements of a standard normal distribution (Neter et al.,
1993). From a lack of any historical data for this fuel complex, a precision of +50% has
been arbitrarily chosen as a possible worst case. This corresponds to a degree of change
of about 2.0.

In general, predicted spread rates decreased with increasing live woody fuel load,
with the exception of plot G2390W which has a slight initial increase before decaying.
The behavior of predicted flame lengths appeared to be seasonally dependent, with

summer flame lengths decreasing with increasing live woody fuel load, and winter flame
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lengths increasing initially then decreasing. The changes in predicted fire behavior were
small over the +50% interval of interest, with virtually no change in flame lengths (a
degree of change averaging <0.1). The decrease in spread rates was slightly higher, but
only to a degree of up to 0.3.

The effects of increasing the live fuel load on predictions are similar to those with
the dead fuels. The reaction velocity will increase to the optimum packing ratio, then
decrease, causing similar behavior in the live fuel reaction intensity. The overall effect of
each of the variables within the spread equation, however, depends on several interactions,
including the change in the characteristic S/V ratio with increasing live load which also
affects several variables. This effect will also vary between plots depending on the amount
of live and dead fuels present in the fuel model.

There was, however, a seasonal difference in the effects of changing live fuel loads.
This can be attributed mainly to the wide variation in live fuel moistures during the two
seasons. It has been stated earlier that the live fuels appear to be acting mainly as a heat
sink in the overall spread process, due to increases in the denominator of the spread
equation with increasing live S/V ratio and fuel load. The magnitude of this effect,
however, is going to vary between the seasons due to the live moisture content and its
effect on the heat of preignition in the denominator of the spread equation. Recall, from

equation 2.9 that:

Qig =250 + 1,116M¢. 2.9)
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During the summer months when the live leaf moistures averaged 160% and stems 90%,
the overall fuel bed moisture content, My, is greater than that during the winter when live
stem moistures averaged 50%. This produces a larger heat of preignition, and therefore a
larger denominator, which dampens the effects of changing other variables. Similarly, the
live fuel moisture damping coefficient, found in the live fuel reaction intensity, equation
2.4, is also different between seasons. The moisture damping coefficient, 7, is written as

(Rothermel, 1972):

Mf Mf i Mf ’
e =1-259 75 #3511 5| -352 7 - (5.5)

x x

Assuming a live fuel moisture of extinction, My sving, 0f 400%, a live fuel moisture content
during the winter would yield a value for m, of about 0.75. However, a summer live leaf
moisture content of 160% gives a value of about 0.55. The higher moisture contents
during the summer produce a lower coefficient, which “dampens” the effects of the live
fuel reaction intensity. Combining the effects of the lower fraction of the reaction intensity
that is released during the summer, and the higher heat of preignition, creates a greater
heat sink effect than in the winter, and hence the different behavior in predicted spread

rates and flame lengths.

95



5.1.7 Fuel Bed Depth

The interval of interest for fuel bed depth was determined from the range of
measurements of shrub depth taken before each burn, see Table 4.5. The minimum and
maximum values of the huckleberry (Gaylussacia bacata) height were used since this was
the dominant shrub species of the burn plots. Litter depths were held constant, as they
were small compared to the overall depth. To calculate the interval of interest, the height
values in Table 4.5 were multiplied by the percent coverage of the shrub component for
each plot, and the characteristic fuel bed depth was then determined using the weighting
procedure discussed in Chapter 2. Table 5.2 gives the range of fuel bed depth values

determined for each burn plot.

Table 5.2: Fuel bed depth intervals of interest.

Fuel model. Plot | Range (ft) (degree of change) |
14. 118928 0.07-0.21 (2.0
15. K1289W 0.39-0.83 (1.1)
16. K1489S 0.20-1.09 (4.5
17. E1292W 0.40-0.90 (1.3)
18. K1592W 0.57-0.92 (0.6)
19. K14928 0.17-0.35 (1.1)
20. M13928 0.17-0.26 (0.5)
21. G2390W 0.64 - 1.60 (1.5)
22. 11792W 1.14-162 (0.49)

Predicted spread rates increased nearly linearly with increasing fuel bed depth, as
shown in Figure 5.4 for plot K1289W. Degrees of change ranged from 0.7 to 6.0,
resulting in wide variability in predicted spread rates over the possible range of depth
values. For each of the summer plots, BEHAVE predicted fires to not spread at the

minimum value of the interval of interest. The maximum values still under-predicted
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spread rates for plots M1392S and K1489S over the whole range of observed values, see
Figure 4.3. For the winter plots, the maximum value of the interval of interest for plot
G2390W resulted in an over-prediction of about 10 ft/min (the difference between about 6
and 16 ft/min). This has some practical significance, when using the guidelines of Table
3.2, as the two values represent a very slow-moving fire close to the first hazard level, and

a fire moving well into the second level.
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Figure 5.4: Predicted spread rates vs. fuel bed depth for plot K1289W.

Figure 5.5 shows the typical behavior of flame lengths to variations in fuel bed
depth. There is a sharp increase in the beginning, lessening with higher values of depth.
In general, due to the relatively small values for fuel bed depth, the interval of interest for
each of the fuel models fell within this region of sharp increase, making flame lengths also
sensitive to changes in this parameter. Degrees of change varied widely from about 0.5 to
15.0. Practically, the changes in flame lengths for the winter plots were of most

significance, as they varied between the first and second hazard levels as outlined in Table

97



3.1. For instance, plot K1289W ranged from <2 up to 6.5 f flame lengths over the
interval of interest, which would have resulted in an over-prediction, see Figure 4.4. Plot
K1592W was over-predicted for the entire interval of depth values. As in the spread rate
case, the summer plots were predicted not to burn at the low end of the depth interval, and

flame lengths were under-predicted over the whole ranged of observed values for plots

M1392S and K1489S.
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Figure 5.5: Predicted flame lengths vs. fuel bed depth for plot K1289W.

In order to analyze the dependence of predicted spread rates on fuel bed depth it is
helpful to look at each of the terms in the spread equation to view their behavior as this
parameter is varied. Recall from equation 2.13 that the propagating flux ratio was written

as:

&= (192 +0.25950)" exp[(0.792 + 0.6810° Y B+ O.1)]. (2.13)
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The packing ratio, S, is inversely proportional to the fuel bed depth so we have that £ «
exp(1/8). As & increases the exponential term decreases causing a decrease in £, and the
numerator of the spread equation. The potential reaction velocity also depends on 3, as

seen in the packing ratio term of equation 2.12a:
I'=T". (B/B,)" explA(1- B/B,,)]. (2.12a)

Each of the burn plots are at greater than optimum packing ratio, 5/8,, > 1, making 1-
B/B., <0. This approaches zero as & increases, and so the exponential term of equation
2.12a increases. The term (4/8,,)" affects the magnitude of I". Combining the effects on
I with the additional depth term in equation 5.1, there is a strong increase in reaction
intensity with increasing fuel bed depth. A similar dependence is found with the wind

coefficient, ¢, which from equation 2.14a can be written,

¢, =CU ”(—5—) <(8)", (5.6)

where E is a small exponent determined by equation 2.14d. The effects of increasing
depth are amplified at higher wind speeds, as the wind coefficient is also directly

proportional to this speed, U. Lastly, an additional depth term is found in the denominator
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of the spread equation, as py, oc 1/3, causing an increase in spread rate. The combination
of each of these terms produces an overall linear dependence of spread rates on fuel bed
depth. The behavior of flame lengths to increasing fuel bed depth follows from Fy, oc (R)?
in equation 5.2.

Predicted spread rates and flame lengths are sensitive to changes in fuel bed depth.
During the winter, the amount of over-prediction could be accounted for by this parameter
alone, as variations in depth typically produced predictions that covered the whole range
of observed behavior. For spread rates, the plot with the greatest depth, G2390W, had
the greatest over-predictions. Also, plots K1289W, K1492W and G2390W had slightly
higher windspeeds than the other plots, increasing the sensitivity of predictions to depth
changes. This suggests that when burning conditions are closer to optimum or extreme,
such as with higher wind speeds, winter burning and taller shrubs, errors in estimating the
fuel bed depth may produce the least accurate predictions. This is complicated even
further by estimating the percent coverage of the fuel component, which alters the fuel bed
depth measurement further. However, if the actual values of the huckleberry height were
used, assuming 100% shrub component coverage, spread rates would be even more over-
predicted. There is a more complicated interaction in this case, as the packing ratio of the
fuel bed would also change with the increase in fuel load, and so a definite conclusion
about the percent coverage reduction cannot be made.

For the summer burns, under-estimating depth could significantly under-predict
fire behavior, or even predict the fire not to spread or produce flames when they actually

will. Since most of the depth is governed by the live shrub height, reducing the depth is, in
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effect, equivalent to compacting all of the wet fuels, which are acting as a heat sink and
smothering the fire.

With these considerations, the effect of fuel bed depth on fire behavior predictions
appears to be over-emphasized for this fuel complex. A similar conclusion was made
under more controlled settings with grassland fuels (Gould, 1991). Grass fuel beds were
constructed to various heights, loads and densities. It was found that observed rates of
spread were not as sensitive to fuel bed depth as that predicted. Also, that there was no
consistent relationship between observed flame lengths and fuel bed depths for the grass
fuels, although the fire prediction model generally under-predicted them. Spread rates in
the grassland study were under-predicted in low fuel bed depths (<0.15m or 0.5 ft), and
over-predicted in higher depths (>0.25m or 0.8 ft) and higher wind speeds (>3.5 m/s or 8
mi/hr).

For the pine - oak forest, there is a clearer distinction between the seasons of the
burns than between the fuel bed depths, and so a distinct transition between under- and
over-predictions at certain depths cannot be made. However, as stated earlier, it does

appear that greater depths do lead to greater over-predictions, as was the case for plot

G2390W.

5.1.8 Moisture of Extinction

The interaction between moisture of extinction and predicted fire behavior depends
largely on the moisture content of the dead fuels, and in particular the 1-hr fuels. Figure

5.6 shows the effect on spread rates of increasing the dead fuel moisture of extinction for
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plot K1489S, where the 1-hr fuel moisture content was about 15%. For moisture of
extinction values equal to or less than this value, predicted spread rates are zero. There is
then a sharp increase in spread rates as this parameter is increased from about 15 to 20%,
which then begins to level off. The greater the difference between fuel moisture and
moisture of extinction, the greater the predicted spread rate. Similar behavior is found

with predicted flame lengths.
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Figure 5.6: Predicted spread rates vs. dead fuel moisture of extinction for plot
K1489S.

The values of moisture of extinction predicted by BEHAVE for each fuel model
fell well outside of the steeply sloping portion of the curve, indicating a sufficiently large
difference between fuel moisture (primarily 1-hr) and moisture of extinction. This also
results in a low sensitivity of the fire prediction model to changes in moisture of

extinction.

102



The moisture of extinction has not been determined under controlled experiments
for the pine - oak forest fuel complex. A study was conducted under field conditions,
however, where random litter beds were ignited under various moisture conditions to
determine if the fire would spread (Patterson, 1996). A moisture of extinction of the litter
was found to be approximately 20%. This is a much lower value than that predicted for
the majority of the plots. However, values for plots G2390W, 11792W, TP018, and
TPO6S were predicted to be closer to 20%. These plots tended to have higher fuel bed
depths and lower packing ratios than the other plots. Also, with the exception of plot
G2389W which was burned once before 1990, each plot represents untreated conditions.
This suggests that actual moisture of extinction values may be predicted well by BEHAVE
under untreated conditions, but may loose accuracy as the calculated packing ratios

increase.

5.1.9 Heat Content

From equation 2.4, the reaction intensity is linearly related to the heat content, and
so a similar dependence is seen with predicted spread rates and flame lengths. The slope
of this relationship is governed by the magnitudes of the other parameters within the fire
spread equations. Because this variable is unknown for this fuel complex, its general
behavior was analyzed over the whole interval allowed by TSTMDL, 7000 to 12000
Btu/lb, or a degree of change of .7. The resulting increase in fire behavior for each plot

ranged from a degree of 0.6 to 0.7 for spread rates, and 0.6 to 0.8 for flame lengths.
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The results of changing the heat content are very predictable, as any variations in
the parameter result in direct and close to equal variations in fire behavior characteristics.
As discussed in Chapter 4, however, the value of 8,000 Btw/Ib used for the pine - oak
forest fuel complex may not be accurate and may change during the year, especially for the
live fuels. The effect of changing either the live or dead heat contents to more accurately
portray the fire behavior of these fuels will depend on the quantity of each of these two

fuel components. From equation 2.18:

heompiex = facadhdead + finha + fuahwa. (2.18)

The contribution of each component’s heat content will depend on the weighting
parameter associated with it, which is dependent on the relative S/V ratio and fuel loading
for that component. With the typically large accumulations of litter in the pine - oak
forests, the uncertainties in this component’s heat content could account for some of the
uncertainties in predicted fire behavior. Similarly, in areas of high live fuel loads, knowing
the seasonal variations in heat content may help to better predict the potential fire behavior

of this fuel complex.

5.1.10 1-Hr Moisture Content

The interval of interest for 1-hr moisture content was chosen separately for each of
the custom fuel models depending on the range of recorded values for the litter and 1-hr

fuels on the day of the burn, see Table 4.7. For the fire behavior predictions, the litter
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moisture was used, whenever possible, for the 1-hr moisture content. However, when
considering both fuel classes, there were often large variations. It is reasonable to
consider this whole interval when evaluating the sensitivity of the prediction model to this
parameter and in determining the optimum values to be used in the future. The
corresponding degrees of change ranged from 0.2 to 3.0.

As shown in Figure 5.7, increases in 1-hr moisture content decrease predicted
spread rates until the moisture of extinction is reached (a value of 29% for plot G2390W).
At this point, predicted fire behavior becomes zero. As can be seen from the figure, the
most sensitive areas are in the low moisture range (~2-10%) and where values are close to
the moisture of extinction (~20-30%). Over the intervals of interest, degrees of change in
spread rates ranged from 0.2 to 0.6. The changes in predicted spread rates were not of
much practical significance, as they did not vary between hazard levels, as indicated in

Table 3.2.
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Predicted flame lengths decreased similarly with increasing 1-hr moisture content,
reaching zero at the moisture of extinction, see Figure 5.8. The degrees of change ranged
from 0.1 to 0.5. For summer burns, this corresponded to average decreases of about 0.5
ft, while for winter burns flame lengths decreased by up to 4 feet. The large interval of
possible 1-hr fuel moisture values for plot 11792W resulted in flame length predictions
ranging from about 4.5 to slightly over 9 ft. This is a large difference when considering

the various interpretations of flame lengths found in Table 3.1.
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Figure 5.8: Predicted flame lengths vs. 1-hr fuel moisture content for plot G2390W.

The behavior of predicted spread rates and flame lengths to increases in 1-hr
moisture content clearly shows the result of adjusting the litter moistures to account for
the wintergreen surface fuels, as discussed in section 4.4.2.1. For plot G2390W, this
corresponded to a range of 9.7 to 22.2%. In Figures 5.7 and 5.8, the curve levels out over
this range, indicating a more stable region and a small change in predicted fire behavior.

Similar behavior was found for the other winter plots when considering the difference
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between litter moistures and adjusted moistures. Therefore, the use of an adjusted
moisture content provides a means to fine tune fire behavior predictions without drastic
changes.

The reasons for the decrease in spread rates with increasing 1-hr fuel moisture
content are the effect that the variations have on the moisture damping coefficient and the
heat of preignition, as discussed with the live woody fuel load parameter. Because the 1-
hr fuels contribute the most to the characteristic fuel bed moisture content, their effect on
these two variables are also the most significant. As the 1-hr fuel moistures increase, the
characteristic fuel bed moisture content increases, and so the ratio M¢M; in equation 5.5
gets larger, decreasing 7. This in turn reduces the dead fuel reaction intensity and the
numerator of the spread equation. When Ms= M,, the moisture damping coefficient,
reaction intensity and spread rates equal zero. At the same time, the denominator is
increasing as the heat of preignition increases causing an overall reduction in spread rates.

These same reasons cause the similar decrease in predicted flame lengths.

5.1.11 10- and 100-Hr Moisture Content

No changes were predicted in fire behavior with a corresponding change in 10- and

100-hr moisture content.

5.1.12 Live Woody Moisture Content

As with the 1-hr moisture content, the live woody moisture content was varied
over the range of measured values obtained on the day of the burn, see Table 4.7, ranging

in degree of change from <0.3 to 1.3. Predicted fire behavior also decreased with
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increasing live woody moisture content, although the change was not as dramatic as that
which resulted with increasing 1-hr moisture content. This was due primarily to the lower
fuel load of the live fuels and thus its lower contribution to the characteristic fuel bed
moisture content.

The behavior of predicted fire behavior to changes in this parameter was largely
season dependent. For summer burns, even though moisture contents varied widely
between the live leaves and stems, there were minimal or no changes in predicted fire
behavior. This effect increased slightly during the winter, although still to a small degree
of change (<0.1). This is due primarily to the combination of lower live fuel loads and
larger moisture content values during the summer, causing the prediction model to be less
sensitive to changes in live fuel moisture. This supports the findings in Chapter 4 that
separating the live leaf and stem loads within the fuel models during the summer does not

affect the outcome of predictions.

5.1.13 Midflame Windspeed

The interaction between midflame windspeed and fire behavior was evaluated over
the entire interval allowable, O to 18 mi/h. In general, predicted spread rates increased
rapidly with increasing windspeed, especially for values over 3 mi/h, see Figure 5.9.
Degrees of change ranged from 2.2 to 4.0, which resulted in spread rate increases of up to
11 ft/min per 1 mi/h increase in windspeed. Flame lengths increased in more of a linear
fashion, with degrees of change ranging from 1.0 to 2.0, or up to a 1 foot increase per 1

mi/h increase in windspeed, see Figure 5.10. The exception to the above behavior was
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plot 118928, which was predicted to reach a maximum spread rate and flame length at a
midflame windspeed of approximately 9 mi/h, holding constant at higher windspeeds.
BEHAVE predicts fire behavior to reach a maximum when the effective windspeed,
discussed in section 2.3.3, equals 1/100 of the reaction intensity (Burgan & Rothermel,
1984). This is based on findings that spread rates in grass fuels can actually decrease at
windspeeds above a certain limit, due to wind forces being stronger than the heat transfer

from the fire.
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Figure 5.10: Predicted spread rates vs. midlflame windspeed for plot K1289W.

From equation 2.14a we see that the wind coefficient is proportional to the
midflame windspeed, U, as ¢, o« U®, where B is a number, dependent on ¢ and ranging
from about 0.4 to 2.0. For large values of S/V ratio, the sensitivity of the spread equation
to higher windspeeds is increased, as the wind coefficient becomes proportional to the
square of the midflame windspeed. This effect is greatest in fuel beds at low packing
ratios (Burgan, 1987).

This relationship has been examined in grass fuels (Gould, 1991), and it was found
that observed rates of spread at various windspeeds suggested more of a linear (B = 1)
relationship between spread rates and windspeed, as opposed to the “power of B”
relationship as used in the prediction model. Spread rates were under-predicted for the
grass fuels at low windspeeds and over-predicted at high wind speeds.

For the present study, observed fire behavior \%las compared to predictions

evaluated over the range of recorded midflame windspeeds for each of the experimental
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and control plots. This offers some indication as to the accuracy of the effect that the
wind coefficient has on predicted fire behavior. If predicted spread rates at the upper
range of midflame windspeed were well out of the range of observed fire behavior, then
this may support the above findings that the power relationship within the coefficient is

not applicable to every situation. Table 5.3 gives the results of this comparison.

Table 5.3: Observed vs. predicted fire behavior over range of midflame

windspeeds.
Observed Predicted
Plot Midflame Spread Flame . Spread Flame

Windspeed | Rates, ft/min | Lengths, ff | Rates, ft/min | Lengths, ft
K1289W 0-5 20-6.5 1.0-4.0 2.2-18.18 2.8-8.2
E1292W 0-3.5 10-22 28-6.9
K1592wW 0.7-6.2 1.5-12.0 1.3-3.5 22-17.17 3.2-86
G2390W 0-6 1.7-6.5 1.0-8.0 3.3-38.38 3.7-12.8
11792W 0-3.5 30-50 44-11.0
118928 0-12 05-1.0 08-10 02-04 04-0.5
K 14898 0-5 6.0-125 3.5-11.0 1.1-10.10 1.8-54
K 14928 0-18 1.0-13 0.8-33 1.1-1.1 1.1-17
M13928 0-1.8 1.1-5.0 1.2-2.8 0-1.1 08-13
TPO1S 0-4.0 11.8-15 3.0-80 1.1-10.1 20-54
TP06S 20-40 20-26 30-70 55-11.11 43-63

From these results it can be concluded that, for the winter burns, the prediction model is
very sensitive to changes in windspeed for this fuel complex. In fact, values of this
parameter over as little as about 3 mi/h, appear to greatly over-emphasize the contribution

of wind to overall fire behavior.

5.1.14 Slope

As suspected from the discussion of fire spread mechanisms in Chapter 2,

predicted fire behavior increases with increasing slope. The increase is small for low
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values (<30-50%), and then increases rapidly for higher values. This follows from the
direct dependence of the slope coefficient on flame angle, see equation 2.15. This
coefficient is also dependent on the packing ratio, although its effect is small (Burgan &
Rothermel, 1984). Again, the one exception was plot 11892S, which was predicted to
stop increasing at a slope of about 120%, then remain constant.

For each of the experimental plots, the slope was 0% and so there is little concern
with the effects of slope for the majority of the research area. The small slope increases in
the control plots, however, raise some concern as to the accuracy of the formulation of the
slope coefficient. Spread rate and flame length predictions did not vary over the 7%
increase in slope found on plot TP06S. However, there was an observed increase of
approximately 6 ft/min in spread rates between the base of the slope and mid-slope. Fire
behavior has also been observed to increase with slopes much less than 30% in previous
prescribed burns in this fuel complex (W. A. Patterson, personal communication, 1996).
The accuracy of the slope coefficient would have to be studied further with more

supporting data.

5.2 Discussion

The fuel and fire prediction models contain a large number of parameters with
complex interactions between each. The above analysis helps to isolate each of these
parameters, evaluate their relative impact on fire behavior predictions, and identify
potential strengths and weakness within the fuel and fire prediction modeling processes.

This process can aid individuals involved in the management of these fuels through the use
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of fire, by highlighting the parameters and data collection processes that require special
attention in the future. Through this type of analysis, a better understanding of the
modeling process is also obtained, along with a realization of how the future of fire

modeling can improve.

5.2.1 Results of Sensitivity Study

Input parameters were varied based on data from each of the nine experimental
plots in order to view any additional impact on the fire prediction model due to varying
burn intervals or seasonal differences. The results are also applicable to the larger control
plots as the behavior of fire predictions to variations in input parameters tended to be
consistent and predictable. For instance, predicted spread rates are linearly related to fuel
bed depth in every case and so similar behavior can be expected for the control plots.

In determining the importance of the input parameters, a process needs to be
established which will place each parameter and its effects on fire behavior on the same
scale, regardless of the size of the interval of interest. This will allow the parameters to be
ranked with respect to their impact on fire behavior predictions. As discussed earlier, a
ratio defined as the degree of change of the fire behavior characteristic to the degree of
change of the input parameter was established. A higher ratio corresponds to a higher
sensitivity of the fire prediction model to that parameter. Values of zero correspond to
spread rates or flame lengths that did not change over the input parameter’s interval of

interest, and a blank indicates that the analysis was not possible for a particular plot.
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Tables 5.4 and 5.5 give the results for the predicted spread rates and flame lengths,

respectively.

Table 5.4: Ratios of degree of change of spread rate to input parameter.

Spread 118928 | K1280W | K1489S | E1292W | K1592W | K14928 | Mi392S | G2390W | I1792W | Average

rate

Lhr S/V .6 3 4 4 a 6 6 3 3 5

Woody <1 <.1 1 1 1 1 Bl 0 0 d
SV

Lhr 3 1 8 3 4 1 3 2 3 3
Load

100-hr 3 2 2 1 1 1 2
Load

Woody 1 1 1 2 3 0 <1 1

Load

Depth 3.0 35 23 3.9 1.6 57 94 1.7 1.3 3.6
Heat 1.0 9 1.0 .9 8 8 9 9 9 9
Content

1hr 4 a 2 2 3 2 6 2 4
Moisture

Woody 0 1 0 2 5 1 0 2 1
Moisture

Wind 2.2 2.1 40 21 2.2 22 29 24 23 25

Table 5.5: Ratios of degree of change of flame length to input parameter.

Flame 118928 | K1289W | K1489S | E1292W | K1592W | K1492S | MI13928 | G2390W | I1792W | Average
Length

1-hr S/V <1 1 1 1 <.1 1 1 1 1 .1
Woody 1 1 1 1 1 1 <.1 1 1 .1
SV

L-hr .5 2 .6 4 3 3 3 5 3
Load

100-hr 4 2 2 2 3 1 2
Load

Woody < <

oot 1 <1 0 1 <l1 N <1 <1
Depth 3.0 2.2 34 13 1.5 9 13.9 8 9 3.1
Heat '

Cortent 1.0 9 9 .8 9 1.1 1.1 9 9 1.0
1hr 3 a 2 2 3 2 3 2 i ]
Moisture

Woody 0 1 0 2 3 0 0 2 N |
Moisture

Wind 5 4 4 4 4 4 4 4 4 4
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As can be seen from Tables 5.4 and 5.5, the sensitivity study allows for the
exclusion of a few of the input parameters. Variations in 10- and 100- hr fuel moisture
content did not affect predicted fire behavior, and the 10-hr fuel load for this fuel complex
was negligible. Thus, these parameters will not be considered in further analysis. Within
the Lombard/Paradise Hollow research area, the slope was sufficiently small so that the
fire prediction model did not recognize any changes in this parameter. While this
insensitivity to small slope changes is questionable, for fire behavior prediction purposes
this parameter does not need to be considered in this area. The moisture of extinction was
also not included, as values predicted by the fire prediction model were not sensitive to
changes and it was difficult to estimate an error in the model’s calculation process.

Several of the predicted values were found to be questionable based on field observations
and so this parameter should be considered in the future.

The last column in Tables 5.4 and 5.5 provides the average ratios over all burn
plots for each of the input parameters considered. From these values, the parameters were

ranked in order of their relative impact on spread rate and flame length predictions, see

Table 5.6.
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Table 5.6: Ranking of input parameters.

Rate of Spread Flame Lengths
Depth Depth
Wind Heat Content

Heat Content Wind

1-hr S/V Ratio 1-hr Fuel Load

1-hr Moisture 1-hr Moisture

1-hr Fuel Load 100-hr Fuel Load
100-hr Fuel Load Woody Moisture

Woody Moisture 1-hr S8/V Ratio

Woody Fuel Load Woody S/V Ratio
Woody S/V Ratio Woody Fuel Load

For several of the variations in predicted fire behavior, the degrees of change may
have been large, however there was little practical significance. For instance, with plot
E1292W, the ratios of degree of change of fire behavior to fuel bed depth were 3.9 and
1.3 for spread rates and flame lengths, respectively. However, this was equivalent only to
a maximum value of spread rates of 2.8 ft/min and flame lengths of 2.6 ft, having no
practical significance when comparing to the hazard levels as outlined in Tables 3.1 and
3.2. Similarly, an error in estimating the 1-hr S/V ratio for plot K1592W would result in a
spread rate range of 5 to 14 ft/min. While this does incorporate two hazard levels in Table
3.2, these spread rates are still of low importance. For the lower intensity fires often
encountered in a prescribed burn, there may not be a need for careful measurement of
most input parameters. However, under typical wildfire conditions, most commonly
marked by higher winds and lower fuel moistures, the sensitivity of the model to variations
in inputs may become more meaningful, and the variations in input parameters, along with

the possible errors in estimating them, much more critical. This analysis follows.
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5.2.1.1 Wildfire Conditions

Weather data were obtained for the Cape Cod National Seashore area in
Massachusetts ranging from April 20 to November 1, 1993 (Weather information
management system, 1993). The data were a compilation of National Fire Danger Rating
System (NFDRS) reports, usually taken at 1:00 p.m. each day. The purpose of obtaining
these reports was to get a sense of the weather trends in this area and, particularly,
associated windspeeds. While this type of information would be better represented over a
study of several years, only a rough approximation is necessary for the purposes of this
analysis.

It was found that, over the recorded months, common values of windspeed tended
to fall in these broad categories: low, 0-4 mi/h, medium, 7-13 mi/h; and high, 17-23 mi/h.
These values represent a “20-foot windspeed’, measured at a height of 20 feet above the
ground at a weather observation station. The higher values tended to occur prior to or
after a storm, or with the passing of a frontal system.

A 20-foot windspeed value of 20 mi/h was used in the analysis to represent an
average high value that could be experienced in the Cape Cod area. For the purposes of .
the model, this value must be reduced to a midflame windspeed. To establish this value,
the following correction factors were applied to the 20-foot windspeed, for exposed shrub

fuels, as determined by the FIRE1 subprogram of BEHAVE, see Table 5.7.
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Table 5.7: Correction factors to determine midflame windspeed from 20-foot values.

Plot Exposed Fuel Wind | Midflame Windspeed
Adjustment Factor

118928 0.4 8

K1289W, K1592W, 0.5 10

K1489S, K1492S,

M13928

E1292W, G2390W, 0.6 12

11792W, TPO1S,

TP06S

From the guidelines in Table D.1 regarding ignition and fire behavior potential at
various fine fuel moistures, and from the experience of fire managers familiar with the
Cape Cod area (W. A. Patterson III, personal communication, 1996), a 1-hr fuel moisture
value of 5% was used as an estimate of wildfire conditions. Recall that the 10- and 100-hr
fuel moistures do not affect predicted fire behavior in this fuel complex, so they were held
at their measured values for each plot.

The concern with a fire spreading through the pine - oak forests under these higher
wind and lower fuel moisture conditions is the potential for the litter and shrubs to
produce a hot enough fire to carry the flames into the overstory above. This has been the
case in previous fires, such as the Long Island, NY and Plymouth, MA fires discussed in
Chapter 1, where overall flame lengths have exceeded 100 feet, large areas have been
burned in a short amount of time and even major highways have been insufficient in
stopping the fire’s spread. The control plots would best represent these natural
conditions. The method used to construct their fuel models, based on historical data of
fuel loading and size, and on-site approximations of such parameters as fuel height and

moisture, would also be a realistic approach that fire managers might use to quickly obtain
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fire behavior predictions. Under conditions of 1-hr moisture contents of 5% and midflame
windspeeds of 12 mi/hr, BEHAVE predicts spread rates of 85 ft/min and flame lengths of
18 ft for plot TPO1S, and spread rates of 75 ft/min and flame lengths of 16 ft for plot
TPO06S. These high flames create a great deal of concern as they would easily provide a
sufficient exposure to ignite the pine and oak overstory. This type of behavior was seen in
the prescribed burning of plot TP06S where flame heights of about 10 feet caused the
crowning of individual, 40 foot pitch pines. The predicted spread rates are also of
moderate hazard when considering the guidelines of Table 3.2. In fact, they may even be
significantly under-predicted as was the trend for the spread rates under prescribed burn
conditions discussed in Chapter 4.

In order to analyze any significant changes in the impact of each parameter on fire
predictions under these wildfire conditions, a sensitivity study was conducted on each of
the experimental plots under the above combined wind and moisture conditions. From the
discussions earlier, we know that increasing the midflame windspeed and decreasing the 1-
hr moisture content will increase predicted fire behavior. This follows since the wind
coefficient is directly dependent on the windspeed, thereby increasing the numerator of the
spread equation. It was demonstrated that midflame windspeeds as low as 3 mi/h tended
to over-predict fire behavior in this fuel type, and so increasing to 8 - 12 mi/h should
produce a dramatic rise in predicted values. Lowering the 1-hr fuel moisture will also
raise the numerator of the spread equation by increasing the moisture damping coefficient,
thereby allowing more reaction intensity to be released. The denominator will also be

decreased, due to the direct dependence of the heat of preignition on fuel moisture.
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Results of the sensitivity study showed a large overall increase in the level of
predicted fire behavior over the intervals of interest, although the parameter ranking
stayed the same in most cases. The one exception was the 1-hr S/V ratio which impacted
predicted spread rates the most (above fuel bed depth and heat content) under these
conditions. Table 5.8 shows the variations in predicted fire behavior over the intervals of
interest for the three input parameters that affect predictions the most: 1-hr S/V ratio, fuel

bed depth and heat content.

Table 5.8: Variations in predicted fire behavior over interval of interest.

1-hr S/V ratio Fuel Bed Depth Heat Content
Plot Spread Spread Flame Spread Flame

Rates, ft/min | Rates, f/min | Lengths, fi | Rates, fi/min | Lengths, fi
118928 14-25 ~0-10 29-48 49-8.2 16-2.7
K1289W 25-207 22-9 68-19 55-91 13-21
K 14898 18-173 5-77 19-15 40 - 66 10-17
E1292W 40 - 368 42-125 11-22 88 - 144 16 - 28
K1592W 20 - 166 26 - 65 8.3-17 44-72 13-21
K1492S 5-78 45-22 6.7-13 15-25 47-78
M13928 7-73 14 - 25 42-6.9
G2390W 56 - 501 48 - 215 15-30 125-212 21-35
11792W 80 - 732 165 - 248 30-39 187 - 306 31-51

We see that, while the degrees of change remained the same for fuel bed depth and heat
content under these extreme condition, the increase in predicted fire behavior dramatically
increased the practical significance of the variations. In this type of situation, uncertainties
in estimating fuel bed depth can lead to a range of spread rates and flame lengths with a
completely different interpretation. For instance, predicting fire in an area similar to plot
K1289W under wildfire conditions, with fuel bed depth estimates ranging from 0.39 to

0.43 feet, could lead to predictions ranging from an easily controlled fire using handtools,
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to one with moderate spread rates and large flame lengths producing erratic fire behavior
and requiring large equipment to help suppress. The importance of determining the heat
content of the fuels is also supported, as very different fire behavior is predicted over the
range of possible values.

The wide range in predicted spread rates with increasing 1-hr S/V ratio supports
the previous statement that increases in this parameter causes the prediction model to be
more sensitive to higher windspeeds. The converse has actually been shown, where
increasing the midflame windspeed caused the prediction model to be more sensitive to
changes in 1-hr S/V ratio. This result is most apparent with plot 11792W, where the range
of spread rates was 80 to over 700 ft/min over the range of 1-hr S/V ratios. While it is not
likely that actual 1-hr S/V ratios would vary to this extent in the pine - oak forests, this
extremely wide range of predicted spread rates suggests that even small variations will
produce significantly different results. This plot represents burning under natural
conditions as it had been untreated prior to 1992, and so the sensitivity analysis results can
be generalized to the control plots. This suggests that under wildfire and natural fuel
conditions, a large amount of judgment plays a key role in fire behavior prediction
interpretations. Simply using average values for input parameters may not be sufficient to

accurately portray the fire behavior potential of the fuel complex.

5.2.2 Conclusions About BEHAVE

The main purpose of this thesis was to evaluate the effectiveness of BEHAVE in

predicting fire behavior in the flammable shrub understories of the northeastern pine - oak
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forests. In order to do this, the necessary data have been obtained to construct site-
specific fuel models for several plots that have undergone a series of prescribed burns.
These fuel models, along with the recorded environmental data, have been used as input to
the fire prediction model, and the results were compared to observations made during the
prescribed burns. General trends were identified, followed by a detailed analysis of how
each input parameter effects the outcome of predictions. The most important parameters
were identified, and their impact was realized under possible wildfire conditions. From
this information, several conclusions can be drawn about the data collection and fuel

modeling processes, and the fire prediction model.

5.2.2.1 Data Collection

Several issues have been raised throughout the previous chapters regarding ranges
in input variables and the possible errors in their measurement processes. For instance,
fuel moisture values recorded on the day of the burn varied widely, suggesting large
variations throughout each plot. Upon further analysis, however, it was found that the
variations in 10- and 100-hr fuel moisture contents did not affect the outcome of fire
behavior predictions at all. Similarly, variations in live woody fuel moistures during the
summer affected predictions very little. The importance of this parameter increased during
the drier, winter months, although overall its relative impact was small. The 1-hr moisture
content was important, however, and recorded values also varied widely. This was mainly
due to this parameter being composed of both leaf and needle litter fuels and 0-.25 inch

fuel sticks. In the future, because the litter component comprises the majority of the 1-hr
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size class, its moisture values should be taken as the 1-hr fuel moisture. The litter
moistures did not vary considerably when considered separately from the 1-hr fuel stick
measurements and so it appears that a sufficient number of samples were taken prior to the
burns. In wildfire situations, the variations in these values should be used to help evaluate
the range of possible fire behavior. For the winter plots, attention also needs to be paid to
the inclusion of the wintergreen in the analysis of the litter moisture content. This was
determined to be a useful method of fine-tuning fire behavior predictions and decreasing
the amount of over-prediction for each plot. This will not help predictions during the
summer, however, as fire behavior is already under-predicted and increasing 1-hr fuel
moistures will only further these deviations.

The downed woody fuel inventory procedure was used to obtain the majority of
the fuel load estimates during fuel model construction. This was found to be sufficient,
assuming an error of +20%, for the 1- (0-.25 incil sticks), 10- and 100-hr size classes. A
different procedure, however, was used to estimate the litter and live fuel loads, through
the collection of biomass plots. Where the litter load consistently covers 100% of the
plot, this procedure worked well. An adjustment was made to account for litter
accumulation during the winter between the fall biomass plot measurement and the
following year’s burn. The accuracy of this method was evaluated further by measuring
the litter fall on three 2-year burn plots before thg fall of 1995 and immediately before the
spring 1996 burn (W. A. Patterson III, personal communication, 1996). It was found that
actual litter accumulations over this period were close to the previously assumed

adjustment, although over-estimated by about 0.4 tons/acre for two of the plots and 1.2
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tons/acre for the third. On average, this would result in an over-estimation of litter load
by about 15-25%. This agrees with the precision of about 20%, approximated in section
5.1.3, for fuel load estimates using a combination of the biomass plots and downed woody
fuel inventory. Considering the relative importance of the 1-hr fuel load parameter, this
over-estimate in litter load may partially account for over-predictions of fire behavior. As
for the live fuel load estimates, it was determined that this measurement process was not
sufficient to accurately represent the entire area, and so more, random collection points
should be included. This may lead to larger values of live fuel load, which would actually
reduce predicted fire behavior.

One problem with the downed woody fuel inventory process is a lack of litter
depth measurements. At the present time, the method measures the depth of the duff layer
and the height above the duff layer of the downed fuel, ignoring the litter layer, a major
component of the fuel models. For many of the experimental plots where downed fuel
loads were low, this approximation was sufficient, as the fuel depths corresponded to litter
depths. This may not be as useful, however, in plots that have a significant downed
woody fuel component. Such a measurement of litter depth could easily be incorporated
into the inventory procedure, yielding the same degrees of accuracy, or better, as for the
other measurements. Another parameter that needs careful measurement is the percent
coverage of each of the fuel components within a fuel complex. This will directly affect
the fuel load values, along with the fuel bed depth estimates. The model is very sensitive

to each of these parameters.
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Additional parameters that have not yet been determined for this fuel complex are
the live and dead S/V ratios and heat contents. Most important of the two S/V ratios is
the dead, or 1-hr value, due to its effect on predicted spread rates. Separate values need
to be determined for the leaf litter and 0-.25 inch stick components, with a focus on the
litter layer. Most likely, a range of possible values will be obtained, and the effect of this
range on predictions will have to be determined. Ideally, the measurements would be
relatively uniform throughout the fuel complex, and average values could be used. The
live fuel S/V ratio affects predictions very little, and so only a rough estimate need be
obtained. The heat content of the live and dead fuels can be a potentially more complex
parameter, although very important in the fire prediction model. As discussed in Chapter
4, the value of this parameter may also change significantly throughout the year, and so

may help account for some of the deviations of predictions from observed fire behavior.

5.2.2.2 Fuel Modeling

Once these data are obtained, it must be put into the fuel model in order to
represent a particular fuel complex. It has been determined in Chapter 4 that the use of
the standard NFFL fuel models 4-7 and 9 are insufficient in predicting fire behavior in this
fuel complex. Thus, custom models must be created. For the purposes of the study, the
fuel models were site-specific in order to account for plot variations and treatment effects.

The experimental and control plot fuel models were constructed slightly different
with respect to the placement of the downed woody fuel. For the experimental plots, the

litter component was comprised only of the leaf and needle fuel particles determined from
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the biomass plots. The downed woody fuel was placed in the shrub component, along
with the standing dead and live woody fuels. This separation of the litter layer is felt to be
advantageous, as it allows for greater focus on the litter layer, which is the major carrier of
the fire and has a different S/V ratio and depth than the rest of the fuel bed. For the
control plots, the litter component was comprised of the leaf and needle fuel particles and
the downed woody fuels. The shrub component only included the standing dead and live
woody fuels. From the shrub component viewpoint, this method makes more sense, as it
allows for greater focus on the standing dead which is important in this fuel complex, and
the characteristics of the live fuels which are also a key factor. So, there is some
confusion as to the placement of the downed woody fuels. Some of these fuels tend to fall
within the leaf and needle layer, while others rest above the litter bed. For the pine - oak
fuel complex, this issue would most likely not account for errors in predictions due to the

relatively low amounts of downed dead fuel compared to the litter present on the plots.

5.2.2.3 Fire Prediction

When the custom fuel models, along with recorded environmental parameters,
were used as input to the fire prediction model, a distinct pattern was found. The spread
rates and flame lengths of the winter burn plots were over-predicted by the model, while
fire behavior in the summer plots was under-predicted. It was concluded that the major
contributing factor to this phenomenon was the presence of the live fuel component within
the fuel and fire prediction models. According to the relationship for the live fuel moisture

of extinction, the live fuels were predicted to burn well beyond their actual moisture
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content values. When the contribution of the live fuels was analyzed further in Chapter 5,
it was found that, while the live fuels are technically burning, they are also viewed as
acting like a tremendous heat sink, absorbing the energy created by the burning of the
dead fuels. This heat sink increases further during the summer months, when live fuel
moistures, on average, almost triple.

The live fuel moistures alone were not enough to account for the large under-
prediction of several of the summer plots, as variations in this parameter had little effect
on predicted fire behavior. These effects were so small, it could almost be concluded that
the live fuels were not being predicted to burn, although this is apparently not true
according to the values of live fuel moistures of extinction, and most likely the small
effects were also due to the low live fuel loads during the summer. Similarly, none of the
other live fuel parameters had a significant effect on predictions. The effects of moisture
did increase somewhat during the winter, most likely due to a combination of higher live
fuel loads and lower moistures (less of a heat sink).

The live fuel moisture of extinction parameter causes a great deal of concern, and
should be analyzed further. The calculation procedures for this parameter led to values of
400% to 8500%, with the majority well over 1100%. It was decided that the primary
cause of these high values was the low amounts of live fuels in comparison with the dead
fuel loads in each plot. A simple analysis was conducted on equations 4.3 to 4.5 in order
to find what amounts of live fuel loads would cause the live fuels in each plot to be

predicted not to burn, see Table 5.9. The live fuel loads were adjusted until the live fuel
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moisture of extinction was roughly equivalent to the live fuel moisture contents recorded

for each plot.

Table 5.9: Live fuel loads required to reach live fuel moisture of extinction.

Plot 1-hr Fuel Load | Live Fuel Load
(tons/acre) (tons/acre)
118928 4.46 7
K1289W 5.10 30
K1489S 4.86 6
E1292W 4.40 14
K1592W 527 17
K14928 5.38 9
M13928 527 8
G2390W 6.56 32
11792W 10.91 30
TPO1S 5.91 ' 3
TP06S 5.89 5

It is interesting to note that there is a seasonal difference in the ratio of the live to dead
fuel load in order to reach the live fuel moisture of extinction. During the summer, the
ratios ranged from about 0.5 to 1.7, while in the winter, ratios ranged from 2.7 t0 5.9.
This is interesting because there are no parameters within equations 4.3 to 4.5 that would
distinguish these two seasons for this fuel complex. That is, there was no consistent
difference in dead fuel moistures between seasons, nor was there a consistent difference in
the amount of dead fuel present, the S/V ratios, or the dead fuel moistures of extinction.
Very large amounts of live fuel are required in the winter plots to reach the live fuel
moisture of extinction. For instance, plot K1289W would require a live load of about 30
tons/acre. The fuel bed depth for this plot was only about 0.5 ft. This would correspond

to a live packing ratio of 1.7 and /B, of about 186.3. This suggests that the packing
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ratio may be an important variable in the determination of the live fuel moisture of
extinction parameter. Currently, it is accounted for indirectly, through the dead fuel
moisture of extinction, which was correlated directly to packing ratio for the litter, grass
and slash components. Another factor which the live fuel moisture of extinction does not
take into account, is the potential behavior of various types of live fuels. It has been
recognized that certain fuels, namely those containing waxes and resins on their leaves and
stems, will burn more readily under higher moisture conditions (Burgan & Rothermel,
1984). Thus, basing the live fuel moisture of extinction on the theory that the moisture at
which live fuels will burn is directly dependent on the heat given off by the dead fuels may
be reasonable but may not be accounting for the ease of ignition and burning
characteristics of various species.

While no recent work has been found by the author regarding the moisture of
extinction of live fuels, there has been some work done focused on re-analyzing the heat
of preignition parameter, which provides much of the basis for the calculations in equation
4.3. In experiments with 1/16-, 1/4- and 1 1/2-inch fuel sticks, it was found that heats of
preignition were similar amongst the fuels at temperatures below 200 °C, agreeing with
previous findings. However, above 200 °C, values varied considerably, suggesting that
this parameter must take into account the different processes that are occurring at higher
temperatures often found in the burning of forest fuels (ignition temperature is usually
assumed to occur at 320°C) (Susott, 1984). Using the above results, the heat of
preignition has been reformulated to incorporate the heat of pyrolysis, or flammable gas

production, and the heat of vaporization (Wilson, 1990). While more study needs to be
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conducted to verify the accuracy of these changes, any successful results may help in
understanding the moistures at which fuels will not burn and, in particular, the behavior of
live fuels at various moisture contents.

The fire behavior predictions obtained from BEHAVE for many of the burn plots
of the present study were within reasonable accuracy for typical prescribed fire conditions
and fuel management objectives. The general trend of the predictions, however, raises
two major concerns. The fact that the summer burns were consistently under-predicted
raises a question as to whether BEHAVE will be useful in predicting the potential fire
behavior that has been observed during the summer in this fuel complex. Predictions were
good for the standard low levels of summer fire behavior. However, when the observed
fire behavior of plots K1489S, TP01S and TP06S demonstrated the huckleberry’s
potential to significantly increase fire behavior, predictions continued to remain at low
levels, especially for spread rates. It appears that the heat sink effects of the fuel
moistures during this season dominate the model predictions.

During the winter, the live shrubs appear to be less of an influence in both
observed and predicted fire behavior. The main focus tends to be on the litter layer and
the effects that the wintergreen has on its fire behavior. Uncertainties in estimating the
fuel bed depth most likely account for the continued over-predictions. From a prescribed
burn perspective, this is an error on the safer side, as it is better to over-estimate the fire
potential of a fuel complex. This is only true to a certain extent, however, and there
should be additional concern for the propensity of the prediction model to highly over-

estimate fire behavior in untreated areas, marked by larger fuel accumulations and depths,
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and under more extreme environmental conditions of higher windspeeds and lower fuel
moistures. The potential of the fire prediction model to over-predict fire behavior during
possible wildfire conditions was shown, particularly for the 1-hr S/V ratio, fuel bed depth
and heat content parameters. A highly over-predicted fire in the winter or under-predicted
fire in the summer will not allow fire behavior officers to accurately forecast the spread or
potential of a wildfire, possibly leading to inaccurate estimates of suppression
requirements, and compromising the many lives and property within the Cape Cod

National Seashore area.
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6. Conclusions

The field of wildland fire modeling is currently in a transitional period. The
BEHAVE system of fuel modeling and fire behavior prediction has been well established
for several years and widely used by land managers, fire behavior specialists and fire
personnel to plan for prescribed burns, make land management decisions and forecast the
behavior of wildfires. As new concepts and techniques are introduced to better
understand the behavior of fire, several of the assumptions of BEHAVE have been
questioned and new methods of fire prediction are being explored. The purpose of this
thesis was to provide a thorough evaluation of BEHAVE that would analyze the
theoretical and empirical basis of the model, identify its strengths and weaknesses and
suggest alternative methods to model the complex phenomenon of a spreading wildfire.

The evaluation of the effectiveness of BEHAVE focused on the ability of the
model to predict fire behavior in the pine - oak forest fuel complex. Chapter 1 provided a
description of the potential fire behavior of this fuel complex through accounts of previous
fires in similar fuels throughout the Northeast. The fuel complex of interest is located in
Cape Cod National Seashore which has a significant wildland/urban interface and a large
fuel load due to the exclusion of fire in the area over the past several years. Therefore, it
is of great interest to introduce fire into this fuel complex as a fuel management tool, and

to understand the behavior of a fire spreading through these fuels in order to improve the

ability to predict its behavior.

132



Chapter 2 provided a more detailed description of the mathematical concepts and
theoretical assumptions that govern the fire behavior predictions. It was found that a large
number of parameters and empirical correlations were required to approximate the original
theoretical equation of fire spread. The majority of the parameters that approximate the
forward heat flux of the fire and the heat required to bring the unburned fuel to ignition
were written in terms of measurable variables such as surface-area-to-volume ratio,
packing ratio and moisture content. The concept of a fuel model was described where the
physical and chemical characteristics of the various components of a fuel complex are
represented. These fuel models provide the necessary parameters for the fire behavior
predictions of BEHAVE. The rate of spread and various measures of intensity are
predicted for a fire spreading through a homogeneous, porous fuel bed with constant
properties and under constant environmental conditions.

A description of the pine - oak forest fuel complex followed in Chapter 3. The
primary carriers of a fire spreading through these fuels are the litter and shrub
components. During the dormant season when there are no leaves on the stems of the
shrubs or the overstory, there is increased drying of the fuels below resulting in a high
level of fire behavior. Fire behavior in the growing season is unique from the dormant
season due to the presence of leaves on the shrubs and, in particular, the huckleberry.
These leaves have a high extractive content which allows the shrubs to ignite and sustain
burning at high moisture contents. While growing season burns are typically of lower fire

behavior than the dormant season, there is still a potential for extreme fire behavior.
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Hazard levels were developed in order to provide a basis of comparison for various
magnitudes of flame lengths and spread rates.

Chapter 4 provided a comparison of fire behavior observations from prescribed
burn studies in Cape Cod National Seashore with predictions obtained from BEHAVE.
Custom fuel models were constructed for each of several experimental and control plots
based on data collected prior to and on the day of the burn. There was a clear distinction
in the results of the comparison between observed and predicted fire behavior based on the
season in which the various plots were burmed. The fire behavior of winter prescribed
burns was consistently over-predicted, while the summer burns were consistently under-
predicted.

In order to improve predictions for the winter burns, the 1-hr moisture content was
adjusted to account for the high moisture content of the wintergreen which also lies within
the surface fuels. This was found to be an effective means of fine-tuning the predictions
during this season, although there was still a tendency to over-predict fire behavior. An
attempt was also made to improve summer predictions by separating the live leaves and
stems of the shrub component within the fuel model, in order to account for the large
variations in moisture contents between these two parts of the shrub. Fire behavior
predictions were unchanged by this adjustment of the fuel models, suggesting that the live
fuels are not contributing to predictions for moisture contents over about 90%.

According to the formulation for the live fuel moisture of extinction, however, the live
fuels are predicted to burn, although the values calculated for this parameter did not

appear to be reasonable. It was concluded that the representation of the live fuels within
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the fuel and environmental parameters was most important in accounting for the
distinction between winter and summer predictions.

The sensitivity study of Chapter 5 provided a detailed analysis of how individual
parameters enter into the fire spread equations and the relative importance of each with
respect to their impact on fire behavior predictions. This also allowed the effectiveness of
data collection and measurement processes to be evaluated. It was found that fire
behavior predictions were most sensitive to changes in fuel bed depth, midflame
windspeed, heat content and 1-hr S/V ratio. The effects of this sensitivity become most
critical under potential wildfire conditions when the levels of predicted fire behavior are
higher, and so the fire prediction model was analyzed under conditions of lower fuel
moistures and higher windspeeds. The importance of this additional analysis was that,
under these conditions, predicted fire behavior for the control plots indicated the potential
for the extreme fire behavior seen in previous wildfires and, in fact, may even be under-
predicted. The sensitivity study for the experimental plots also indicated that a large
amount of judgment would be necessary in predicting wildfire behavior, as small errors in
estimating the 1-hr S/V ratio, fuel bed depth and heat content could lead to very different
fire behavior predictions.

The primary reason for the under-predictions of summer fire behavior is the
representation of the live fuels within the fire prediction model. Due to their high moisture
contents, the overall fuel bed moisture is increased. The live fuels act as a great heat sink,

increasing the amount of energy absorbed and decreasing the amount of energy released
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from the flaming zone. The fire is essentially viewed as spreading through a uniform fuel
bed full of very wet fuels which smother the fire.

During the winter, the effects of the live fuels have less of an influence on fire
behavior within the fire prediction model. Observed fire behavior appears to depend
primarily on the fire behavior of the surface fuels, including the litter and wintergreen.
The huckleberry also enhances overall fire behavior by providing vertical fuels that also
have a high extractive content in the fine stems of the shrubs. Due to the high sensitivity
of the model to parameters such as fuel bed depth and 1-hr S/V ratio, it is most likely
these fuel bed characteristics that would account for inaccuracies in predictions.

Fire prediction errors in the summer and winter appear to depend on very different
reasons, with live fuel effects overwhelming the summer predictions and fuel bed
characteristics causing deviations in winter predictions. The underlying cause in both
cases, however, may be very similar. The pine - oak forests are a heterogeneous fuel
complex with several different components. While fires spread mainly through only two
of these components, the litter and shrubs, there appear to be separate mechanisms
controlling the behavior of fires within each. This will be discussed further through an

account of the prescribed burning of control plot TP06S.

6.1 Prescribed Burn Observations

The author was present during the prescribed burning of plot TP06S conducted in
July, 1996 and several observations were made regarding the fire behavior in this fuel

complex. Appendix A shows pictures which give an indication of the fuel bed
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characteristics present on the day of the burn. The fire was ignited by a driptorch as a line
fire across the full length of the plot down a draw between slopes A and B, see Figure 6.1.
Fire behavior measurements were made on slope A which had a southwest aspect (slope
facing southwest). Winds were blowing out of the southwest resulting in a head fire
running up slope A. The fire behavior was very “good” during this burn. Flames
averaged in the 3-7 ft range producing a very hot fire that was generally unapproachable
and felt hot on bare skin from several feet away. Periodic flames approached about 10 fi,

resulting in high scorch heights and the crowning of individual, 40-foot pitch pines.

wind (SW); North —
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spread
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Figure 6.1: Cross-section of plot TP06S.

The fire spread readily through the litter layer with close to 100% consumption.
Flame lengths were observed up to about 2 ft, providing sufficient exposure to at least
ignite and kil all of the huckleberry. The amount of consumption of the huckleberry,
however, varied throughout the plot. For the main head fire burning up slope A, all of the
leaves and some of the small live stems were consumed. Thé fire burning in the opposite
direction from the ignition line, toward siope B, spread along a flat portion of ground for

up to 15-20 ft in the wider portion of the draw, then burned up slope B. In the flat
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section, the fire was burning as a backfire against the wind. This resulted in the killing of
the leaves of the huckleberry but with little consumption, resulting in the leaves remaining
attached to the branches. As the fire burned up slope B, however, the leaves were
consumed as with slope A, suggesting the slope effects dominated over the wind effects.

As the fire spread through the litter and shrubs, they often appeared to act as
independent fire fronts. The fire spread through the litter underneath the shrubs as the
shrubs were being preheated. Upoh ignition of the shrubs, the fire fronts appeared to
move closely together, although the litter fire front was often observed to be slightly
ahead.

These simple observations suggest possible deviations from the assumptions made
within the fire prediction model of BEHAVE. The litter and shrub components appear to
be acting as two separate fuel beds, with the ignition of the shrubs dependent on the
behavior of the litter. This is very similar to the ignition and spread mechanisms of a
crown fire, where BEHAVE has problems in predicting fire behavior. When BEHAVE
combines everything into one homogeneous fuel bed, these separate mechanisms are not
accounted for. This also results in an assumption that the fire is spreading through a
‘tightly packed’ fuel bed which reduces predicted fire behavior. Observations of the actual
fuel complex definitely did not seem tightly packed, as the leaves and needles lay softly on
the ground with air space between, and the shrub layer, of course, is mostly air.

The important conclusions that can be made from this discussion include the fact
that the ignition of the shrubs is largely dependent on the fire behavior within the litter

layer. This agrees with the basis of the theory behind the live fuel moisture of extinction.
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Also, the method used by BEHAVE to model complex fuel beds as one homogeneous bed
does not appear to be effective for this fuel complex. During the summer, BEHAVE
transforms the litter and shrubs into a fuel bed with uniform characteristics. This new fuel
bed, with an equivalent depth, fuel loading, heat content, etc., becomes too wet and
compact and so the fire is theoretically smothered producing low levels of fire behavior
predictions. This is also the case during the winter, although the live fuels are not as
overwhelming in the equivalent fuel bed. The analysis of wildfire conditions, however,
showed that even small changes in the fuel bed depth of a winter plot produced very
significant changes in predicted fire behavior. These results suggest that each component
of this fuel complex has very different characteristics, including fuel-to-air ratios, moisture
contents and fuel bed dimensions. Therefore, they would seem to be best treated as
separate fuel beds. This would allow the burning behavior of each component to be
analyzed according to its unique characteristics and its interaction with other components.
Then, the overall fire behavior can be more effectively determined.

Additional work is needed in the area of modeling fires in heterogeneous fuel beds.
Some work has begun in this area, comparing the behavior of fires in mixed fuel beds of
excelsior and fuel sticks to predictions obtained from the mathematical model used in
BEHAVE (Catchpole, Catchpole, & Rothermel, 1993). It was found that the
experimentally measured fire behavior often differed from that predicted by BEHAVE.
Problems with the model in mixed fuels include the weighting procedure based primarily
on the S/V ratio, and the formulation for the reaction time, defined as the ratio of the

reaction zone efficiency to the time for the fire front to burn through a reaction zone.
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Mixed fuel fire behavior also appeared to be dependent on the presence of wind, which
agrees with observations in the pine - oak forest fuel complex. This suggests that the use
of the wind coefficient may not accurately portray the heat transfer mechanisms occurring
during wind-aided spread. This work is part of an effort to produce a second generation
fire danger/fire behavior system (Catchpole & Catchpole, 1995). This has included a
complete re-evaluation of the heat transfer processes that are occurring in a wildfire and of
the mathematical relations that govern their spread.

In the following section, a simple model will be introduced as a means of
discussing the spread of fires through the pine - oak forests and similar fuel complexes.
This will be done by establishing a fundamental relation for fire spread through a porous
fuel bed, followed by a representation of the heat flux providing the forward heating of the
fire. The important mechanism of fire spread between the litter and shrub components of
the fuel complex will also be discussed, along with the possible experimental techniques

for obtaining the material properties necessary to use this method of fire modeling.

6.2 Simple Model of Fire Spread

6.2.1 The Physical Model

The focus of this discussion will be the litter and shrub components of the pine -
oak forests. Each of these fuel components will be treated as a separate fuel bed, with a
focus on the litter layer. Figure 6.2 shows the physical model of a fire spreading through

the litter layer, which is assumed to be a homogeneous, porous fuel bed composed of

thermally thin fuel particles. The concept of a thermally thin material indicates that the
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fuel temperature ahead of the flame is constant with depth (Pagni & Peterson, 1973).
One-dimensional heating through the litter layer will be assumed in the absence of wind or
slope effects. The flaming zone, assumed to be an infinitely long line fire of height, Hg,
and depth, A, moves through the litter layer of depth, d, at a quasi-steady rate of spread,
V.

The fuel ahead of the flames is assumed to ignite when it reaches an ignition, or
pyrolysis, temperature, T,. This unburned fuel is heated by various heat transfer
mechanisms from the flames above the fuel and the flames within the fuel bed, as discussed
in Chapter 2. In the absence of wind or slope, radiative heat transfer has been found to
provide the largest fraction of the total energy transferred from the flaming zone to the
unburned fuel (Pagni & Peterson, 1973). Observations from prescribed burns under these
conditions indicate that radiation from the flames within the fuel bed is the dominant mode

of heat transfer for fire spread through the litter layer.
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Figure 6.2: Idealized characterization of flame front moving through litter bed.

6.2.2 Energy Conservation

The conservation of energy principle for fire spread can simply be stated as
follows: the rate of energy absorption to raise the unburned fuel to its ignition
temperature must be equal to the rate of energy transfer from the flaming zone to the fuel
bed. Williams (1977) expressed this concept of energy conservation through the

‘fundamental equation of fire spread’ written as:

pYVAh=g! 6.1)
where,

py, = fuel bed bulk density [kg/m’],

V = quasi-steady rate of spread [m/s],
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Ah = change in enthalpy as unit mass of fuel is raised from its initial temperature to
its ignition temperature [kJ/kg],
q.) = forward heat flux per unit area (energy per unit area per second transported

across the combustion interface) [kW/m?].

Enthalpy per unit mass, h, is a state variable used to represent the frequently encountered
combination, h = (internal energy) + (pressure)*(volume) found in many thermodynamic
processes (Cengal & Boles, 1994). In a constant pressure process (common for
measurements in combustion systems), the heat withdrawn from the surroundings is equal
to the increase in enthalpy of the system. When it is assumed that phase changes of the
fuel prior to reaching the ignition temperature are negligible energetically, the change in

enthalpy, Ah, can be approximated as (Williams, 1977):

Ah= (T, - To), (6.2)
where,

¢, = specific heat of fuel bed [kJ/kg K],

T, = pyrolysis temperature [K],

T, = initial temperature [K].

Therefore, if the rate of energy transfer from the flaming zone to the unburned fuel is

known, then the rate of spread, V, can be expressed as:
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S

9,

V= m [m/s]. 6.3)

6.2.3 The Forward Flux

The forward flux, ¢, per unit area emitted from the flaming zone to the unburned
fuel is similar to the propagating flux concept derived by Frandsen (1971). The source of
this propagating flux was the reaction intensity, or heat release rate, defined by equation
2.3 as the product of the heat of combustion and mass loss rate per unit area of the fire

front. A similar concept is used here, where it is assumed that the rate of spread of a fire

depends on the size of the fire which, in turn, is dependent on the rate of heat release per

unit area, Q" , defined as (Drysdale, 1985):

Q" =m"-AH, [kW/m?], (6.4)
where,

" = mass loss rate per unit area of fire front [kg/m’-s],

AH_. = effective heat of combustion [kJ/kg].

The heat release rate of the flaming zone is the product Q” A(1) where we have assumed

a unit length of the flaming zone.
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The heat release rate is determined from the principle of oxygen consumption
calorimetry, using the test apparatus discussed later. This empirical principle is based on
the observation that, in general, the heat of combustion of any organic material is directly
related to the amount of oxygen required for combustion. A measure of this rate of
oxygen consumption can then be converted to a rate of heat release by assuming that
approximately 13.1 MJ (megajoules) of heat are released per kg of oxygen consumed
(Huggett, 1980). This has been found to be accurate within + 5% or better for a wide
range of conventional organic fuels. An effective heat of combustion is also obtained from
the oxygen consumption apparatus. This parameter is distinguished from the gross, or
net, heat of combustion obtained from the oxygen bomb calorimeter and used by
BEHAVE. In the bomb calorimeter, a value for heat of combustion is obtained with
nearly 100% combustion efficiency in pure oxygen. Oven-dry wood averages a gross heat
of combustion of about 20 MJ/kg (Tran, 1992). In actual fires, however, char-forming
materials such as wood undergo various modes of flaming and glowing combustion
resulting in incomplete combustion. Therefore, the gross heat of combustion can exceed
the effective value by as much as 25 - 50% (Janssens, 1995). Values for oven-dry wood
are about 13 MJ/kg during flaming combustion which is of main interest in fire growth.

Of the total heat release rate of a fire, it has been found that the majority is
convected upward into the fire plume and approximately 30% is released as radiant energy
(Heskestad, 1995). Therefore, we have a known fraction, 7, of the heat of combustion

that is radiated and so the rate of heat release of radiant energy of the flaming zone is

(Drysdale, 1985),
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0, = 7,0"A(1) [kW). (6.5)

We are interested in the heat transfer from the flames within the bed to the unburned fuel.
Since we know the total rate of radiant heat release from the flaming zone, the amount
that is released through the combustion interface within the fuel bed becomes merely a
problem of determining a view factor, or the fraction of radiation leaving some surface
which is intercepted by another (Incropera & DeWitt, 1990). This view factor can be
represented as a fraction, s, of the radiant heat release rate of the flaming zone. Then, the

forward, radiative heat flux through the combustion interface is:

v 22,0780
’ d()

(6.6)
BEHAVE used a similar formulation where the propagating flux was written as a
fraction of the reaction intensity that is actually received by the potential fuel. In order to
calculate this fraction, or propagating flux ratio &, the no-wind propagating flux was
experimentally determined from the relation (/,), = R, 0,60, . Then, £ was computed
from the ratio of the no-wind propagating flux to the experimentally determined reaction
intensity. Therefore, the rate of spread must be known first in order to later calculate the

forward heat transfer. Also, the heat source and heat sink terms have been combined in
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order to determine £. The method used to derive equation 6.6 separates these two
processes. The forward heat transfer is written in terms of a direct measurement of the
energy released from the fire. Its distribution into the unburned fuel bed can be calculated
from view factors, which can be determined at any level of complexity. Then, from
equations 6.3 and 6.6, the rate of spread can be determined by considering the separate

processes of forward heat transfer and ignition,

10" A

= e (T ~T) (6.7)

The depth, A, of the flaming zone is defined by the product of the burn-out time,
ty, and rate of spread, V, or A = Vt, (Thomas, 1995). The burn-out time is similar to the
reaction time discussed in Chapter 2. It can be defined as the ratio of mass of fuel per unit
area, m” , to mass loss rate per unit area, " (Emmons, 1963). From equation 6.4 and

"

m" = pyd,

t, = o = [s]. (6.8)

If we substitute the relation for flaming zone depth A = Vt, along with equation 6.8 into

equation 6.7, we have,
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)"Vo,dAH,
%20 Q."Z” = pc, (T, - TV . (6.9)

Then,

ZbZrAHc =c.v(Tp—To)' (610)

Equation 6.10 shows that the fraction, i3, of the radiant energy, xsAH,, of the flaming
zone is responsible for heating the unburned fuel to its ignition temperature. This result is

expected based on the assumed mechanism of forward heat transfer.

6.2.4 Ignition of Huckleberry

The ignition of the huckleberry, or shrub component, of the fuel complex appears
to be dependent on the amount of heat exposure provided by the litter layer. This would
include the amount of convective and radiative energy of the fire, which is dependent on
the heat release rate of the flaming zone. The most visible measure of this energy moving
upward from the litter to the shrubs is the flame height.

The flame height, Hy, of a line fire where the length is much larger than the depth,
A, has been found to be proportional to some power, n, of a dimensionless heat release

rate per unit length of the flaming zone, based on experiments measuring flame spread

over solids in the vertical and horizontal orientation (Hasemi, 1985). That is,
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H.=y(Q"")'A [m], (6.11)
where,
y = parameter based on definition of flame height,

Q'" = dimensionless heat release rate per unit length of flaming zone.

The value for n in equation 6.11 has been found to approach 2/3 for large values of 0" in
line fires. Hasemi & Nishihata (1988) have supported this dependence of Hy/A on (0
for Q'* <3 from experiments using burners to represent ’a rectangular (line) fire. The
author took the experimental data of Hasemi and Nishihata and inserted it into a
spreadsheet in order to determine a value for the parameter y for line fires in the open.

The data was curve-fitted for ’"< 3 and a relationship of Hi/A = 4.5444(Q’*)***" was
found with R?> = 0.9938. Therefore, an approximation of y = 4.5 would be reasonable for
line fires in the open with Q’°<3. A curve fit of all of the data was also successful with
Hy/A = 4.2975(0"")***'® and R* = 0.9905. Therefore, y = 4.3 with n approaching 3/5 for

Q'°< 10 The dimensionless heat release rate per unit length for a line fire is (Hasemi &

Nishihata, 1988):

Qr

- pc, T8

0" T 6.12)
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where,
Q' = heat release rate per unit length of the flaming zone [kW/m],
P. = ambient air density [kg/m’],
cp = specific heat of air [kJ/kg-K],
T, = temperature of ambient air [K],

g = acceleration of gravity [9.81 m/s?).

The heat release rate per unit length of the flaming zone, Q’, is similar to the fireline
intensity discussed in Chapter 2 and can be written as the product of the heat release rate
per unit area and the flaming zone depth. Thatis, O’ = 0"A.

It is unknown exactly what flame heights would correspond to the ignition of the
shrubs. However, it is suspected that this would depend on the ratio between the height
of the shrubs and the flame height. For the prescribed burn of plot TP06S, it appeared
that litter flame heights over between 1 and 2 ft were sufficient to ignite a fire within the 3
to 4 ft huckleberry.

Once ignition of the huckleberry occurs, then the shrubs are treated as a separate
fuel bed with their unique geometry, moisture content, etc. Flame heights observed on
plot TP06S often stayed within about a foot of the top of the shrub component. This
suggests that, like the litter layer, heat transfer within this shrub fuel bed is most important
in fire spread and heating from the flames above the bed would not be a major contributing

factor in the absence of wind or slope effects. By determination of Q" for the shrubs, the
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rate of spread and flame height can be determined from equations 6.7 and 6.11,

respectively.

6.2.5 Change in Heat Transfer Mechanisms

There are instances when the heat transfer mechanisms responsible for fire spread
will vary depending on the effects of wind and topography on the fire. These various
modes of heat transfer may also vary in magnitude resulting in a faster or slower fire. An
example of this effect is the difference between a fire spreading up a slope and a fire that is
spreading down the slope. It is, of course, assumed that the fire spreading up the slope
would be a much larger and faster fire than the fire backing down the slope. In this case,
the upslope fire would propagate primarily by the means of radiation and convection. The
downslope fire can be viewed as an opposed-flow fire, where the dominant means of heat
transfer is often assumed to be gas-phase conduction. This is numerically defined as

(Quintiere, 1995):

. k(@ -T)
cond L -

<

(6.13)

where kg is the gas-phase conductivity, Ty is the flame temperature and L. is some
preheating distance over which the forward flux acts.
As an example of the effects that varying heat transfer mechanisms will have on the

rate of spread and flame properties using the concepts discussed earlier, consider two
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cases of a fire spreading under the influence of slope effects. One fire is spreading up a
slope and the other is backing down a similar slope, see Figures 6.3 and 6.4, respectively.
No wind effects are considered. For simplicity, it is assumed that this slope is sufficient to
cause a change in heat transfer mechanisms within the fuel bed when a fire changes from
an upslope spreading fire to a fire backing down the slope. However, the change in flame
angle is small so that heat transfer from the flames above the fuel bed will not be

considered.

Figure 6.3: Fraction of heat release rate for upslope fire.

152



Figure 6.4: Fraction of heat release rate for downslope fire.

For the upslope fire of Figure 6.3, we will assume that the dominant heat transfer
mechanism continues to be radiation and so we can estimate ¥, = 0.30. The fraction of
that radiant heat release rate that passes through the combustion interface can be
determined from Figure 6.5, with an assumed control volume of height d, unit length and
depth 2d. Assuming the duff layer acts as an insulator allowing no heat transfer to pass
through and there is an equal exchange of radiant heat in and out of sides 4 and 5 due to
an infinitely long flame front, then radiation can pass out of the flaming zone through sides
1, 2 and 3. Ifside 1 is in the direction of flame spread, then it accounts for 25% of the
area that the radiation can pass through. Therefore, 1, ~ 0.25 and ). = 0.08 is the
fraction of the total radiant heat release rate that passes through the combustion interface

to heat the unburned fuel ahead.
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Figure 6.5: Control volume for radiant fraction of heat release rate through
combustion interface.

In the case of the fire backing down the slope of Figure 6.4, the dominant mode of
heat transfer is assumed to be gas-phase conduction. The forward flux to the unburned
fuel that results from gas-phase conduction can be determined in detail from equation 6.13
or we can qualitatively reason that some fraction of the heat release rate that passes
through the combustion interface heats the unburned fuel by this mechanism. In the
absence of wind or slope effects, the contribution of gas-phase conduction to the total
energy transferred to the fuel is about 20% and radiation accounts for about 80% (Pagni
& Peterson, 1973). That is, gas-phase conduction contributes about % that of radiation to
the forward heat transfer. Therefore, the effects of gas-phase conduction in a backing fire
can be assumed to be small compared to radiation in a head fire. For simplicity, if we
assume that the fraction of the heat release rate that is transferred to the unburned fuel by

gas-phase conduction, X4, in a fire backing down a slope continues to be approximately
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V4 that of the radiant transfer in the head fire up a slope, then we can estimate Yo =~ 0.02,

and the forward flux per unit area for the backing fire is:

y_ XeonaQ"AQ)

o =7 a)) (6.14)

Since Ycond << Yp)Xr, W can expect that the spread rate, flame height and depth of the

down-slope fire should be less than the up-slope fire. From equation 6.4, we can write:

¢ (6.15)

where 1 is the mass loss rate of the flaming zone. This can be approximated by the
relation for the mass flow rate through a control volume, or r1 = p,VA4,, where A, is the

cross-sectional area of the combustion interface. Then,

. AH_pVd(1)

Q"= Y (6.16)
or,

. d

O" = AHcp,,(-A—)V . (6.17)
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The heat release rate per unit area and all of the fuel bed properties in equation 6.17 can
be assumed to remain constant for both the up- and down-slope spreading fires.
Therefore, if the spread rate increases as the fire spreads uphill, then the flaming zone
depth must also increase in order to keep Q" constant. Similarly, as the fire slows down
when spreading downhill, A must decrease. Since the flame height is also a function of
Q" and A, then the faster spreading fire with a large flaming zone depth will also produce
the greater flame heights.

In the case of enhanced forward heat transfer due to wind, we will not consider all
of the additional mechanisms by whicﬁ the unburned fuel is heated. Pagni and Peterson
(1973) provide an excellent discussion of the various modes of heat transfer from the
flames above and within the fuel bed and incorporate these into a model for fire spread
through porous fuels that was in good agreement with forest fuel flame spread data. For
illustrative purposes, we will consider radiant heating of the unburned fuel from the flames
above the fuel bed. Again, we can write this forward flux as a function of the radiant heat

release rate:

., _aFQ,

' =71'('1-5-, (6.18)
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where a is the fuel absorptivity, O, is determined from equation 6.5, and F is a view factor

between the flame and a surface element at a distance y ahead of the flaming zone (Pagni

& Peterson, 1973):

F=051-2Z(1+2?)™], (6.19)

_(x/L-sing)

Z
cosé

(6.20)

where L is the flame length (= Hr/cos6) and @is the angle between the flame and the
perpendicular to the fuel bed. The view factor, F, is similar to x; as it estimates the
amount of the radiation that reaches a surface fuel element ahead of the flaming zone. It is
simply related to the angle of flame tilt and the ﬂafne height which is again related to the
heat release rate per unit area. The flame tilt angle, 8, has been empirically determined to
be related to the windspeed, U,,, when the rate of spread is much less than U,,, by the
relation 6= tan"'[1.4Ux(gL)"’] (Pagni & Peterson, 1973).

This method of accounting for the heat transfer from the flames above the fuel bed
to the unburned fuel differs from the wind and slope coefficients in BEHAVE which were
multiplication factors that accounted for the additional propagating flux produced by wind
and slope. The wind coefficient was experimentally determined from the ratio of the rate
of spread in the presence of a heading wind to the no-wind rate of spread, ¢ = RW/R, - 1
(Rothermel, 1972). The slope coefficient was determined similarly. Therefore, the

coefficients are being calculated in a reverse direction, where the rates of spread are first
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determined and then a relation will calculate what portion of that rate of spread was due to
the effects of wind or slope. Equations 6.18 through 6.20 provide a means of estimating
the forward heat transfer from the flames to the unburned fuel based on actual flame
behavior and the geometry between the fuels and the flame. The power of this method of
modeling the spread of fires is that each of the important mechanisms of heat transfer can
be calculated separately and in detail. The driving force is calculated first, then its
distribution by these various mechanisms can be determined. By knowing the amount and
form of the energy that is supplied from the flaming zone, along with the energy required

to bring the potential fuel to ignition, the rate of spread can then be calculated.

6.2.6 The Heat Release Rate

The key parameter in each of the above formulations for rate of spread and flame
properties is the heat release rate. It is viewed as one of the most important parameters in
determining the rate of fire growth, size of the fire and the threat to humans from exposure
to fire and toxic gases (Tewarson, 1980). The heat release rate from large fires drives the
flow which supplies air to the fire and influences the flame spread rate, spread pattern and
fire plume behavior (Ohlemiller & Corley, 1990). Direct measurements of heat release
rate versus time are used extensively as input to computer fire models designed to predict
the response of buildings, furnishings and commodities to fire. Babrauskas and Grayson
(1992) provide an excellent compilation of the history of this parameter, measurement

techniques, experimental data and computer modeling applications.
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The development of the principle of oxygen consumption calorimetry has brought
significant advances in the measurement and application of heat release rates. A small
scale test method based on this principle has been developed to determine the rate of heat
release of materials under varying combustion conditions in air. The test instrument,
called the Cone Calorimeter, determines fire properties such as rate of heat release per unit
area, cumulative heat released, effective heat of combustion, time to ignition, mass loss
rate, and properties of combustion such as smoke and toxic gases (American Society for
Testing and Materials [ASTM E1354], 1992; Cox, Forcier, Jackson, & Jacoby, 1995).
The apparatus utilizes a conical-shaped electrical heater which imposes a heating flux of
up to 100 kW/m’ on a horizontally- or vertically-oriented sample of size 100 mm x 100
mm x up to 50 mm thick. Samples are placed on a load cell to continuously monitor mass
loss. All of the combustion products are collected in a duct where oxygen analyzers and
other measurement devices are located. Larger-scale heat release rate apparatuses are
also available where full-scale items or entire systems of materials, such as a room with
various wall linings and furniture, can be tested (Babrauskas, 1992). The Cone
Calorimeter has been utilized in order to determine the effective heats of combustion of
duff and twig samples as part of a large scale fire experiment in Canada (Ohlemiller &
Corley, 1990,1994; Quintiere, 1990). Such a small-scale test would appear to be useful in
evaluating the behavior of the litter or duff layer to various conditions, as they are
relatively uniform and can most likely be represented by small samples. For more complex
fuel components such as the shrubs, a larger-scale apparatus may be necessary to yield

applicable results to actual fuel bed conditions.
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The Cone Calorimeter and other larger-scale devices provide a quantitative
representation of the heat release rate and other parameters mentioned earlier as they vary
with time. Figure 6.6 gives an illustration of the basic components of a typical heat release
rate history (Mowrer & Williamson, 1990). Following an often negligible induction
period, heat release rates usually exhibit an acceleratory growth period until a peak is
reached. Depending on how quickly burnout begins, there may be a period of steady
burning or there may be a distinct peak with an immediate decay. The tail portion of the
curve usually denotes an extended period of low heat release rates where char formation
and glowing combustion occur. The total energy released is the area under the time - heat
release rate curve. Babrauskas (1995) shows heat release rate histories for several
household items, flammable liquids, wood cribs and Christmas trees. When dried with
heat lamps to simulate warm, dry room conditions, the Christmas trees typically had a
large induction period followed a sharp growth period of less than 50 seconds to a peak.

The decay period was equally fast, see Figure 6.7.
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Figure 6.6: Example of heat release rate vs. time curve.
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Figure 6.7: Heat release rate curve for a Christmas tree.

Once the heat release rate history is obtained, it must be characterized in order to
be used in a predictive model. Mowrer and Williamson (1990) give various methods to
model the growth and decay periods of a heat release rate history. Often, a power law
relationship is used to describe the time-dependence of the fire growth where the heat
release rate may increase with some power of the time since the start of the growth period.
For instance, a t-squared representation of fire growth is often used where the heat release
rate is written as, O = a(f —1,)?, where 1, is the start of the growth period and « is the
fire growth parameter. Depending on the application, a full heat release rate history may

be useful which will include all aspects of the burning process of a material. Other
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applications may only be interested in the peak value of the heat release rate or average

values over a period of time.

6.3 Future Work

This discussion has demonstrated a simple model of flame spread to provide a
theoretical basis for future work in this area of wildland fire modeling. The heat release
rate parameter can be determined through experimental methods to give a quantitative,
time-dependent history of the actual burning behavior of fuels or systems of materials.

The fuels can be burned in as close to natural conditions as possible, especially in the
larger scale calorimeters, and so the their heat release rates become a function of fuel type,
size, moisture content and chemical composition. These parameters can be varied to view
their effects on the effective heat of combustion and therefore the fire behavior of various
fuel components. Such an analysis of fuels in the pine - oak forest fuel complex would
prove very useful in understanding the fire behavior of these fuels.

Several important questions raised in previous chapters may also be answered
about the fire behavior of the various fuel components. By obtaining heat release rate data
of the live fuels at various moisture contents, the heat release rate parameter can be
expressed as a function of the moisture content. This will directly show the various
burning behaviors of the live fuels during the dormant and growing seasons. Exposing the
litter and shrubs at various moisture contents to different levels of heat fluxes may also
shed new light on the moistures of extinction of the live and dead fuels. By determining

the potential heat release rates of the litter layer under various conditions, a quantitative
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measure of the heat flux exposure to the shrubs will be obtained. This may provide a
better understanding the ignition process and burning behavior of the shrubs and the fuel

complex in general.
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Appendix A : Pine - Oak Forest Pictures
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Figure A.2: Close-up of (.awlusqacla batcata {hmkleherry)
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Two years of growth on a winter plot

Figure A.4: burned every 4 years.
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Figure A.7: Previously untreated plot TPO6S to left of firefighters.
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Figure A.8: Line fire ignition of plot TPOgS. Fire spreading left.
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Figure A.9: Hcad fire spreading through plot TPO6S.

Figure A.10: Hcad fire spreading through pot TPO6S.
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Crowning of a 40-foot pitch pine.

Figure A.11:
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Figure A.12: Buackfirc set at top of slope B in plot TP06S.

Figure A 13- Post- fre on slnpe A nf plm TP!)(»S
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Appendix B : Fire Behavior Hazard Levels
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B.1 Flame Lengths

The visible flame lengths of a spreading fire correspond to the amount of heat felt
by a firefighter on the fire lines (Andrews, 1986). A fire which has small flames can easily
be extinguished with handtools or small amounts of water, while spreading fires with large
flames will be difficult, if not impossible, to approach directly. Table 3.1 gives general
interpretations of the various levels of flame length severity and their corresponding
suppression tactical concerns (Andrews, 1986, National Wildfire Coordinating Group,

1989; Rothermel, 1983).

B.2 Spread Rates

It is also important to know the spread rate of a fire, as it will determine the type
of ignition technique used in prescribed fires, the actions taken for suppression or the
danger to those ahead of an advancing wildfire. Spread rates can also be correlated to the
size and shape of a fire, which is information used to classify the type of fire, and the
amount of resources and type of command structure required for wildfire suppression
(National Wildfire Coordinating Group, 1989). The relative magnitudes of spread rates,
however, are more difficult to interpret than flame lengths. A fire characteristics chart is
available which relates the flame length, spread rate and heat per unit area to suppression
interpretations similar to those in Table 3.1 (Rothermel, 1983). However, flame lengths
are the major variable which separate the various levels of fire behavior, and so it is

difficult to divide the spread rates into hazard levels using this method.
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The primary concerns with a spreading wildfire or a prescribed fire that has burned
beyond control are the speed with which the fire can be brought under control, and the
safety of firefighting personnel. A more practical method of evaluating the consequences
of spread rates may be to relate them to the speed with which firefighters are able to
execute control and suppression tactics. For instance, a fire spreading at a low rate of
spread would be equivalent to one which could be controlled easily by the construction of
firelines, or fire breaks, around the perimeter of the fire. More moderate rates of spread
would require the assistance of the faster, mechanical means of fireline construction, such
as dozers or tractor-plows. The highest rates of spread may cause concern for firefighter
safety, and so should be correlated to the speed with which a firefighter could escape a
dangerous situation.

There are several factors that influence the speed with which a fire crew can
construct a fireline. These include the type of vegetation, terrain and soil, weather and
smoke conditions, and crew experience. Existing data available on production rates for
crews using hand tools on firelines are highly variable (Haven, Hunter, & Storey, 1982).
There are, however, general guidelines available to suppression personnel, which correlate
line production rates to the 13 NFFL fuel models and crew experience levels (National
Wildfire Coordinating Group, 1989).

To use these guidelines, the pine - oak forests will be approximated by a
combination of NFFL fuel model 5, which accounts for the short shrub understory, and
NFFL fuel model 9, which accounts for the pine - oak overstory. These approximations

are solely for the purpose of estimating the difficulty in cutting line through the fuel
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complex of interest. For a 20-person crew working over an extended period, line
production rates average about 5 feet/min which is the lower value for fuel models 5 and
9. Faster production rates, averaging up to 30 ft/min, are achieved in the areas of only
litter and timber fuels (fuel model 9), which may exist in the pine - oak forests where there
are patches of no shrub understory. In an initial attack situation, where a narrow,
incomplete line or “scratch line” is constructed in fuel model 5, production rates average
up to 15 or 20 ft/min over a shorter period of time. Fires requiring the use of dozers or
tractor-plows can be contained at the average rate of up to about 100 ft/min for fuel
models 5 and 9. This corresponds to single pass line construction, or a single bulldozer
constructing a fireline to mineral soil, one-blade wide, in near 0% slope (Phillips &
Barney, 1984).

Besides the rate at which a fire can be contained, another major concern is the
safety of firefighters and their escape from dangerous situations. Factors such as the slope
and difficulty of the terrain are important in influencing the speed at which a person can
move in a wildfire situation. The amount and type of vegetation is also important,
although it is interesting to note that the majority of fatalities occur in light, flashy fuels on
smaller fires (Rothermel, 1983). For example, the firefighters killed in Mann Gulch in
1949 were finally overcome on a 76% slope of primarily grass fuels. Their top running
speed was estimated to be about 6.5 mi/h, which is roughly jogging speed in flat, level
terrain (Maclean, 1992; Rothermel, 1993). For the present purposes, where the terrain of
the pine - oak forests is relatively flat, an average walking speed of 3 mi/h (260 ft/min) will

be assumed, and a jogging speed of 6 mi/h (530 ft/min).
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The above rates of fireline construction and firefighter travel speed will be used to
help categorize various levels of spread rate severity. Each level corresponds to some
significant suppression action that may be taken or, under more extreme conditions, the
speed at which firefighters would be able to react. Table 3.2 gives a general interpretation

of the various levels of spread rate severity.
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Appendix C : Custom Fuel Models

186



FUEL MODEL 14.

PLOT 11892s

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT ***kkdkkdkkdkkdk TORDS **hkskdkkdssdt
1 HR 10 HR 100 H
0.00

LITTER 3.90
GRASS 0.00
SHRUBS 0.56
SLASH 0.00

0.00
0.08
0.00

de o d de % de g g e ok ok ko FUEL LOAD SUMMARY dddkhkkhdhhhkhhkd

*%*%* FUEL COMPONENT ****

* DEAD

* 000 aemwaaas
* LITTER 3.90
* GRASS  0.00
* SHRUBS 1.86
* SLASH  0.00
* mm———
* TOTAL  5.76

STATIC 14. I1892s

LOADS, T/AC

LIVE wOODY

LIVE

*%% S/V RATIOS ****  DEPTHS
HERB WOODY 1 HR HERB  WOODY
0.00 0.00 0.00 2000. 0. 0. 0.06
0.00 0.00 0.00 0. 0. 0. 0.00
1.22  0.00 0.14 1500. 0. 1350. 0.30
0.00 0.00 0.00 0. 0. 0. 0.00
** TIMELAG CLASS *
%* %* *
* * CLASS  LOAD *
* K memmcome  aecae- * % o g de Kk K ‘U‘NITS o de dede ke ok
* * 1 HR 4.46 * LOAD : T/AC
* * 10 HR 0.08 * s/V  : 1/FT
* * 100 HR  1.22 * DEPTH : FT
* * - *
* * TOTAL 5.76 *
FINAL FUEL MODEL
S/V RATIOS, 1/FT OTHER
1 HR 1951. DEPTH, FT 0.14
LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
LIVE WOODY 1350. EXT MOISTURE, % 49.
SIGMA 1929.  PACKING RATIO 0.06047
PR/OPR 8.85

Figure C.1: Plot 118928 custom fuel model.
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FUEL MODEL 15. PLOT K1289W

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT Jc e de de ok d & g vk e de ok LOADS 12222222222 %3 * %k s/v RATIOS % % & %k DEPTHS

1 HR 10 HR 100 H

LITTER 4.20 0.00 0.00
GRASS 0.00 0.00 0.00
SHRUBS 0.90 0.00 1.60
SLASH 0.00 0.00 0.00

HERB WOODY 1 HR HERB  WOODY

0.00 0.00 2000. 0. 0. 0.04
0.00 0.00 0. 0. 0. 0.00
0.00 1.17 1500. 0. 1350. 1.14
0.00 0.00 0. 0. 0. 0.00

Akkkdkkkkkkkd** FUEL LOAD SUMMARY ***hkkkddhkhhdkk
*+* TIMELAG CLASS *

**%% FUEL COMPONENT ****

* DEAD LIVE * * *

L * * CLASS  LOAD *

* LITTER 4.20 0.00 * * e mmeee * dwkkdw UNITS  wkkkwk

* GRASS  0.00 0.00 * * 1 HR 5.10 * LOAD : T/AC

* SHRUBS 2.50 1.17 * * 10 HR 0.00 * S/V : 1/FT

* SLASH  0.00 0.00 * * 100 HR 1.60 * DEPTH : FT

* 00 ememmeem | e———— * * - *

* TOTAL  6.70 1.17 * * TOTAL 6.70 *

FINAL FUEL MODEL
STATIC 15. K1289W

LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.10 1 HR 1931. DEPTH, FT 0.55
10 HR 0.00 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 1.60 LIVE WOODY 1350. EXT MOISTURE, % 61.
LIVE HERB 0.00 SIGMA 1843.  PACKING RATIO 0.02053
LIVE WOODY  1.17 PR/OPR 2.90

Figure C.2: Plot K1289W custom fuel model.
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FUEL MODEL 16. PLOT K1489S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT e de de g de g g ok de ke ok ke ok LOADS % % e g o o ok e de e ok ok %k %* % & s/v RATIOS o de &k DEPTHS
1HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 3.50 0.00 0.00 0.00 0.00 2000. 0. 0. 0.08
GRASS 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
SHRUBS 1.36 0.04 2.29 0.00 0.71 1500. 0. 1350. 1.11
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
v de e de de e e de ok Kk de e %k FUEL LOAD SUMMARY (X 222322222 X2 2
**** FUEL COMPONENT **** *+ TIMELAG CLASS *
* DEAD LIVE * * *
¥ emeee emeee * * CLASS  LOAD *
* LITTER 3.50 0.00 * L *  kkkkkk UNITS — kkkas
* GRASS  0.00 0.00 * * 1 HR 4.86 * LOAD : T/AC
* SHRUBS 3.68 0.71 * * 10 HR 0.04 * S/V  : 1/FT
* SLASH  0.00 0.00 * * 100 HR  2.29 * DEPTH : FT
* e mem——— * * eaaee- J
* TOTAL  7.18 0.71 * * TOTAL 7.18 *
FINAL FUEL MODEL
STATIC 16. K1489S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 4.86 1 HR 1887. DEPTH, FT 0.65
10 HR 0.04 LIVE HERB 0. HEAT CONTENT, BTU/LB 8000
100 HR 2.29 LIVE WOODY 1350. EXT MOISTURE, % 38.
LIVE HERB 0.00 SIGMA 1823.  PACKING RATIO 0.01744
LIVE WOODY  0.71 PR/OPR 2.44

Figure C.3: Plot K1489S custom fuel model.
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FUEL MODEL 17. PLOT E1292W

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT *****kd sk kkd* TLOADS ***kkkkkdkkkkx *%% S/V RATIOS **** DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 3.60 0.00 0.00 0.00 0.00 2000. 0. 0. 0.04
GRASS 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
SHRUBS 1.06 0.02 0.91 0.00 1.50 1500. 0. 1350. 1.44
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00

kkkkkkkkkkkkk* FUEL LOAD SUMMARY de de de J Je de % e de vk ok ok ok

**%* FUEL COMPONENT **%* *%* TIMELAG CLASS *

* DEAD LIVE * * *

L * * CLASS  LOAD *

* LITTER 3.60 0.00 * * e e *  kkkaak UNITS ~ kkkkaw

* GRASS  0.00 0.00 * * 1 HR 4.66 * LOAD : T/AC

* SHRUBS 2.00 1.50 * * 10 HR 0.02 * S/V.  : 1/FT

* SLASH  0.00 0.00 * * 100 HR  0.91 * DEPTH : FT

*  mme— e ———— * * 0 eoee- *

* TOTAL  5.10 1.50 * * TOTAL 5.60 *

FINAL FUEL MODEL
STATIC 17. E1292W

LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 4.66 1 HR 1909. DEPTH, FT 0.73
10 HR 0.02 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 0.91 LIVE WOODY 1350. EXT MOISTURE, % 55.
LIVE HERB 0.00 SIGMA 1801.  PACKING RATIO 0.01394
LIVE WOODY  1.50 PR/OPR 1.93

Figure C.4: Plot E1292W custom fuel model.
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FUEL MODEL 18. PLOT K1592W

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT v de de ok %k d g d ok &k ok LOADS Yo g deodr g d gk ke k ok ok ok ok * %k % s/v RATIOS % % % &k DEPTHS
1HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 4.40 0.00 0.00 0.00 0.00 2000. 0. 0. 0.13
GRASS 0.00 0.00 0.00 ©0.00 0.00 0. 0. 0. 0.00
SHRUBS 0.87 0.09 1.60 0.00 3.05 1500. 0. 1350. 1.19
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
e de o de e R ko o de e ok ek FUEL LOAD SWRY v e d % K % d K & e kg ke
*%%% FUEL COMPONENT *%*** ** TIMELAG CLASS *
* DEAD LIVE * * *
L * * CLASS  LOAD *
* LITTER 4.40 0.00 * A oo e ¥ axxrkx UNITS — Akkeas
* GRASS  0.00 0.00 * * 1 HR 5.27 * LOAD : T/AC
* SHRUBS 2.56 3.05 * * 10 HR 0.09 * S/V  : 1/FT
* SLASH  0.00 0.00 * * 100 HR  1.60 * DEPTH : FT
*  eee-— e a———.— * *¥ 0 eem——— *
* TOTAL  6.96 3.05 * * TOTAL 6.96 *
FINAL FUEL MODEL
STATIC 18. K1592W
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.27 1 HR 1936.  DEPTH, FT 0.72
10 HR 0.09 LIVE HERB 0. HEAT CONTENT, BTU/LB 8000.
100 HR 1.60 LIVE WOODY 1350. EXT MOISTURE, % 35.
LIVE HERB 0.00 SIGMA 1761.  PACKING RATIO 0.01995
LIVE WOODY 3.05 PR/OPR 2.71

Figure C.5: Plot K1592W custom fuel model.
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FUEL MODEL 19. PLOT K1492s

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT ****x*kkkkkkskx TOADS hdkdedkdkkhkdkdkdh

*%% S/V RATIOS ****

DEPTHS

. 0.08
. 0.00
. 0.55
. 0.00

dededdk ke

1 HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 4.30 0.00 0.00 0.00 2000. 0. 0
GRASS 0.00 0.00 0.00 0.00 . 0. 0
SHRUBS 1.08  0.03 0.00 0.52 1500. 0. 1350
SLASH 0.00 0.00 0.00 0.00 0. 0
e v e e dr de o ok o ok de e e FUEL LOAD stmRY t2 22222222222 8
**+% FUEL COMPONENT **#* ** TIMELAG CLASS *
* DEAD LIVE * * *
* mmmem oo * * CLASS  LOAD *
* LITTER 4.30 0.00 * * e —eeee *  w**%*%  UNITS
* GRASS  0.00 0.00 * * 1 HR 5.38 * LOAD : T/AC
* SHRUBS 3.01 0.52 * * 10 HR 0.03 * s/V. : 1/FT
* SLASH  0.00 0.00 * * 100 HR  1.90 * DEPTH : FT
* 0 eeem——- ce———— * *¥ 00 eaeecee *
* TOTAL  7.32 0.52 * * TOTAL 7.32 *
FINAL FUEL MODEL
STATIC 19. K1492S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.38 1 HR 1921. DEPTH, FT
10 HR 0.03 LIVE HERB 0. HEAT CONTENT, BTU/LB
100 HR 1.90 LIVE WOODY 1350. EXT MOISTURE, %
LIVE HERB 0.00 SIGMA 1875.  PACKING RATIO

LIVE WOODY 0.52

PR/OPR

Figure C.6: Plot K1492S custom fuel model.
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FUEL MODEL 20. PLOT M1392S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT **** %% %44t TOADS ***kkkkkskksd *%x*x S/V RATIOS **** DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 4.60 0.00 0.00 0.00 0.00 2000. 0. 0. 0.11
GRASS 0.00 0.00 0.00 0.00 0.00 0. o. 0. 0.00
SHRUBS 0.67 0.11 0.18 0.00 0.28 1500. 0. 1350. 0.52
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00

khkkkkkkhkhkkkkd PUEL LOAD SUMMARY (2222222 &8 3222

*%%* FUEL COMPONENT **%* ** TIMELAG CLASS *

* DEAD LIVE * * *

* e e * * CLASS  LOAD *

* LITTER 4.60 0.00 * ¥ oemmee e * aakkdx UNITS — Akeaes

* GRASS  0.00 0.00 * * 1 HR 5.27 * LOAD : T/AC

* SHRUBS 0.97 0.28 * * 10 HR 0.11 * s/V.  : 1/FT

* SLASH  0.00 0.00 * * 100 HR  0.19 * DEPTH : FT

* e ewe - * * 0 e *

* TOTAL  5.57 0.28 * * TOTAL 5.57 *

FINAL FUEL MODEL
STATIC 20. M1392S

LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.27 1 HR 1950. DEPTH, FT 0.20
10 HR 0.11 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 0.19 LIVE WOODY 1350. EXT MOISTURE, % 40.
LIVE HERB 0.00 SIGMA 1926.  PACKING RATIO 0.04197
LIVE WOODY  0.28 PR/OPR 6.14

Figure C.7: Plot M1392S custom fuel model.

193



FUEL MODEL 21.

PLOT G2390W

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT dhkkkhdkhkhkhkhkk LOADS %t g dke g g ok ke ok ke % % %k s/v RATIOS % % d k DEPTHS
1HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY
LITTER 5.50 0.00 0.00 0.00 0.00 2000. 0. 0. 0.35
GRASS 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
SHRUBS 1.06 0.24 2.29 0.00 1.52 1500. 0. 1350. 1.80
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
% % 4 de d K Kk gk ke ko k kK FUEL LOAD sUmRY dkhkkhkhkkhkdhkhhhhd
*#*%% FUEL COMPONENT **#** ** TIMELAG CLASS *
* DEAD LIVE * * *
* emmem ool * * CLASS LOAD *
* LITTER 5.50 0.00 * * mmmmee e *  kkkkkr UNITS  kkarak
* GRASS  0.00 0.00 * * 1 HR 6.56 * LOAD : T/AC
* SHRUBS 3.59 1.52 * * 10 HR 0.24 * S/V  : 1/FT
* SLASH  0.00 0.00 * * 100 HR  2.29 * DEPTH : FT
* 000 e eme—m——— * * e e *
* TOTAL 9.09% 1.52 * * TOTAL 9.09 *
FINAL FUEL MODEL
STATIC 21. G2390W
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 6.56 1 HR 1937 DEPTH, FT 1.05
10 HR 0.24 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 2.29 LIVE WOODY 1350. EXT MOISTURE, % 29.
LIVE HERB 0.00 SIGMA 1844.  PACKING RATIO 0.01450
LIVE WOODY 1.52 PR/OPR 2.05

Figure C.8: Plot G2390W custom fuel model.
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FUEL MODEL 22. PLOT I1792W

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVI

DUAL FUEL COMPONENTS

FUEL
COMPONENT e de ok de de ke ke ok dede ok Rk LOADS W de dk de ok e ok ok gk ke k& o de %k S/V‘ RATIOS J ok ok ok DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 9.40 0.00 0.00 0.00 0.00 2000. 0. 0. 0.46
GRASS 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
SHRUBS 0.89 0.10 0.74 0.00 2.72 1500. 0. 1350. 3.32
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
9 de de de de %k gk d de Kk vk kK FUEL LOAD sU‘mARY IZZ222Z222 82 X2 2]
*%%% FUEL COMPONENT *%*%* ** TIMELAG CLASS *
* DEAD LIVE * * *
£ emmee oo * * CLASS  LOAD *
* LITTER 9.40 0.00 * X e - X kwkxkx UNITS — eEraH
* GRASS ~ 0.00 0.00 * * 1 HR 10.29 * LOAD : T/AC
*+ SHRUBS 1.73 2.72 * * 10 HR 0.10 * S/V  : 1/FT
* SLASH  0.00 0.00 * *+ 100 HR  0.74 * DEPTH : FT
* 0 aemee- e—e——— % * eem——— %*
* TOTAL 11.13 2.72 * * TOTAL  11.13 *
FINAL FUEL MODEL
STATIC 22. I1792W
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 10.29 1 HR 1967. DEPTH, FT 1.38
10 HR 0.10 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 0.74 LIVE WOODY 1350. EXT MOISTURE, % 29.
LIVE HERB 0.00 SIGMA 1870.  PACKING RATIO 0.01440
LIVE WOODY  2.72 PR/OPR 2.06

Figure C.9: Plot 11792W custom fuel model.
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FUEL MODEL 23. PLOT TP06S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT dkdedkkhddkodkdhdkdh LOADS L2232 22223222 X1 % % % s/v RATIOS o % %k DEPTHS
1HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 5.74 0.12 0.30 0.00 0.00 2000. 0. 0. 0.46
GRASS 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
SHRUBS 0.15 0.00 0.00 0.00 0.93 1500. 0. 1350. 2.11
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
e Jde e de o e e g ok o ok ek ke FUEL LOAD S'UmRY o Je e 3 e % o g o vk e ok
**%% FUEL COMPONENT **** ** TIMELAG CLASS *
* DEAD LIVE * * *
L * * CLASS  LOAD *
* LITTER 6.16 0.00 * A ocmeee e *  xxkxrx UNITS = Aekaks
* GRASS  0.00 0.00 * * 1 HR 5.89 * LOAD : T/AC
* SHRUBS 0.15 0.93 * * 10 HR 0.12 * s/V.  : 1/FT
* SLASH  0.00 0.00 * * 100 HR  0.30 * DEPTH : FT
0 mmem—m— e —— %* *  ememe——— ¥
* TOTAL  6.31 0.93 * * TOTAL 6.31 *
FINAL FUEL MODEL
STATIC 22. TPO6S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.89 1 HR 1990. DEPTH, FT 0.71
10 HR 0.12 LIVE HERB 0. HEAT CONTENT, BTU/LB  8000.
100 HR 0.30 LIVE WOODY 1350. EXT MOISTURE, % 23.
LIVE HERB 0.00 SIGMA 1926.  PACKING RATIO 0.01463
LIVE WOODY  0.93 PR/OPR 2.14

Figure C.10: Plot TP06S custom fuel model.
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FUEL MODEL 24.

PLOT TPO1S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT *#**kkskksksk LOADS *kkhkkkkkkkks %%+ S/V RATIOS **** DEPTHS
WOODY 1 HR HERB  WOODY

1 HR
LITTER 5.74
GRASS 0.00
SHRUBS 0.17
SLASH 0.00

10 HR 100 H

0.12
0.00
0.00
0.00

0.30
0.00
0.00
0.00

HERB
0.00
0.00
0.00
0.00

0.00 2000. 0. 0. 0.46
0.00 0. 0. 0. 0.00
1.07 1500. 0. 1350. 2.44
0.00 0. 0. 0. 0.00

*hkkhkkhkkkkkt* FUEL LOAD SUMMARY **kkhkdkkhdkhh
*+k* FUEL COMPONENT ****

*

* ok % 4 ¥ * %

DEAD
LITTER 6.16
GRASS 0.00
SHRUBS 0.17
SLASH 0.00

TOTAL 6.33

STATIC 22. TPO1sS

Figure C.11: Plot TPO1S custom fuel model.

LOADS, T/AC

LIVE WOODY

LIVE

*

*+ TIMELAG CLASS *

*

*

* * CLASS LOAD *
* ¥ mmem——— e—m——— ¥ o de % e & ok UNITS o d koK
* * 1 HR 5.1 * LOAD : T/AC
* * 10 HR 0.12 * s/vV : 1/FT
* * 100 HR 0.30 * DEPTH : FT
* *  mmee- *
* * TOTAL 6.33 *

FINAL FUEL MODEL
S/V RATIOS, 1/FT OTHER
1 HR 1989, DEPTH, FT 0.79
LIVE HERB 0. HEAT CONTENT, BTU/LB 8000.
LIVE WOODY 1350. EXT MOISTURE, % 24.
SIGMA 191se. PACKING RATIO 0.01344

PR/OPR 1.96
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Appendix D : Environmental Parameter Interpretations
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Table D.1: Fire severity related to fuel moisture chart.

Relative 1-hr Fuel | Ignition and Spotting Potential,

Humidity, % | Moisture, % | General Burning Conditions
>60 >20 Very little ignition; some

spotting may occur with winds
above 9mi/h.
45-60 15-19 Low ignition hazard; campfires
become dangerous; glowing
brands cause ignition when
relative humidity is <50%.

3045 11-14 Medium ignition hazard,
matches become dangerous;

, “easy” burning conditions.

26-40 8-10 High ignition hazard; occasional
crowning, spotting caused by
gusty winds; “moderate” burning
conditions.

15-30 5-7 Quick ignition, rapid buildup,
extensive crowning and spotting;
fire moves up bark of trees
igniting aerial fucls; long
distance spotting in pine stands;
dangerous burning conditions.
<15 <5 All sources of ignition
dangerous; aggressive burning,
spot fires occur often and spread
rapidly; extreme fire behavior
probable; critical burning
conditions.
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Table D.2: Guidelines for estimating live fuel (foliage) moisture content.

Stage of Vegetative Development Moisture Content, %
Fresh foliage, annuals developing, 300
carly in growing cycle.
Maturing foliage, still developing 200
with full turgor.

Mature foliage, new growth complete 100

and comparable to older perennial foliage.
Entering dormancy, coloration starting, 50

some leaves may have dropped from stem.

Completely cured. <30

Treat as a dead fuel.
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Table D.3: Modified Beaufort scale for estimating windspeeds.

Windspeed, mi/h

Nomenclature

Characteristics

<3

Very Light

Smoke rises nearly vertically; small branches
of bushes sway; tall grasses and weeds sway
and bend in wind, wind vane barely moves.

Light

Trees of pole size in the open sway gently,
wind felt distinctly on face; wind flutters small

flag.

Gentle Breeze

Trees of pole size in the open sway very
noticeably; tops of trees in dense stands sway,
wind extends small flag; few crested waves
form on lakes.

13-18

Moderate Breeze

Trees of pole size in the open sway violently;
whole trees in dense stands sway noticeably;
dust is raised in the road.

19 -24

Fresh

Branchlets are broken from trees;
inconvenience is felt in walking against the
wind.

25-31

Strong

Tree damage increases with occasional
breaking of exposed tops and branches;
progress impeded when walking against wind,
light structural damage to buildings.

32-38

Moderate Gale

Severe damage to tree tops; very difficult to
walk into wind; significant structural damage
OCCurs

239

Fresh Gale

Surfaced strong Santa Ana; intense stress on
all exposed objects, vegetation, buildings;
canopy offers virtually no protection; wind

flow is systematic in disturbing everything in

its path.
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Appendix E : Revised Summer Custom Fuel Models
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FUEL MODEL 14. PLOT 118928

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT dkkdkdddkodhdhkk LOADS dedkkdkhkdkdhkkkk % %k s/v RATIOS % % %k & DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 3.90 0.00 0.00 0.00 0.00 2000. 0. 0. 0.06
GRASS 0.00 0.00 0.00 0.04 0.00 0. 1350. 0. 0.30
SHRUBS 0.56 0.08 1.22 0.00 0.10 1500. 0. 1350. 0.30
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
% % % Je ok e d U o ko ke ok FUEL LOAD sUmARY IZ22 22 X222 2 X2 2]
*%%% FUEL COMPONENT **** ** TIMELAG CLASS *
* DEAD LIVE * * *
e * * CLASS  LOAD *
* LITTER 3.90 0.00 * A e —meee % kkwaxx UNITS &~ *ksras
* GRASS  0.00 0.04 * * 1 HR 4.46 * LOAD : T/AC
* SHRUBS 1.86 0.10 * * 10 HR 0.08 * s/V. : 1/FT
* SLASH  0.00 0.00 * * 100 HR  1.22 * DEPTH : FT
*¥ 0 eemmmem | e———— * * eemew- *
* TOTAL  5.76 0.14 * * TOTAL 5.76 *
FINAL FUEL MODEL
STATIC 14. I1892S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 4.46 1 HR 1951. DEPTH, FT 0.14
10 HR 0.08 LIVE HERB 1350. HEAT CONTENT, BTU/LB  8000.
100 HR 1.22 LIVE WOODY 1350. EXT MOISTURE, % 49.
LIVE HERB 0.04 SIGMA 1929.  PACKING RATIO 0.06047
LIVE WOODY  0.10 PR/OPR 8.85

Figure E.1: Plot 11892S revised custom fuel model.
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FUEL MODEL 16. PLOT K1489S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT ***%*kdkxxksk LOADS ***kkskskkdk® *k* S/V RATIOS **** DEDPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 3.50
GRASS 0.00
SHRUBS 1.36
SLASH 0.00

0.00
0.00
0.04
0.00

0.00 0.00 0.00 2000. 0. 0. 0.08
0.00 0.29 0.00 ~ 0. 1350. 0. 1.11
2.29 0.00 0.42 1500. 0. 1350. 1.11
0.00 0.00 0.00 0. 0. 0. 0.00

kkkkkkkkkkkkkdt PUEL, LOAD SUMMARY hkkkkhkkkdkdhdkkk

**%% FUEL COMPONENT *%%* ** TIMELAG CLASS *

* DEAD LIVE * * *

L * * CLASS  LOAD *

* LITTER 3.50 0.00 * ¥ ommmeee mmee- % awrxsx UNITS  wkkaas

* GRASS  0.00 0.29 * * 1 HR 4.86 * LOAD : T/AC

* SHRUBS 3.68 0.42 * * 10 HR 0.04 * S/V. : 1/FT

* SLASH  0.00 0.00 * * 100 HR  2.29 * DEPTH : FT

* 0 mmememe me—em—— * * 0 maae-—- *

* TOTAL  7.18 0.71 * * TOTAL 7.18 *

FINAL FUEL MODEL
STATIC 16. K1489S

LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 4.86 1 HR 1887. DEPTH, FT 0.65
10 HR 0.04 LIVE HERB 1350. HEAT CONTENT, BTU/LB  8000.
100 HR 2.29 LIVE WOODY 1350. EXT MOISTURE, & 37.
LIVE HERB 0.29 SIGMA 1823.  PACKING RATIO 0.01744
LIVE WOODY  0.42 PR/OPR 2.44

Figure E.2: Plot K1489S revised custom fuel model.
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FUEL MODEL 19. PLOT K1492s

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT ***kkdkkkkkskk LOADS **hkkdkkkdard k% §/V RATIOS ****
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 4.30
GRASS 0.00
SHRUBS 1.08
SLASH 0.00

0.00
0.00
0.03
0.00

0.00 0.00 0.00 2000. 0. 0.
0.00 0.24 0.00 0. 1350. 0
1.90 0.00 0.28 1500. 0. 1350
0.00 0.06 0.00 0. 0. 0

khkkkkhkkkkkkkd FUEL LOAD SUMMARY (XX X232 2222 222 £

*k*%x FUEL COMPONENT **+** *%* TIMELAG CLASS *
* DEAD LIVE * * *
*  emmeee e * * CLASS LOAD *
* LITTER 4.30 0.00 * ¥ ocmome ceem- *  xxxsxx  UNITS
* GRASS  0.00 0.24 * * 1 HR 5.38 * LOAD : T/AC
* SHRUBS 3.01 0.28 * * 10 HR 0.03 * S/V  : 1/FT
* SLASH  0.00 0.00 * * 100 HR  1.90 * DEPTH : FT
*¥ 0 meme—-— | ———— * ¥  ee—— %*
* TOTAL  7.32 0.52 * * TOTAL 7.32 *
FINAL FUEL MODEL
STATIC 19. K1492S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.38 1 HR 1921. DEPTH, FT
10 HR 0.03 LIVE HERB 1350. HEAT CONTENT, BTU/LB
100 HR 1.90 LIVE WOODY 1350. EXT MOISTURE, %
LIVE HERB 0.24 SIGMA 1875. PACKING RATIO
LIVE WOODY 0.28 PR/OPR

Figure E.3: Plot K1492S revised custom fuel model.
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FUEL MODEL 20. PLOT M13925

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL

COMPONENT ***kkskskkkkk® LOADS **kkkkkkkkkks *+% S/V RATIOS **** DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB WOODY

LITTER 4.60
GRASS 0.00
SHRUBS 0.67
SLASH 0.00

0.00
0.00
0.11
0.00

0.00 0.00 0.
0.00 0.13 0.
0.19 0.00 0.
0.00 0.00 0.

00 2000. C. 0. 0.11
00 0. 1350. 0. 0.52
16 1500. . 1350. 0.52
00 0. 0. 0. 0.00

kkkkkkkkkkkkk* FUEL LOAD SUMMARY ddkdkkhdkkkdkkdk

*k*kk* FUEL COMPONENT ****

*

* ok ok ¥ ¥ O ¥

STATIC 20. M13928

DEAD
LITTER 4.60
GRASS 0.00
SHRUBS 0.97
SLASH 0.00

TOTAL 5.57

LOADS, T/AC

LIVE WOODY

LIVE

0.13
0.16

** TIMELAG CLASS *

*

* *
* * CLASS LOAD *
* * cmmem =
* * 1 HR
* * 10 HR
* * 100 HR
* *
* * TOTAL
FINAL FUEL

S/V RATIOS, 1/FT
1 HR 1950.
LIVE HERB 1350.
LIVE WOODY 1350.
SIGMA 1925.

———-— % oo de ok ke kk UNITS o de s de ok ok

5.27 * LOAD : T/AC

0.11 * s/v : 1/FT

0.19 * DEPTH : FT

—— %

5.57 *

MODEL

OTHER

DEPTH, FT 0.20
HEAT CONTENT, BTU/LB  8000.
EXT MOISTURE, % 39.
PACKING RATIO 0.04204
PR/OPR 6.14

Figure E.4: Plot M1392S revised custom fuel model.
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FUEL MODEL 23. PLOT TPO6S

LOADS, S/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT [ZX2 232222222 LOADS o g de ok de e g g g ok ek ke de & % s/v RATIOS % & %k %k DEPTHS
1 HR 10 HR 100 H HERB WOODY 1 HR HERB  WOODY
LITTER 5.74 0.12 0.30 0.00 0.00 2000. 0. 0. 0.46
GRASS 0.00 0.00 0.00 0.75 0.00 0. 1350. 0. 2.11
SHRUBS 0.15 0.00 0.00 0.00 0.18 1500. 0. 1350. 2.11
SLASH 0.00 0.00 0.00 0.00 0.00 0. 0. 0. 0.00
Ye ok e e g de e ode ok ok e ek FUEL LOAD SU'MMARY Jr de dr dk e & % de ok ok ok % d ok
*%*% FUEL COMPONENT **** ** TIMELAG CLASS *
* DEAD LIVE * * *
* emeee —meee * * CLASS  LOAD *
* LITTER 6.16 0.00 * ¥ ommmmme mmee- * kkkkrk UNITS  Aakaes
* GRASS  0.00 0.00 * * 1 HR 5.89 * LOAD : T/AC
* SHRUBS 0.15 0.93 * * 10 HR 0.12 * S/V.  : 1/FT
* SLASH ~ 0.00 0.00 * * 100 HR  0.30 * DEPTH : FT
* 00 eme—-— e * * 0 mmem—— *
* TOTAL  6.31 0.93 * * TOTAL 6.31 *
FINAL FUEL MODEL
STATIC 22. TPO6S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.89 1 HR 1990.  DEPTH, FT 0.71
10 HR 0.12 LIVE HERB 1350. HEAT CONTENT, BTU/LB 8000.
100 HR 0.30 LIVE WOODY 1350. EXT MOISTURE, % 21.
LIVE HERB 0.75 SIGMA 1925, PACKING RATIO 0.01463
LIVE WoODY  0.18 PR/OPR 2.14

Figure E.S: Plot TP06S revised custom fuel model.
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FUEL MODEL 24. PLOT TPOlS

LOADS, S$/V RATIOS, AND DEPTHS FOR INDIVIDUAL FUEL COMPONENTS

FUEL
COMPONENT **#*kx%kkkkkkkx*x TOADS I Y 222222222223
1 HR 10 HR 100 H HERB WOODY

LITTER 5.74 0.12 0.30 0.00 0.00
GRASS 0.00 0.00 0.00 0.87 0.00
SHRUBS 0.17 0.00 0.00 0.00 0.20
SLASH 0.00 0.00 0.00 0.00 0.00

kkkkkkkkkkkddr FUEL LOAD SUMMARY (222222222 2 2}

*%% S/V RATIOS ****
1 HR HERB  WOODY

2000. 0. 0.
0. 1350. 0.
1500. 0. 1350.
0. 0. 0.

* %

DEPTHS

0.46
2.44
2.44
0.00

o o de g e ok

*%%* FUEL COMPONENT **%* ** TIMELAG CLASS *
* DEAD LIVE * * *
* mmeme e * * CLASS  LOAD *
* LITTER 6.16 0.00 * * cmemmm —mmee *  waxxx  UNITS
* GRASS  0.00 0.87 * * 1 HR 5.91 * LOAD : T/AC
* SHRUBS 0.17 0.20 * * 10 HR 0.12 * s/V : 1/FT
* SLASH  0.00 0.00 * * 100 HR  0.30 * DEPTH : FT
*  eeee—— e % * 000 eae—— *
* TOTAL  6.33 1.07 * * TOTAL 6.33 *
FINAL FUEL MODEL
STATIC 22. TPO1S
LOADS, T/AC S/V RATIOS, 1/FT OTHER
1 HR 5.91 1 HR 1989. DEPTH, FT
10 HR 0.12 LIVE HERB 1350. HEAT CONTENT, BTU/LB
100 HR 0.30 LIVE WOODY 1350. EXT MOISTURE, %
LIVE HERB 0.87 SIGMA 1916.  PACKING RATIO
LIVE WOODY  0.20 PR/OPR

Figure E.6: Plot TPO1S revised custom fuel model.
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