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Introduction

2nd Fire Behavior and Fuels Conference:
The Fire Environment—Innovations,
Management, and Policy

Wayne Cook and Bret W. Butler, Conference Co-Chairs and
Proceedings Compilers

The 2nd Fire Behavior and Fuels Conference: Fire Environment — Innova-
tions, Management and Policy was held in Destin, FL., March 26-30, 2007.
Following on the success of the 1st Fire Behavior and Fuels Conference, this
conference was initiated in response to the needs of the National Wildfire
Coordinating Group — Fire Environment Working Team.

Fire management programs are designed to reduce risks to communities
and to improve and maintain ecosystem health. The conference addressed
recent innovations in technology, management and policy. The scope included
not only the how to, but also the what and why of the fire environment. The
more than 450 conference participants represented a wide range of organiza-
tions, disciplines, and countries. The conference program included workshops,
invited speakers, oral and poster presentations, panels, and vendor displays.
Each day began with invited speakers who presented a range of viewpoints.
Topics included the psychology of wildland fire management, smoke and
public policy, fire as an ecological process in wilderness areas, and fuels man-
agement policy and direction of U.S. Federal agencies. Panels addressed two
key topics: “Extreme Fire Behavior — What is it?” and “The Human Element
in Forest Fire Operations: Thinking Deciding, Acting, Learning.” About
100 people took advantage of the optional preconference workshops that
described and demonstrated computer systems, models, and methods that
can be used in support of fire and fuels management. In addition to the six
invited speakers, there were 159 oral and 73 poster presentations. Presenters
described their experiences, findings, and ideas on topics including:

e modeling, risk assessment, and decision support systems
tuel characterization and mapping

fuel treatment and prescribed fire

fire ecology and fire effects

economics and biomass utilization

communication and collaboration

e case studies

Forty-eight of the presenters elected to submit a paper for the published
proceedings.Titles and authors of presentations without papers are listed in
the appendix to give an indication of the scope of the conference.

The published proceedings is a partial record of the conference content.
An important element was the interaction and sharing of information that
occurred outside of the formal presentations. Many of those who responded
to the after-conference survey listed “networking” as one of the most valu-
able aspects of the conference. They noted the mix of managers, researchers,
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Introduction 2nd Fire Behavior and Fuels Conference: The Fire Environment—Innovations, Management, and Policy

academia, practitioners, and policymakers. The field of fuels management will
undoubtedly benefit from the many personal contacts made at the confer-
ence. Special thanks are owed to the organizing committee, who formulated
the structure of the conference, and planned and implemented details of the
conference. The conference was a success due to the contributions of many
dedicated individuals.

Conference Co-Chairs:

e Wayne Cook, U.S. Department of Agriculture (USDA), Forest Service,
Rocky Mountain Research Station (RMRS), Fire Sciences Lab, Fire
Behavior Research, Missoula, MT

e Bret Butler, USDA, Forest Service, RMRS, Fire Sciences Lab, Fire Be-
havior Research, Missoula, MT

Invited Speakers:

e Susan Conard, National Program Leader for Fire Ecology Research,
USDA Forest Service

* Joe Ferguson, National Incident Management Organization, Fire and
Aviation, USDA Forest Service

* Michael Long, State Forester, Florida Division of Forestry

e William Paleck, Superintendent-Retired, Lake Chelan National Recreation
Area, Ross Lake National Recreation Area, North Cascades National
Park, U.S. Department of the Interior (USDI) Park Service

e Sally Shaver, Director Air Quality Standards Division, U.S. Environmental
Protection Agency

e Karl Weick, Professor of Organizational Behavior and Psychology,
University of Michigan

Conference Organizing Committee:

Detlet Decker, Washington State University

Bill Gabbert, International Association of Wildland Fire Executive Director
Marc Titus Washington Department of Natural Resources

Dan Jimenez, Fire Behavior Research, RMRS Missoula Fire Sciences Lab
Robert Ziel, Michigan Department of Natural Resources

Paul Sopko, Fire Behavior Research, RMRS Missoula Fire Sciences Lab
Matt Jolly, Fire Behavior Research, RMRS Missoula Fire Sciences Lab
Tim Swedberg, Joint Fire Science Program

Louise Kingsbury, USDA Forest Service Research (retired)

Kyle Shannon, Fire Behavior Research, RMRS Missoula Fire Sciences Lab
Jason Forthofer, Fire Behavior Research, RMRS Missoula Fire Sciences Lab
Jim Brenner, Florida Division of Forestry

Colleen Finneman, USDA Forest Service, Region 1 Fire and Aviation
Management

James Furman, Eglin Air Force Base

Dave Thomas, USDA Forest Service (retired), Renoveling consultant
Mike Spaits, Eglin Air Force Base

Paul Schlobohm, USDI Bureau of Land Management

Zachary Prusak, The Nature Conservancy

Pete Lahm, USDA Forest Service
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Wildfires, Weather, and Productivity

Michel Louis Bernard! and Noureddine Nimour!

Abstract—The object of this paper is to show the intercorrelations existing between
statistics of wildfires (occurrences: N; areas burned: A), climatic parameters (precipita-
tion: P; temperature: T) and net primary productivity: NPP. To this purpose, statistics
of wildfires have been studied in several regions of the world, focusing on temperature
and precipitation. The present analysis has been performed on French Mediterranean
Departments (Bouches-du-Rhéne, Hérault, and Var), Northern Ontario (Canada),
Alicante Region (Spain), Yellowstone National Park -YNP-(USA), San Diego (California,
USA). Concerning the temperature, the monthly analysis of fire occurrence shows two
distinct periods with different fire production laws, both being of the Arrhenius type:
the first one corresponding to the vegetation during the rest period, the second one
during the vegetative production period. Concerning the precipitation, the monthly
analysis of fire occurrence led to two distinct laws depending on the region climatic
type (or eventually the seasonal characteristics). Thus, the monthly variation of fire
occurrence (in log scale) is a linear increasing or decreasing function according to
precipitation. In french Mediterranean Regions these expressions are bound to the
rate of soil water extraction by the plant roots (a limiting step of plant production?).
Out of the intrinsic importance of the presented results, in the field of primary pro-
ductivity (dependence on Kelvin temperature) it brings a confirmation of the reality
of our hypothesis on the role of the limiting steps of plant production in the rate of
wildfire production.

Introduction

Wildland fire studies on a statistical point of view are more fructuous in
information than the individual determinist studies. They are the only ones
allowing correlating wildland fires with intrinsic factors (nature and com-
position of vegetation, water content...) or extrinsic factors (precipitation,
air temperature, wind, lightning...) given an area and period of time. In the
first part of this document, we will discuss our studies of the dependence
of fires occurrence and burnt area on meteorological data (precipitation and
temperature).We will then show how correlations obtained can be represen-
tative of climate of some regions. That will finally lead us to show you how
they are bound to vegetation productivity on an annual scale.

Wildfire and Climatic Parameters

Statistics of wildfires have been studied in several regions of the world,
focusing on temperature and precipitation. The present analysis has been per-
formed on French Mediterranean Departments (Bouches-du-Rhone, Hérault,
and Var), Northern Ontario (Canada), Alicante Region (Spain), Yellowstone
National Park -YNP-(USA), San Diego (California, USA).
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Wildfires, Weather, and Productivity

Wildfires and Precipitation

Past works—Many works have been done on the influence of water content
of plants on their flammability and the propagation of wildland fires. On
the contrary, only a few thorough studies have been published on the role of
precipitation on wildland fires.

Trabaud (1980) has studied occurrence of fires of Brachypodium Ramosum
in the Montpelier garrigue. According to him, rainfall is the more important
climatic factor that influences occurrence of fire. It is not really the total
quantity of rainfall that is a stopping event, but rather its distribution mode.
According to him, the number of fires is an exponentially decreasing func-
tion of precipitation. However, the statistical curve he showed expresses a
1/X function, not an e function.

Trabaud has looked for predictions of fire occurrence taking account of
rainfall regime, and particularly of the number of days without rain that
increases risk of fires. He proposed a model that has shown that the risks of
fire increase linearly as dry periods are longer.

Douguedroit (1992) pointed out the close relation between precipitation
and wildland fires in the Mediterranean region. Precipitation in summer
controls actual evapo-transpiration (AET) but no correlation analysis between
these factors is proposed.

Latham and Rothermel (1993) have investigated the possibility that a useful
probability of fire stopping precipitation could be developed from historical
weather records. Persons familiar with weather and fire behavior suggested
a fire stopping precipitation criterion of “at least 0.5 inches of precipitation
in 5 days or less.” Using data from weather stations in the Northern Rocky
Mountains, USA (daily precipitation data for the period between 1970 and
1985) they found that the Weibull probability distribution was an excellent fit
for the problem. The method can be applied to other “fire stopping criteria”
using the same techniques.

Viegas and Viegas (1994) have related the total area burned yearly in Portugal
(from 1975 to 1992) to rainfall during particular periods of the year. The best
correlation: annual burned area — precipitation, concerns the moditied pre-
cipitation observed in Coimbra from June to September of each year, showing
that it is possible to use data from a single weather station to represent rainfall
in a wider area.

Forgeard (1994 ) has related the monthly number of tires in the Lande Bretonne
(west of France) to precipitations for the years 1976 to 1993. Their number (Y)
is correlated to monthly precipitation (X) according to the equation:

Y = 98.968 + 1.7885 X (R2 = 0,781)

Daily correlations: lightning fives in Novthwestern Ontario—Wildland fires
may have different possible causes, most of them being human causes. To
avoid any influences coming from various causes we have taken account in a
preliminary study only a natural cause: lightning ignited fires.

A number of Canadian fires are lightning ignited fires: according to Boulard
(1993) they represent a proportion of 30 to 50 percent of fires.

Flannigan and Wotton (1990) have investigated the relationship between
lightning activity and the occurrence of lightning-ignited forest fires in the
Northwestern region of Ontario. They found that Duft Moisture Code and
the multiplicity of the negative lightning discharges were the most important
variables for estimating the number of lightning ignited fires. Fires have been
counted with corresponding values of local precipitation and temperature. From

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Wildfires, Weather, and Productivity

data files provided by the authors and completed by the Ontario Ministry of
Natural Resources (Ward 1994), we have analyzed the data relating to UTM:15
zone, to be 1,152 fires accounted in 1988.

In this region, in a log scale (fig. 1), the variation of fire occurrence is
a linear increasing or decreasing function of precipitation. The distinction
between the two regimes has been done comparing temperature periods:

Log N = 1.019 + 0.0622P For humid and warm period
> N = 10.44 ¢ +0-143P

Log N =2.739 + 0.2517P For dry and cold period

> N = 548 ¢ ~0-579P

*
258
2 y = 0.0622x + 1.0188
R'=0.7954
y=-0.2517x + 2.7391
u []
R®=0.9323 m
(b)
15
Zic 2 -
s
=)
1
ns
+ *
L] T o
2 4 E g 10 12
P (mm)
0.5

Figure T—Log N = g(P). Ontario, UTM15, 1988.

Humid period for precipitation must be associated to warm period for
temperature. So precipitation highly contributes the evapo-transpiration
during this period (positive exponent). Dry period for precipitation must
be associated to cold period for temperature. So precipitation contributes to
evapo-transpiration at a low rate.

The humid and warm periods approximately correspond to the periods of
vegetation production in this region (sub artic region).

Daily correlations: wildfives in West Var (1973)—Olivier (1975) has studied
the role of vegetation and ecological factors on the “Basse Provence” region
wildfires. Individual wildfires were registered from area as low as 0.01 ha
over the whole year 1973.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Wildfires, Weather, and Productivity

Occurrence of fires and precipitations were summarized by half a month

values (fig. 2). Again we observe the same type of behavior:

(1) Log N =0.6306 + 0.0107P For bumid and cold period
(2) Log N =1.1716 + 0.0125P For dry and warm period

The warm and dry period approximately corresponds to the period of
vegetation production in this region (Mediterranean region).

Such typical relations have been found in other Mediterranean regions
such as:

e Languedoc-Roussillon region (data from Rambal 1984):
3) Log N =2.8961 —0.0047P

e Alicante region (data from Terol 1987):

(4)  LogN=1.537-0.029P

So the monthly occurrence of fires in Mediterranean regions in the warm
period is a function of the exponential form:

N = Constant * e~

+
1.2 »>
& o .
[ ]
‘\ =
/-
* - (B)  y=0.0107x +0.6308
i R’ = 0.5954
L 1
z
o - u u
_o /
[ | ]
u ]

(a)

y = -0.0125x + 1.1716

R? = 0.8526 \

Figure 2—Log N = g(P). West Var, 1973.
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Wildfires, Weather, and Productivity

In order to interpret these equations, it is necessary to examine the dynam-
ics of water in the ecosystem, that is to say, soil water balance and the relative
importance of its different terms with season (particularly during the summer
season, in the Mediterranean regions; Humbert and Najjar 1992).

Rambal (1984) has studied soil water balance and water uptake char-
acteristics by Quercus Coccifera L, which cover in the garrigue more than
100,000 ha in the French Mediterranean region.

Water balance equation: AS=P * R* AET * D

Where AS is the daily change in stored water, P is the precipitation, R is the
surface runoff, AET is the actual evapo-transpiration and D is the tlow of
water at the bottom of the root zone measured in mm/day.

The study of water balance during every year shows that when yearly pre-
cipitations are less than 578 mm, deep drainage loss is negligible and almost
all the precipitations infiltrating the soil are lost by evapo-transpiration. Study-
ing the water uptake at different deepness in the summer, Rambal proposed
a relation between the relative deep uptake and the precipitation. According
to Rambal, precipitation modifies relative water uptake Y (%) according to
an exponential law:

Y = 25.7 * ¢70.006 *x r2 =0.963

X being precipitation in June and July.

This relative water uptake is also the expression of relative actual evapo-
transpiration, which is the equivalent of photosynthetic fixation of carbon
within the same period (Frontier and Viale 1991; Ramade 1994). Photo-
synthetic activity on plants leads to formation of new twigs and chemical
modifications of old ones, then to production of fire sensible biomass.

Interannual occurvence of fives in Var aven—Yearly occurrences of fires have
been correlated to precipitation with the data of Var area, for the period 1974
to 1986 (Promethee Databank). Several 1-year periods have been tested, and
the best result was found taking a period starting in July. The correlation
equation is:

Log N ,nual = 2.90 — 0.000365P .1 with r2 = 0.98

Thus, we can conclude that in Mediterranean regions, during the vegetation
production period, occurrences of wildfires (monthly or yearly) are regulated
by the deep water uptake rate of plant roots.

Wildfires and Temperatures

Quantitative effects of temperature on wildfire statistics have not been
developed as for precipitation. In order to approach the problem we appealed
to chemical kinetics laws.

Considering the parameters of fire occurrence N or area burnt A, during
a defined time interval and in a given region as reaction rates in chemical
kinetics, we studied their possible dependences to Arrhenius factor E/RT, E
being the activation energy of the reaction, R the gas constant, and T Kelvin
temperature (compare: lightning fires dependence on precipitation and tem-
perature, Bernard 2004c).

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Wildfires, Weather, and Productivity Bernard and Nimour

Lightning fives in Novthwestern Ontario—Coming again to Northwestern
fire data (fig. 3), we observe two Arrhenius plots, the first being the warmest
period and the second the coldest one. During the vegetation production
period (warmest period) the activation energy corresponds to photosynthesis.
During the vegetation rest period (coldest) the activation energy corresponds
to UV.B. energy.

25 »
y=-14122x + 49,53 Y
R* =0.8741
2 (3
\. Y
Activation snarqy : ZT1L.5 KM muls
= ___ s A (chlorophylle a + carotenoids)
=15
2
1
¥ =-20421x + 72.164
R® = 0.9959
Activatine snsrqy : 352 Kdimuls
w3 A (UV-B : 2800-3200 A) (see
05 \
1T K
0 . . . .
0.0033 0.00335 0.0034 0.00345 0.0035 0.00355

Figure 3—Log N = f(T). Ontario, UMT 15, 1988.

Log N =4952-14,122 /T
E .« = 271.5 KJ/mol.

Warmest period
439.3 nm (Chlorophyll A)

Log N =72.164-20421 /T
E .t = 392 KJ/mol.

Coldest period
303.8 nm (U.V.B)

N2 22\ 2

In analogy with the chemical kinetics laws, to interpret those results,
we need to use the law of the bottleneck (the rate of the global reaction is
determined by the slowest rate among the different successive reactions that
compose it).

Warmest period

Growing period:
New biomass
Photosynthesis production
(PAR)

Only old top parts of

Lightning fires
vegetation at rest EE—

| ———

Rate of global processes (N) controlled by rate of the biomass production
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Coldest period

Vegetation at rest . D
(before or after — T———f Lightning fires
growing period)

Rate of global processes (N) controlled by U.V. flux

Wildfirves in Bouches-du-Rhone area 1986—Two Arrhenius linear plots are
observed for monthly wildfire in Bouches-du-Rhone area (fig. 4) with a good
square correlation coefficient (R? = 0.93), one for the summer period and
another for the winter period. These results must be interpreted using the
same argument as for the wildfires in Northwestern Ontario.

Other equations of Arrhenius type have been observed for Mediterranean
type regions:

e Languedoc-Roussillon area (temperature in Montpellier)

Log N =-5797 * 1 /T + 22.034 (R2 = 0.461)

e Southern California, USA, 2005 (temperature in San Diego)
Log N =-28674*1 /T +99.04 (R?=0.497)

log N =1f{T). Bouches du Rhone, 1986

25
Temperature T: Marseilles, monthly average for 1931-1960
NHumber of fires N : monthly numbers for Bouches du Rhone, 1986
2 y =-13375x + 47.017
: R* = 0.9351
+
K J Activation energy : 257
aﬂ\
1.5
] A 4
= ' A
=
=
1
’ A
A
0.5
y =-27365x + 98.351
R =0.9302
0 : : : : -
0.00335 0.0034 0.00345 0.0035 0.00355 0.0038

UT (°KT)

Figure 4—Log N = f(T). Bouches-du-Rhone, 1986.
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Annual Wildfires in Yellowstone National Park—They have been exten-
sively analysed as much on area burnt as on wildfire occurrences, and as
much on lightning caused fire as on human ones (Douglas 1975; Romme
1989; Despain 1998). See Bernard (1998a): interpretation of fire intensity
in Yellowstone National Park for the 1700-1990 period.

Most of the wildfires in YNP are class 3 fires (fig. 5). We observe the
same Arrhenius law with the lightning fires (fig. 6) on the annual occur-
rence criterion.

35
3
y =3,2478x - 1,7374 *
R® = 0,9658 .
25
*,
+*
i Class 3 fires:
g AlAo = (N/No)" s
=]
=
15
1 &
+
0.5
o/o
0 n.2 0.4 0.6 0.8 1 1.2 1.4 18
log N
Figure 5—Yellowstone National Park: log A =f(log N). Human caused fires. Years: 1933,
1934, 1940, 1947, 1948, 1949, 1953, 1954, 1955, 1960, 1967, 1968.
169
14 = .-‘--‘-_-‘—.--'L'—n___ » I
4 Plot Area
= Y= 0.678% + 34.739 —
R?=0.8562 "
12 AcTvation energy © 1ot UGd
Klimgple
= 0.8 ¢
o
i,
0.6 *
0.4 1
02 = =]
1000/T (°K™)
343 3.435 3.44 3445 345 3455 3.46 3485 3.47

Figure 6—Yellowstone National Park: logN= f(T) Lightning fires. Years: 1933, 1948, 1949, 1952, 1960,

1961, 1963.
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For the human caused fires, the Arrhenius law is verified for both annual
occurrences and area burnt criterion (fig. 7).

Thus, we can conclude that the rate of photosynthetic radiations regulates
the monthly occurrence of fires during the vegetation production period and
yearly occurrences of fires and area burnt at the interannual scale.

|
W
25
|
; log A =f1000T): y=_28.664x +101.33
R*=0.8641 \!
=
o Apparent activation energy : 551 150 KJimole
o
C 15
= *
=L
o *
1 log N =f{1000/T) : y=-7.9508x +28.714
R® = 0.6682
05
1000/T (°K™)
0 T T T T T T T
2435 244 2445 345 2455 346 2465 347 2475

Figure 7—Yellowstone National Park: log A = f(T) and log N = f(T). Human caused fires.

Years : 1933, 1934, 1940, 1948, 1949, 1953, 1960.

Wildfire and Climate

During the vegetation period we define the occurrence of fires as function
of variable P and T.

(1) LogN=a+b*P
(2) LogN=c-d/T

We observe the following conditions on the constants:

= c: ¢c>0,
= d: d>0,
= a: a>0,
* b: b>0 (NW Ontario Climate)

b <0 (Mediterranean type Climate)

In the equation 1, N is univocal of P, in equation 2, N is univocal of T. P
and T are measured data or data taken from meteorological stations and are
interdependant in the vegetation production period.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Identifying the two equations, we get:
(3) P=(c—a)/b+d/(b*T)

We now need to compare this relation (3) to real temperature and precipi-
tation data of different regions.

Wildfires in Northwestern Ontario

Referring to the figure 1 for precipitation and figure 3 for the tempera-
ture, here are the equations expressed with the real data from Northwestern
Ontario:

(I’) Log N =1.019 + 0.0622P
(2) LogN=495-14,122 /T
By identification, we get:

(3’) P=780+0.227 *10°/ T
To compare those data, we choose the 1988 meteorological data from Sioux
Lookout station in Ontario, and try to demonstrate this relation monthly from
May to August 1988. Figure 8 shows what we found for each studied month.
We found an equation that even has a correlation coefficient equal to 1:

P = 3,607 — 1.044* 106 / T (R2 = 1)

We observe:

e Climate data from Sioux Lookout verify the linear correlation P, 1/7T.
e Precipitation from Sioux Lookout is found 4.6 times larger than from
the N.W. Ontario region.

Bernard and Nimour
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Figure 8—Climatologic chart of Ontario, UTM 15, Canada at Sioux Lookout meteorological station. P = f(Tmax).

May-August 1988.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

16



Wildfires, Weather, and Productivity

Wildfires in the Languedoc-Roussillon Area

The next equations (1°”) and (2””) are explained in a deeper way in a former
publication (compare “Application of the concept of climatologic chart to
Mediterranean climate variability,” Bernard and Nimour 2005a).

Here are the equations expressed with the real data from Promethee
database and from Rambal (1984). For Montpellier, we found:

(1”) Log N = 2.896 — 0.0047 P
(2”) Log N =22.034 + 5,797 /T

By identification, we get:

(3°) P=-407191 + 1.234 *10°/ T

To compare those data, we choose the average values of meteorological
data from Montpellier station in Languedoc-Roussillon (the average values
of each month are calculated over the 1964 to 1982 period for precipita-
tion, and the 1980 to 1982 period for temperatures). We try to demonstrate
this relation monthly from July to October. Figure 9 shows what we found
for each studied month. We found an equation that even has a correlation
coefficient equal to 0.9995:

P=-3,932.7 +1.00%10° / T (R2 = 0.9995)

The agreement is very satisfactory: Climate data from Montpelier verity
the linear correlation P, 1 /T

Bernard and Nimour
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Figure 9—Climatologic chart of Montpellier.
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A Concept of Climatologic Chart

Other reconstructions of climate from wildtire occurrence have been stated.
That confirms the generality of the method. So we introduced the concept of
climatologic chart (“A concept of climatologic chart,” Bernard and Nimour
2004a), which is based on the law of interaction between the vegetation, the
soil, the water, the atmosphere, and the solar radiations.

Climatologic charts could be more useful than historic representations of
climate characteristics (climatogram, Emberger or Gaussen ombrothermal
diagrams) to build a new classification of climate in order to perceive any
possible climate changes (compare “Application of the concept of climatologic
chart to Mediterranean climate variability,” Bernard and Nimour 2005a).

To illustrate the prior statement, we can refer to figure 10 as an example
of semiarid climate.
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\ +
40
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P {mm)
+
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\’ +
10 -
Ty (°K) T~

0 T T T T T T T T T T
0.00345 0.0035 0.00355 0.0038 0.00385 0.0037 0.00375 0.0038 0.00385 0.0039 0.00385 0.004

Figure 10—Climatologic chart of Willistone (North Dakota) January-December 1971 to 2000.

Hyper-Mediterranean Climate in San Diego (CA, USA)

The San Diego climate belongs to west-facing continents climate, a particu-
lar case of Mediterranean climate that we’ll called “Hyper-Mediterranean.”
Among this type of climate we also find Mexico, Chile, South Africa (Le Cap),
West Australia (Brisbane).

They are characterized by an attenuation of precipitation along the year
compared to precipitation we observe in Mediterranean climate. The expres-
sion of this attenuation is of an exponential form and leads to a new expression
of the climatologic charts:

(4) LogP=A/T-B

A and B being characteristic constant of the meteorological station.
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In order to study the interaction between wildfire and climate data of
San Diego, we chose the year 2005 because its summer was abnormally warm.
Monthly occurrence of fires in southern California was taken from N.I.C.C.
2005 data. As shown in figure 11, the equations are:

Log Njygp5 =-1.4202 Log P + 3.34
Log Njpo5 =-28,674 /T + 99.04

The identification gives us:

(4) LogP =20,190 /T - 67.38

Compared to climatologic chart of San Diego 2005, the agreement is sat-
isfactory:

Log P = 16,835 / T - 56.012 (R2 = 0.46)

In order to study a possible climate change in San Diego, we established
its climatologic chart for two annual periods 1927 to 1932 (a) and 1995 to
2004 (b):

(a) LogD=230,823/T-104.33  (R2=0.87)
(b) LogD=12,028 /T-40.23 (R2 = 0.73)

3.5

6
8\ - *s5
35 410

logN

y = -28674x + 99.04
R’=0.4968
18

0.5

0 T T T T T T B T T

0.00334 0.00335 0.00336 0.00337 0.00338 0.00338 0.0034 0.00341 0.00342 0.00343
1T (°.K™)
Figure 11—San Diego, 2005. Log N = f(T).
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In analogy with the equations found for the Mediterranean climate, we will
use for the Hyper-Mediterranean one, the next method of reconstruction:

(1) LogN=a+b*LogPl
(2) LogN=c-d/T

Identifying the two equations, we get:
(3) LogP=(ca)/b+d/(b*T)

Comparing the coefficient of the 1927 to 1932 period to the 1995 to 2004
period, we observe:

e The only variation of the “b” term. A 61 percent reduction of term “b”
expresses the increasing value of aridity in the San Diego climate.
o A stability of the “d” term (containing the activation energy).

Wildfires and Global Warming

A particular interest for the effect of temperature on wildfire comes from
global warming. Recent well documented publications of Westerling (2006)
and Running (2006) analyze the different causes of increasing wildfire
activities with global change, particularly in the Western United States of
America.

In our own analyses of large wildfires in southern California in October
2003 (Bernard and Nimour 2004b), we pointed out an abnormal tempera-
ture rise in the region some days before the start of large landfires (Bernard
and Nimour 2004d).

Conversely, the statistics of annual fires in Yellowstone National Park
(1700 to 1990) show no fire during the little ice age (compare “Interpreta-
tion of fire intensity in Yellowstone National Park for the 1700-1990 period,”
Bernard 1998a).

Using the Arrhenius models of occurrence of fire and burnt areas:

Log N, - Log N; =~ En / (2.3 R) (1 /T, -1 / Ty)
Log A> - Log Ay =~ E% / (23R) (1 /T, -1 / T))

A “theoretical” evaluation of the effect of global warming on natural forest
fire was performed in 2004 (table 1). Different cases have been considered
according to the two different fire classes (class 1 and class 3) and the two
natures of control (UV lightning and PAR)

Table 1—Implication of global warming on natural forest fires.

Remarks AT (°C) Control by UVB Control by PAR
(to =21°C) | E .ot = 392 KJ/mole E .ot = 271.5 KJ/mole
Coefficient for | Coefficient for | Coefficient for | Coefficient for
NorA® A® NorA® A’
0 1 1 1 1
+0.5 1.3 2.23 1.20 1.44
Reference : 1900-2000 +0.77 15 3.50 1.33 2.35
(Papadopol 2000)
ESTIMATIONS +2 29 25.3 2.10 9.26
V¥ 21 century +5 13.72 6.12
Extreme thermal event +10 192 (Re-evaluation of basic hypothesis)
Little ice age (no sunspot) -2 0.33 0.04 \ 0.48 \ 0.1

@ Class 1 fires : Alog A=Alog N
°Class 3 fires : Alog A=3 Alog N

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Productivity and Climate Parameters

Net primary productivity, biomass, and associated environmental variables
are now publicly available for 53 detailed study sites, of which more than half
have data for belowground biomass or biomass dynamics. Aboveground NPP
ranges from 35 to 2320 g.m2.year~! (dry matter) and total NPP from 182
to 3538 g.m2.year~!. These data are available from the Oak Ridge National
Laboratory Distributed Active Archive Center (Scurlock and Olson 2002).

According to Lieth and Whittaker (1975), the range of NPP in g.m=2.year™!
is: for tropical rain forest 1000 to 3000, warm temperature mixed forest 600
to 2500, Tundra 60 to 1300, Mediterranean sclerophyll forest (chaparral)
250 to 1500.

According to Gray (1982), when he studied productivity in southern Cali-
fornia, the annual aboveground primary production in Ceanothus Chaparral
was 1056 g.m2.year~! and in Costal Sage scrubs 355 g.m=2.year~!.

We will refer for our studies to the original works made by Lieth and Whit-
taker (1975) on modeling of the primary productivity of the world.

Lieth and Whittaker Data

Lieth and Whittaker (1975) have summarized the net primary produc-
tivity of four large zones in the world, each of them containing from 12 to
20 ecoregions with their climatic data of precipitation in millimeters and
temperatures in Celsius degrees.

For each zone, we analyzed the correlation between net primary productiv-
ity with precipitation and with Kelvin temperature according to the Arrhenius
term (table 2). Identifying the two correlations, we obtain an expression of
precipitation as function of 1 / T (table 3). For the three first regions, the
agreement is satisfactory in spite of their low square regression coetficients.

We have particularly examined the fourth region results, which has the
best square regression coefficient. In this zone, the net primary productivity
is among the highest of the world, up to 4,000 gr per square meters by year
(Lieth 1962).

Table 2—Net primary productivity (NPP) as functions of precipitation (P) and
temperature (T).

NPP = f(P) NPP = ¢(T)
Zone NPP in g/m2.year ; P in mm T in Kelvin

1

NPP =0.528 P + 727.3
R2=0.24

NPP = —2.106 (1/T) + 7 881
R2=0.23

2 NPP = 0.4651 P + 858.8 NPP = -2.10% (1/T) + 8 403
R2=0.11 R2=0.11

3 NPP = 0.849 P + 356.7 NPP =-2.108 (1/T) + 6 603
R2=10.19 R2=0.20

4 NPP =0.710 P + 911 NPP =-6.106 (1/T) + 22 074

R2=0.46

R2=0.65

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Table 3—Climatologic charts from productivity and from climate data.

Chart from productivity

Zone f(P)=o(T) Chart from climate data
12 P =-3.79 108 (1/ T) + 13 554 P=-3106(1/T)+ 12832
R2=0.79
2 P=-4310%(1/T)+ 16 229 P=-4108 (1/T) + 15098
R2=0.79
3 P=-2.3510%(1/T)+7 348 P =-2.108 (1/T) + 6 603
R2=10.20
4 =-8.44 106 (1/ T) + 29 782 P=-5108 (1/T) + 19 454
R2=10.57

aExcepted October data.

So the net primary productivity of region 4 as function of temperature is:
P,-Py=6*10°(1 / T,-1 /T))

P expressed in g/ m?/year and T in Kelvin degrees.

In the same publication, Lieth and Whittaker (1975) proposed an empirical
equation of productivity Y as a function of Celsius degrees X:

Y = 3’000 / (1 + C1.315—0.119)()

Converting temperature data from Celsius to Kelvin degrees, we obtain
an expression of productivity containing an Arrhenius term:

P, - Py = Constant (1 /T, -1 /T)

Taking 10 values of temperature between —13 °C and +28 °C, we obtain
an Arrhenius law of net primary productivity with a square correlation
coefficient very close to 1 (fig. 12).

P = 5¥106 /T + 19,320 (R2 = 0.979)

Wildfire Net Primary Productivity and NDVI

The values of the normalized difference vegetation index (NDVI)
extracted from satellite sensor data acquired by the National Oceanic and
Atmospheric Administration’s Advance Very High Resolution Radiometer
(NOAA — AVHRR) have often been used for estimating forest fire risks.

According to Fang and others (2001), to examine the relationship between
variability of NPP and precipitation at a broad scale, a long-term NDVTI data
set coupled with a historic climate data set constitute a useful and power-
ful data source, because NDVI data are strongly correlated with terrestrial
NPP.

The relative greenness (R.G.) was described by Burgan and Hartford
(1993) as expressing how green each cell is relative to the range of greenness.
Relative greenness, which has been used by Burgan and others (1998) for
the evaluation of fire potential index (F.P.I.), indicates that it is a potentially
valuable fire management tool for land management agencies.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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Bernard and Nimour
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Figure 12—NPP = f(1/T). Data from Lieth and Whitaker (1975).

Gabban and others (2006) proposed a use of a new index referring to the
dynamic relative greenness index (DRGI), to consider the interannual vari-
ability of NDVT at each precise location within the studied region. It was
computed over the European Union countries and tested in Spain, France,
and Italy. DRGI values and the number of fires were fitted using an expo-
nential model. The testing of the DRGI over the 13 years showed a high
correlation (R? = 0.94) between the number of fire outbreaks and the level
of risk determined by the index.

So, this statement introduces the number of fires on a logarithmic
form as a linear increasing function of DRGI.

Conclusions

It was established that the fire monthly frequencies are linearly correlated
with precipitation. With regard to the temperature, the fires frequencies are
narrowly correlated with the Arrhenius factor (1/T, T in Kelvin degrees)
translating the existence of a regulating photochemical activation phenom-
enon (PAR or UVB according to the season). All these correlations can be
found on a multiannual scale.

The reconstruction of the studied area climate can be carried out by iden-
tifying the expressions of the frequency of fires in function of precipitation
and temperature. We proposed the concept of “climatologic chart” (Bernard
and Nimour 2004) starting from such reconstruction process. This graphical

USDA Forest Service Proceedings RMRS-P-46CD. 2007.
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representation method of the “climatologic chart” that we introduced star-
ting from the climate data, P= F (1/7T) is fully justified by the highlighted
vegetation production laws.

Indeed, the net primary productivity is expressed in function of preci-
pitation or temperature, through laws similar to those found on the fires
frequency in log scale on an interannual scale. That brings an answer to the
questions that we had on the role of the biomass production in the fires
frequency laws. Moreover, the NDVTI and its interannual variability, which
are closely linked to the vegetation production and the fires statistics, still
reinforce this similarity.

The proposed model set will constitute valuable tools for the study of the
climatic changes and their repercussions on the fires regimes, aridity, and
stability of vegetation communities and may contribute to developing new fire
management strategies as expressed in the San Diego declaration on climate
changes and fire management.
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Technical Background of the FireLine
Assessment MEthod (FLAME)

Jim Bishop'

Abstract—The Fireline Assessment MEthod (FLAME) provides a fireline-practical
tool for predicting significant changes in fire rate-of-spread (ROS). FLAME addresses
the dominant drivers of large, short-term change: effective windspeed, fuel type, and
fine-fuel moisture. Primary output is the ROS-ratio, expressing the degree of change in
ROS. The application process guides and instills a systematic methodology, utilizing a
simple worksheet. The information developed provides a basis for safety judgments
and for applying Lookouts, Communications, Escape routes, Safe zones (LCES). The
ROS-ratio can be applied to observed fire spread to provide a timeline of future fire
spread. Compared to four BehavePlus examples FLAME is accurate to within an
average error of 14 percent. In four fireline-fatality cases FLAME predictions match
reconstructed ROS-ratios with an average error of 9 percent, and in every case could
have foretold the rapid changes that impacted the crews. Adjustment factors are devel-
oped to account for variations of windspeed across terrain, and for flame height and
sheltering by vegetation. Field application of FLAME is explained and demonstrated
with examples.

Part 1: The FLAME System

Essentially the FireLine Assessment MEthod (FLAME) applies fire behav-
ior prediction science to the implementation of the fire order ‘Base all actions
on current and expected fire behavior.” With fireline-based observations
firefighters apply it using only simple paper-and-pencil pocket tools. FLAME
takes account of the ‘current’ fire behavior as a baseline, directs attention to
the ‘next big change’ in fire behavior, and evaluates the magnitude of that
change. The magnitude of the anticipated change in fire behavior is based on
the relationships embodied in the Fire Behavior Prediction System (FBPS) as
computed by BehavePlus, on grass fire behavior expressed in the Australian
CSIRO model, and on observed rates of spread in grass, brush, and timber.
The measure of the ‘change in fire behavior’ is expressed in FLAME as the
factor by which fire rate-of-spread (ROS) will increase /decrease, the ‘ROS-
ratio’. (For example, an increase in ROS from 4 ch/hr to 24 ch/hr has an
ROS-ratio = 24 /4 = 6X.) Application of that ROS-ratio to the observation
of current fire behavior provides an extrapolation of the fire spread-time,
expressed most practically in terms of the fire’s position on the landscape
through time (using ‘natural yardsticks,” things you can see on the land)
rather than as a rate-of-spread in distance/time.

The two basic things that we must do: provide a systematic, practical, and
effective tool to firefighters for evaluating fire behavior on the fireline, and
effectively communicate and instill the important points of basic fire behavior
training (as in S-290 Intermediate Fire Behavior). Application of FLAME in
training and on the fireline supports both needs.
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In assessing potential fire behavior firefighters need to be proactive, to
consider all of the key factors, and not to simply be passively waiting to notice,
or to be made aware of; a significant development in the fire’s behavior. And
they need to have a realistic sense of the impact such a change could have
on them, the magnitude of the change. Seat-of-the-pants assessments are
not adequate. A common tendency is for firetighters to rely too much on
current fire behavior as a basis for their actions, with the expectation that
they will simply notice any developing changes in time to react. That failure
to foresee dangerous (yet predictable) changes is evident in perceptions
revealed again and again in fireline fatality cases. Without an organized
approach to that fire behavior assessment, it is too easy to miss something
while being unaware of what information is missing, and too easy to be
unaware of the magnitude of an impending change. Separate short papers
(Bishop 2005, 2006) describe more fully the place for FLAME in training
and on the fireline.

FLAME ofters a systematic methodology that prompts and guides the user
to explicitly consider the key factors that drive significant, sudden changes
in fire behavior—based on a minimum number of inputs, usually only two:
effective windspeed and fuel type. It is important that the process be usable,
or it won’t get used, so the emphasis in FLAME is on simple tools and the
information that is available to the firefighter on the fireline, remembering
that computers don’t make it to the fireline. FLAME fills a need that is not
addressed by the other applications of the fire model (nomograms, and so
forth). It is far simpler to use, requires minimal materials, builds on observed
fire behavior, directly addresses the important question of ‘change’ in fire
behavior, and expresses outputs in terms that are easily applied (what’s next,
how much change, when will the fire be here).

FLAME application proceeds from basic to more refined steps and yields
these three important results:

1. The identity and timing of the ‘next big change’—Knowing the nature
and timing of the pending change allows firefighters first of all to be
aware of that potential, and also to better monitor the environment and
maximize the value of fireline lookouts.

2. The magnitude of that change (expressed as the ‘ROS-ratio’, the degree
of relative increase or decrease in ROS)—Knowing the magnitude of
the pending change alerts the firefighter to the level of possible danger.
In fact, large ROS-ratio might well be viewed as a universal common
denominator in fireline accidents.

3. An estimate of the timeline of the fire’s advance—Knowing the fire
spread-time allows rational planning of escape routes and timing, as well
as informing well-chosen tactics.

Allin all, the FLAME information provides a solid basis for the implemen-
tation of LCES (Lookouts, Communications, Escape routes, Safe zones). It
is, first and foremost, a tool for making sound safety decisions on the fireline,
but also provides relevant information for tactical decisions.

Figure 1 illustrates the basic idea of combining a change in fuel type with
a change in effective windspeed (EWS) to produce a measure of the resultant
change in fire behavior (the ROS-ratio). Fuel type and EWS changes are the
dominant changemakers. All of the details of how the FLAME ‘standard
curves’ were derived and are used, and the relative sizes of fire behavior fac-
tors, are contained in sections below. This graphic simply portrays the basic
FLAME inputs and output so that subsequent discussion makes more sense.
The arrow depicts an example of change from ‘current’ (low windspeed, fire
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Figure 1—EWS vs. ROS for each
of the major fuel types (litter,
crown and grass). The arrow
depicts an example in which
fire in litter with an EWS of 3 or
4 mi/hr changes to fire in grass
with EWS about 12 mi/hr. The
initial and final ROS would be
on the vertical axis, and the
larger divided by the smaller
would be the ROS-ratio for
this change in fire behavior
(approx. 70X).

in litter) to ‘expected’ (grass, moderate windspeed) fire behavior. The ROS-
ratio would be the higher ROS on the vertical axis divided by the lower ROS
on that axis. In this example the ROS would increase by a factor of about
70X as the fire moved from litter into grass and the EWS increased by be-
tween 3X and 4X. These curves form the basis for the FLAME predictions
and illustrate the idea, but they are not the user-application tool (which is
described in part 3).

The FLAME user observes the fuel type and current EWS affecting the
fire, and looks ahead to the fuel type and EWS that will prevail after the
anticipated change in conditions. The ratio of the larger EWS to the smaller
EWS is obtained either by simple division or table look-up. With the fuel-type
change and the EWS-ratio, use the FLAME table (table 2, later in this paper)
to look up the ROS-ratio: join the EWS-ratio row with the column describing
the fuel change, and read the ROS-ratio. For example, a 6X increase in EWS
together with a transition from fire in the litter to crown fire would result in
an increase in ROS of about 35X (or in the opposite case, a decrease of 35X).
Associated diagrams and a field guide and worksheet help the user obtain
inputs, move through the process, and determine the needed outputs.

The application of FLAME affords a range of information levels (corre-
sponding to the aforementioned three important outputs), each with its own
inherent degree of completeness and precision, and determined by the user
and the circumstances on the fireline. In practice a firefighter can proceed
from one level to the next, making use of the output at each stage, as time
and information allow.

1. ‘Initial application’ level: user depicts/describes the current fire behavior,
the expected fire behavior, and identifies the next big change; this stage
involves only a qualitative assessment.
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2.

‘Standard application’ level: user inputs current and expected conditions
and predicts the ROS-ratio.

‘Complete application’ level: user combines an observation of the current
fire-spread timeline with the ROS-ratio to yield a predicted fire-spread
timeline (or spread time). The spread-time line lays out at what time
the fire will reach a given point. If the tire moved this far in a certain
time under current conditions, how long will it take to go that far under
expected conditions? It is related to ROS but is a projection of the fire’s
progress in terms of features visible on the landscape (natural yardsticks),
rather than an explicit rate in units of distance/time.

The following examples illustrate the idea of the FLAME process, the
application stages, and the kinds of outputs a firefighter can obtain, with
suggestions on how the information relates to LCES. They are not intended
to explain how FLAME is applied (inputs are simply given), and they are

not

to be ‘over interpreted’ in terms of tactical /operational considerations.

Both examples are of dangerous changes in fire behavior, but the FLAME
idea applies to any change in behavior, dangerous or benign.

Example 1—an upslope run:

Fireline observations: Fire spreads over the course of 4 hours up the
lower half of a forested 20 percent slope as a litter fire with midflame
windspeed 2 mi/hr. By late morning, conditions will allow the midslope
fire to transition to a crown fire and to be exposed to higher windspeeds
on the upper slope.

Initial application: The next big change expected is a transition to crown
fire and the effects of the higher windspeeds on the upper half of the
slope.

Standard application: The litter-to-crown change in fuel will combine
with a total 8X increase in effective windspeed (wind on the upper slope
being 16 mi/hr at the crown-fire tlame level) to produce an increase in
ROS of 50X, ROS-ratio = 50X.

Complete application: The fire took 4 hours spread up the lower half of
the slope. The crown fire could run the upper half of the slope in about
1/50t of 4 hours, or about 5 minutes.

LCES: Lookouts—be especially vigilant for signs of the transition to crown
fire, such as torching or short crown runs, and also to wind direction as
revealed in the smoke column to anticipate which side of the upslope run
might be most threatening to crews in the area. Communications—regular
reporting of crown-fire precursors, RH, and wind direction. Escape—must
take much less than 5 minutes and be located out of the line of the crown
fire run.

Example 2—a major wind increase and direction change:

Fireline observations: Fire is burning on a flank in litter under coni-
fers; the head of the fire made a short crown-fire run earlier. The wind
is predicted to blow across that flank at 20 mi/hr when a cold front
arrives in the next 2 to 4 hours. The flanking fire has moved Y of the
way to a road in the last 2 hours (a rate that puts it at the road in 6 more
hours).

Initial application: The next big change is a large increase in wind
pushing the flank outward toward the road, and the fire is expected to
transition to crown fire with the increase in wind. The change is expected
in as little as 2 hours.
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e Standard application: The litter-to-crown change in fuel will combine
with a 20X increase in effective windspeed to produce an increase in
ROS of 140X. (Effective wind on the flank is taken as 1 mi/hr, as will
be explained in part 2.)

¢ Complete application: The fire could be haltway to the road in 2 more
hours when the wind hits, and the wind-driven crown fire will com-
plete the remaining half of the distance to the road in about 1,/140™ of
4 hours, or about 2 minutes (less time if the fire is more than halfway
to the road when the wind comes).

¢ LCES: Lookouts—besides having local lookouts, a remote lookout should
be established ‘upstream’ of the fire to provide early warning of the ap-
proach of the cold front. Communications must be arranged with the
remote lookout. Escape via the road would allow only about 2 minutes
after the wind hits, so escape should be initiated earlier based on the
reports of the remote lookout.

Why not stop at the ‘initial application’ stage? That is certainly a good
start, and in some cases will be all one needs to know...to have identified the
next big change. But going further, to the standard application, requires the
firefighter to explicitly look at the big changemakers: effective windspeed
(EWS), current and expected; fuel type; fine-fuel moisture (FFM) or RH,
and therefore to either obtain those critical parameters or to become aware
that important information is missing. Seeking the explicit ROS-ratio predic-
tion directs a method that prompts and leads specific appraisal of the key fire
behavior factors. The ROS-ratio gauges the magnitude of coming changes.
The complete application provides a timeline that can provide a realistic sense
of fire movement and can guide good choices about the timing of safety
actions and effective control actions.

Focusing on the Dominant Changemakers

Many factors in the fire environment contribute to fire behavior: fuel
physical /chemical characteristics, fuel arrangement, fuel moisture, slope,
and wind. Fire behavior (as measured by ROS in FLAME) is less sensitive
to some of these factors than to others, and some factors change less rapidly
than others. In a given situation current fire behavior demonstrates the in-
tegrated effects of the prevailing fire environment factors...firefighters can
observe that. If nothing much changes in the fire environment, prediction
requires only extrapolation of observed fire behavior. But things eventually
do change, often quickly, and the degree of change from that ‘baseline’ fire
behavior can be predicted.

We focus on the major changemakers that will cause large changes in
‘current’ fire behavior on short timescales (those factors will be quantitatively
identified below). In eliminating some detail in fire behavior inputs, a little ac-
curacy is traded for practical applicability, but without compromising the basic
capacity to predict significant change. Also, in order to focus on potentially
dangerous fire behavior FLAME emphasizes the range of fuel conditions that
accompany active fire behavior (meaning the lower FM ranges, typical of a
late-season afternoon). The relative response of ROS to a change in effective
wind or fuel type is similar over a range of fuel moistures, and here we use
model guidance assuming fairly dry fuels (usually 1-hr FM 6 percent and
live FM 80 percent). In other words, the ROS change due to a doubling of
windspeed is essentially the same at 4 percent as at 8 percent FM.

We want to anticipate change that can be ‘sudden’, those changes that can
develop in minutes (‘minutes’ is the timescale of escape) or tens of minutes.
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Changes that evolve gradually over many hours, or days, present less of an
imminent threat to fireline personnel, and one can remain current on such
gradually changing fire behavior. So in seeking the dominant drivers of short-
term change we look at fire behavior factors that can change significantly in
roughly an hour or less. Whether such changes actually take place over several
hours, or in just minutes, the FLAME application is still relevant. And while
change can occur quickly, it may not get under way for hours. To extend a
FLAME prediction, a firefighter simply updates the observation of ongoing
fire behavior and looks ahead to further change.

Live, 10-hour, 100-hour, and 1000-hour fuel moisture are not drivers of
large, short-term changes. Live fuel moisture (LFM) varies over the season.
When LEM levels are low enough, fire can propagate through the crowns
of shrubs or trees. The LEM usually continues to decline throughout the
fire season, but for a given species of live fuel it usually doesn’t drop more
than another 20 percentage points or so after crowns become flammable.
In extreme and prolonged drought it may drop by 40 percentage points in
timber fuels after the time when crowns become flammable, typically less
than that (about 20 percentage points) in chaparral.

However, the change in LEM in a given plant over an hour is much less
than the seasonal changes. Consider a change in LEM of 5 percentage points
(which is greater than would be typical in an hour), from 80 to 75 percent. As
indicated by BehavePlus for Model 5, such a variation in LFM would result
in a change in ROS of only about 5 percent.

Changes in 10-hour FM over the course of an hour are not likely to be
more than about 2 percentage points. Consider the effect of a 2 percentage
point 10-hr FM change on ROS in grass and in litter. For fuel model 1, and
for tuel model 9, BehavePlus shows no change in ROS for a 2 percentage point
variation in 10-hour FM. Hundred-hour and 1000-hour fuels will undergo
even smaller changes in FM over an hour than do 10-hour fuels. Short-term
moisture changes in larger-diameter fuels are not a significant moderator of
large, sudden changes in ROS (though moisture in larger fuels certainly does
affect the overall fire intensity).

Variations in fuel conditions on the fire can result from the fire’s move-
ment, as well as through overall change with time. For example, a fire can
move from one slope-aspect to another, and fuels on those different slopes
can have different fuel moistures. Such differences might be as high as a few
percentage points of dead FM and 10 or 20 percentage points of live FM (in
the same species of plant). Those variations certainly contribute to changes in
ROS, of order approximately 20 percent, sometimes less. However, there are
almost certainly other significant changes associated with such a slope-aspect
change—in plant community, fuel architecture, and the wind-slope influence
driving the fire. In the face of these significant changes in more dominant
factors, the variations in live and larger-diameter dead fuel moistures on dif-
ferent slope aspects are a relatively minor influence on the changes in ROS.

For purposes of predicting significant changes in ROS that result from
1-hour-timescale changes in fuel conditions, live FM, 10-hour FM, 100-hour
FM, and 1000-hour FM are considered essentially constant and a minor
influence on ROS change. The effects of those factors on fire behavior will
be manifested in, and observable in, current fire behavior, the baseline fire
behavior.

L-hour fuel moisture plays a significant role—Changes in 1-hour FM (FFM,

fine-fuel moisture) can be significant over 1-hour timescales. The combined
effects of relative humidity, temperature, and time-ot-day typical of ‘summer
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day’ changes, might lead to a change in FFM on the order of 2 percentage
points in an hour. As indicated by BehavePlus for fuel models 1 and 9 such
a variation in FFM would lead to ROS changes of about 12 percent in grass
or 17 percent in needle litter. If fire moves from an open south slope to a
canopy-shaded north slope (or vice versa) it can experience a change in FFM
of about 3 percentage points—corresponding to ROS changes of about 21
percent in grass or 32 percent in needle litter. The FLAME system handles
changes in FEM with the following guideline (in two versions):

For a change of FFM of ‘n’ percentage points, the ROS (in a given fuel)
will change by about 1.nX. For example, FFM dropping by 2 percentage
points would yield roughly a 1.2X increase (a 20 percent increase) in ROS
(compared to an average of 1.15X, or 15 percent, as per the BehavePlus
example cited above).

An alternative way of doing essentially the same thing is based on the
change in relative humidity (RH). Given that a change in RH of 5 percentage
points leads to a change of about 1 percentage point in FFM, the change in
ROS in fine dead fuels is about 2X(RH-change). For example, a drop in RH
from 40 to 25 percent (= 15 percent) would increase ROS in fine dead fuels
about 2X15 percent = 30 percent, or by a factor of 1.3X. Such adjustments
can fine-tune the ROS-ratio that is based initially on just changes in fuel type
and EWS, though such refinements are usually not necessary.

There can be more dramatic changes in FFM. A good example is the onset
of foehn winds, where in a few 10s of minutes FFM might drop by about
6 percentage points. The direct effect of that FEM change would suggest
roughly a 60 percent increase in ROS. But the other changes, likely a transi-
tion from surface fire to crown fire and the onset of high winds, would dwarf
the direct effect of changes in FFM on ROS.

Probably the most important effect of changes in FFM on changes in fire
behavior is the influence it has on transition to crown fire (an important
change in fuel type) and on spotting. In the FLAME system FFM can be
used to fine-tune predicted changes in ROS (for changes between largely
fine-dead fuels grass and litter) as noted above, but more importantly FEM
(and relative humidity) is explicitly considered in FLAME applications as a
factor in the onset of crown fire (detailed in part 2).

Fuel type is & major changemaker—FLAME classifies fuels as litter, grass,
or crown foliage (of shrubs and trees), a classification based on the ROS
characteristics of those fuels, their similarity within a group. The reasons for
treating fuels in that way are:

1. Those fuel types are quickly and easily recognized by firefighters, without
the need for extensive training on determining fuel models.

2. ROS within each group of fuels is sufficiently characteristic of that fuel
and distinct from the others to allow meaningtul predictions of ROS-
change as a function of fuel type.

3. Changes in fuel type contribute to major changes in ROS.

As a generalization, with other fire behavior factors constant, ROS in
crown fuels is about 4X faster than in litter, and in grass fuels about 3X to
4X faster than in crown foliage. The total range in variation in ROS across
the three fuel-type averages is on the order of 15X (for comparison, recall
that changes in ROS due to short-term changes in fuel moisture are no more
than about 1.2X for live FM and the heavier dead fuels, and about 1.6X for
changes in FFM).
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Effective windspeed is the greatest changemaker— Effective windspeed
(EWS) is taken to be the midflame windspeed (MFWS) plus a component that
accounts for the effect of slope on ROS. In these discussions in part 1 EWS is
considered to be ‘a given’ and an appropriate measure of the combined effects
of wind and slope on ROS. Guidelines for obtaining wind-adjustment/reduc-
tion factors used to determine EWS, and for obtaining the wind-equivalent
of slope, are in part 2.

EWS has a great influence on ROS, and varies rapidly in time and place.
It is by far the most dominant changemaker for short-term changes in fire
behavior, capable of driving ROS changes of >200X. The influence of EWS
on ROS is derived from the curves of ROS vs. EWS inherent in FBPS models,
the CSIRO grass fire model, and observations of ROS in crown fuels.

In summary, the magnitudes of the short-term changes (~1 hour) in ROS
produced by the various factors are listed below. It is clear that the dominant
changemakers are EWS and fuel type, with FFM relevant but less influential
as a direct factor (remaining useful for fine-tuning and for helping to reveal
potential for crown fire).

¢ Fuel moisture in live and larger dead fuels ~ 1.2X (~20 percent)

¢ Fine-fuel moisture (and therefore RH) ~ 1.6X (~60 percent)

e Fuel type (litter, crowns, and grass) ~ 15X (~1400 percent)

e Effective windspeed (including slope) ~200X (~20,000 percent)

The Basic Data Used in FLAME

The dependence of ROS on fuel and EWS was derived from a combination
of model outputs and observations. The model outputs were obtained from
BehavePlus (1-hr FM 6 percent, 10-hr FM 7 percent, 100-hr FM 8 percent,
live FM 80 percent) and from the CSIRO grass fire nomograms (Cheney
1997). The curve of ROS vs. EWS for each fuel type is derived from the
averages of inputs summarized below.

1. Grass fuels are represented by FBPS fuel models 1 and 3, the CSIRO
grassfire model, and at high windspeeds by observed spread of Australian
grass tires (Cheney 1997).

2. Crown fuels are represented by FBPS fuel models 5, 6, and 7, and
observations of crown fire in brush and in timber (including Range and
others 1982, Rothermel 1991).

3. Litter fuels are represented by FBPS fuel models 8, 9, and 10.

Slash fuels are not explicitly considered in FLAME, as they are uncom-
mon in wildfire environments, but they can be considered via adjustment of
standard ROS-ratios. The number of permutations between fuels rises rapidly
as the number of fuels considered increases, and to keep the system simple
unnecessary variations in fuel type are not included. However, it is possible
to address a lot of variation from the standard by making adjustments to
the standard FLAME outputs. Specific adjustments to FLAME outputs are
described later in this paper.

Crown fuel ROS observations—Summarized in figures 2 and 3 are observa-
tions of crown fire ROS as a function of 20-ft windspeed (which in FLAME
is taken to be the midflame windspeed for crown fire). Best-fit 2"d-order
polynomials are displayed on the graphs, together with the regression co-
efficients (here R represents regression coefficient, but later R represents ROS).
Observed crown fire data used in the graphs are shown in the accompanying
table. The data used to represent the crown-fuel group ROS values for the
FLAME standard curves were derived from the regression plots.
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Figure 2—Observed crown fire ROS in brush fuels are plotted against 20-ft windspeed (for cases
shown). Overall topographic slope in these cases was slight. Best-fit 2"d-order polynomial curve
and regression coefficient are shown. <ROS> denotes the spread rates as averages.
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Figure 3—Observed crown fire ROS in timber fuels are plotted against 20-ft windspeed (for cases
shown). Overall slope was not a major direct influence on ROS. Best-fit 2"d-order polynomial curve

and regression coefficient are shown. <ROS> denotes the spread rates as averages.

The data shown encompass considerable variation in species and structure,
and in fuel moistures. The brush fires were in Great Basin shrubs (such as
sagebrush and antelope brush), chaparral (both interior and maritime), and
Gambel oak. The timber fuels (mostly from the Northern Rockies but also
New Mexico, included pines, firs, and spruce). Each had its own live fuel
moisture, and dead FMs varied as well. In spite of that variation there is
strong and consistent correlation of ROS with windspeed in brush crowns
and in timber crowns. Changes in ROS can be related to changes in EWS
with good accuracy, over a broad range of crown fuel types. And crown fuels
can be treated as a group with adequate results.

Overall, the ROS data for timber fuels tend to represent long-term spread,
including periods of discontinuous crown fire. The brush fire data tend to
represent shorter, more continuous crown-tire spread. An upward adjustment
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of crown ROS by 1.7X (Rothermel 1991) to better reflect the faster con-
tinuous portions of the spread shows it to match the brush ROS data almost
exactly (see fig. 4, later in this paper). The similarity in brush versus timber
ROS, together with the well grouped FBPS model outputs, allow a treatment
of crown fuels as a single fuel type with good results, as will be developed
below.

Crown fuel-model representatives—FBPS fuel models 5 and 6 are good
representatives for crown-foliage fire spread in shrub/brush fuels. Model 7
represents fire spread in crown fuels typical of the Southeastern United States.
FBPS fuel model 4 tends to predict ROS that are too high. Calibrations of
fuel model 4 suggest that its outputs be reduced by at least half. Given the
other, more accurate models for fire spread in brush, and the crown fire
observations, fuel model 4 was not used. Fuel models 5, 6, and 7 have very
similar ROS outputs and, together with the above crown fire observations,
are used to represent fire spread in crown foliage in constructing the FLAME
standard curves.

Litter fuel representatives—EBPS fuel models 8, 9, and 10 are all used.
ROS outputs for models 9 and 10 are similar. ROS outputs for fuel model
8 tend to be only about one-third of the litter-fuel average, and when such
compact short-needle litter fuels dominate fire spread, the FLAME outputs
can be adjusted (the ROS-ratio is increased) to reflect the slower spread in
the litter.

Compiling the data—The following data were averaged to produce the
points that define the FLAME °‘standard curves’ (fig. 4), the curves that
characterize ROS for each fuel type as a function of EWS.

e Grass: The average of models 1 and 3, CSIRO grassfire model, and
grass fire ROS observation on the Australian Narraweena Fire of 1983
(which helps to define the curve at high windspeeds); data points at
EWS 1 through 10 mi/hr and 30 mi/hr (30 is an observation; model
1 hits wind limit at < 9 mi/hr)

e Crowns: The average of models 5, 6, & 7, and best-fit curves for observed
ROS in brush and in timber (which also reflect higher windspeeds); data
points at EWS (mi/hr) of 3, 6,9, 12, 15, & 18.

e Litter: The average of models 8, 9, & 10; data points at EWS 1 through
9 mi/hr.

Deriving the Dependence of ROS on Fuel Type and EWS

The FLAME standard curves (fig. 4)—The data for each fuel type (grass,
crown, litter) have some scatter within the group, but do not overlap; each
fuel type is uniquely and separately characterized (especially when the faster
components of average timber ROS are considered). The resulting degree
of variation in predictions will be defined in discussions of accuracy below.
You can visualize the ‘sector’ of fuels represented by each standard curve in
figure 4:

e The grass group is at about ‘1 o’clock.’

® The crown group is at about ‘2 o’clock’ and extends from the points above
the curve to the first set below the curve (the brush and ‘continuous
timber’ points, but not the ‘average timber’ points, as will be explained
below).

e The litter group is at about ‘3 o’clock.’
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Figure 4 —Standard FLAME curves. ROS (ch/hr) on the vertical axis as a function of EWS (mi/hr), for each
model or observation set used to generate the standard curves (grass fuels in yellows, crown fuels in
greens, litter fuels in purple, blue, and brown). Standard curves are the best-fit power curves for each fuel
type, with the defining equation shown. As will be explained below the curves are effectively truncated

at EWS = 0.5 mi/hr.

Best-tit FLAME curves could be defined by polynomials and would offer
good approximation to the data. However, it is necessary to compare values
(as a ratio) between standard curves, and quotients of polynomials are not
easily handled analytically. Therefore the standard curves are defined by best-
fit power curves, which are amenable to analytic solutions when combined as
ratios. The fit of the power curves to the average ROS values within each fuel
types is quite good, with regression coefficients of at least r2 = 0.99. R, the
ROS (not to be confused with earlier use of R as the regression coefticient),
is in ch/hr; W, the EWS, in mi/hr.

The equations of the FLAME standard curves for each fuel type are (in
the form expressed in equation 1 below):

o Grass: Ry = 14.4 (W)1:232
e Crown: Rigwn = 4.87 (W)L.146
* Litter: Ry, = 1.03 (W)1213

ROS-ratio for cases involving no change in fuel—Each fuel type has a unique
ROS dependence on EWS, a unique wind response, as retlected in the ex-
ponent in the power equation (this paper would be a lot shorter if that were
not so). To characterize changes in EWS in cases where there is no change in
fuel the exponents are averaged, to give the ‘no-fuel-change’ dependence of
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ROS-ratio on EWS-ratio (for all fuels), as derived below. The accuracy conse-
quences of using an average wind-response coefficient are evaluated in treating
the wind response of all fuels the same in the ‘no-fuel-change’ case.

The general ROS equation (from regression curves) for a given fuel type is:

R = o (W)B Eq. 1

Where R is ROS; a is the fuel coefficient; W is the EWS; B is the wind-
response coefficient.

For change in EWS (in a given fuel), where Rg = Ryyrger / Rypatter 18 the
ROS-ratio, Wg = Wigrger / Womalier s the EWS-ratio, the FLAME ROS-ratio
will be

RR = Rlarger / 1{smaller = [(X (Wlarger)B] / [0‘ (Wsmallcr>ﬁ] = (WR>B Eq 2
The average of Bgrass = 1.232, Berown = 1.146, and Bjjer = 1.213 is:
Baverage =1.20

Therefore for EWS changes only (no fuel change), the ROS-ratio is given
by

RR = (WR)LZO Eq 2a

ROS-ratio for cases involving both a change in fuel type and in EWS—ROS-
ratios are formed for change between litter and crown fuels, between crown
and grass fuels, and between litter and grass fuels. Note that the equations
express an ROS-ratio that can describe a fuel change in either direction (for
example litter to crown, or crown to litter), and either a reduction or an in-
crease in EWS. The conventions regarding whole-number (versus fractional)
ROS-ratio are detailed below in the section on The net effect on ROS.

Consider a change from an initial fuel-type and initial EWS to a final fuel
type and final EWS, as expressed by the ROS-ratio Ry. Here are the quanti-
ties involved (where Ry and Wy apply to a more general case than the ratios
used in equation 2).

R = initial ROS; Ry = final ROS; W = initial EWS; Wg = final EWS;
W =Wg/W;
Using equation 1, where here parameters oy and B; correspond to the

curve for the initial fuel, o and Bg to the curve for the final fuel (as shown
on fig. 4):

Initial ROS R; = (XI(WI>BI; and final ROS Ry = O(,F(WF)BP

Ry = Rg / Ry = [0p(Wg)PF] / [og(W)P]; and since Wi = (Wp)(Wy),
then
Ry = (0 /o) (W )BE=BD (W)BF | the basic ROS-ratio equation Eq. 3

What do the terms in equation 3 mean?—Consider first the case in which
Wy =1, and the equation represents a case in which there is no change in
EWS, strictly a change in fuel, then:

Ry = (0 /op) (Wy )B=BD (for no change in EWS)

For a given W, Ry above represents the ratio of ROS typical of fuels o:&
oq at that EWS. The fraction (og /0y) itself represents the ratio of ROS in
the different fuels at an EWS of Wy = 1 mi/hr.

The term (W;)(B¥-BD incorporates the fact that as Wy varies, the relative
ROS between different fuel types changes, reflecting the difference in the
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wind-response coefficients between fuel types. In other words, the relative
ROS in the different fuels changes slightly as actual EWS changes...the rela-
tive ROS is slightly different at EWS of 3 mi/hr versus that at 6 mi/hr. One
way to visualize it is that the relative spacing of the FLAME standard curves
in figure 4 changes slightly as EWS varies, because each curve bends upward
at slightly different rate (due to their different wind-response coefficients). If
Br and By were equal, the dependence of relative ROS for different fuels on
EWS would vanish. As will be shown later in the sections on evaluating the
accuracy of FLAME, the ROS-ratio is only weakly dependent on the term
(W1)(BE-BD "and that effect introduces only a small error (usually less than
10 percent).

We can consider (W)= BD to be a constant, C, once we’ve chosen a
standard Wy. For changes from litter to/from either crown or grass fuels
Wi will be set at 2 mi/hr, and for changes from crown to/from grass fuels
Wi will be set at 15 mi/hr (as explained below in the section on The specific
equations for combining fuel and wind changes). The consequences of those
values of WI will be evaluated quantitatively in the section on The dependence
of ROS-ratio on actual EWS (in addition to the EWS-ratio).

The third term in equation 3, (Wy)PF, represents the influence on ROS-
ratio of a change in EWS (via the EWS-ratio). The wind-response coefficients,
B, are a bit greater than 1 (ranging from 1.146 to 1.232), which indicates that
a given increase in EWS produces a little greater increase in ROS.

Rewriting Equation 3 with the constant C gives

Ry = C (a5 /og) (Wg)PF Eq. 3a

Equation 3a embodies the essential point of the FLAME process, with
the fireline input shown in bold. A huge range of significant fire-behavior
change, expressed by the ROS-ratio, Ry, can be described by just two things:
the knowledge of the change in fuel types (represented by o /0y), and the
degree of change in windspeed (via the EWS-ratio, Wy). You can visualize
the standardized fuel coefticients as representing the relative change in ROS
between two different fuel-type curves at a standard EWS (either 2 mi/hr
or 15 mi/hr), with the further effect of changes in EWS represented by
movement along the appropriate standard curve an amount specified by the
EWS-ratio.

The net change in ROS, slower or fuster?—The expression in equation 3 is
analytically complete and covers all possible cases of speeding up or slowing
down. Initial fuels can be slower or faster than final fuels; initial EWS can be
slower or faster than final EWS. An ROS-ratio <1 will indicate that the fire
is expected to slow down as fuel and EWS change. But applying fractional
EWS-ratios and interpreting fractional ROS-ratios can be awkward for the
FLAME user, so equation 3 is used to generate a user-friendly lookup table
containing only whole-number ROS-ratios and EWS-ratios.

For most real-world cases (especially those changes that threaten firefighter
safety), the ‘slower’ fuel experiences the lesser wind, and the ‘faster’ fuel
experiences the greater wind. For example, litter (the slowest fuel) under
a stand will feel less wind than will overlying crowns (a faster fuel). So in
practice ROS-ratio = (larger ROS)/(smaller ROS), and EWS-ratio = (larger
EWS)/(smaller EWS). The user avoids working with fractional ratios, and
simply keeps track of whether the change will be an increase or a decrease
in ROS.
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Table 1 shows the four possible combinations of ‘faster” and ‘slower’ for
fuels and EWS. The most common ‘big change’ combinations by far are
those that fall into the upper left or the lower right quadrants of the table.
Those are combinations where the change in fuel type and the change in
EWS reinforce each other in increasing or in decreasing the fire ROS—they
effectively multiply together to produce the final ROS-ratio that is shown in
the main section of table 2, the basic FLAME table. The lower left and upper
right quadrants show combinations where the change in fuel type and the
change in EWS oppose each other, with the dominant change determining
whether the net effect is to reduce or to increase the ROS. Direct changes
between grass and crown fuels are the most likely possibility for such cases. For
example, a fire backing in grass (a fast fuel) could then move up a slope with
increased wind in crown fuels (a slower fuel). Such situations are covered in
the rightmost two columns of the FLAME table (table 2), or by a technique
described below in the section When changes have opposing effects.

Table 1—The several possible combinations of change in fuel type and change in EWS and the net

change in ROS that could result.

Change in EWS
Change Faster Slower
in fuel Faster ROS always increases increase or decrease
type Slower increase or decrease ROS always decreases

Table 2—Rate-of-spread ratios (R in the equations) as a function of changes
in fuel and changes in effective windspeed. The table is generated by
application of equation 3a. The left-hand column shows the EWS-ratio
(WR in the equations), the factor by which EWS changes. Each column
corresponds to a change between particular fuel types (or to no change).
Table values express the ROS-ratio that results from the combined change
in EWS and fuel. The left side applies to cases in which fuel and wind
changes reinforce. Cases in which changes in wind and fuel have opposing
effects are handled with the rightmost two columns. Highlighted ROS values
define a range that includes situations associated with fireline fatalities.

FLAME Table (source of ROS-ratios)

EWS biggest in faster fuel | EWS less in grass

Litter Litter Crown Crown Litter
EWS- No fuel  toffrom  to/from  to/from to/from to/from
ratio change  crown grass grass grass grass
Nochg 1 1 4 14 4 4 14
2 2 10 30 8 2 5
3 4 15 60 13 1 3
4 5 20 80 20 2 3
5 7 30 100 27 2 2
6 9 35 130 35 3 2
8 12 50 180 4 1
10 16 60 240 5 1
12 20 80 300 6 2
16 30 100 440 8 2
20 40 140 600 10 3
24 50 180 700 13 3
30 60 220 1000 17 4
40 80 300 1300 23 6
50 110 400 1800 30 8
60 140 500 2200 40 10
80 200 700 3100 60 16
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The specific equations for combining fuel and wind changes—The specific
parameters (analogous to o and [ in equation 1) for each fuel type are (see
the FLAME standard curves in fig. 4):

e For grass fuels: oG = 14.4; B = 1.232
* For crown fuels: o = 4.87; B¢ = 1.146
e For litter fuels: oy = 1.03; By = 1.213

The ‘o’ coeftficients measure the effects of fuel type on ROS (for the above
values, at EWS= 1 mi/hr)—indicating that litter is the slowest fuel, crowns
faster, and grass the fastest fuel. The ‘B’ coefficients measure the response
of ROS to changes in EWS. B-coefficient comparisons reflect the fact that
grass is a little more wind-responsive than litter fuels, and that litter fuels
are a little more wind-responsive than crown fuels (as characterized by the
FLAME standard curves).

The final equations 4, 5, and 6 (below) are obtained from equation 3 by
inputting the above specific values of o and B to represent the initial and
final fuels. For changes from litter to/from either crown or grass fuels the
standard initial EWS is set at W = 2 mi/hr, and for changes between crown
and grass fuels the standard EWS is set at W = 15 mi/hr. Those ‘standard
values’ of EWS are chosen because each falls at the ‘geometric’ midpoint of
a reasonable range of actual EWS (+/- 4X or +/- 3X). For cases in which
there is no change in EWS, Wy = 1, and the approximate relative change in
ROS between fuel types can be gauged from the fuel-change coefficients
(4.51, 3.73, and 14.2)—that relationship varies slightly at W away from the
standard W1. ROS in crown fuels is roughly 472 X faster than in litter (less
difference with increasing EWS), ROS in grass fuels is roughly 3% X faster
than in crowns (more difference with increasing EWS). Those figures do not
multiply to give exactly the relationship between litter and grass fuels because
they represent different ‘standard EWS’ values (otherwise they would).

Litter to/from crown fuels:
Re / Ry = (4.87/1.03) (2)(1146-1.213) (W )1.146 = 4 5] (W)!1-146 Eq. 4

Crown fuels to/from grass:
R/ Re = (14.4/4.87) (15)(1:232-1.146) (W 1232 = 3 73 (Wy)1-232 Eq. 5

Litter to/from grass:
Ro/Ry = (14.4/1.03) (2)(1:232:1.213) (W)1-232 = 142 (Wy)1-232 Eq. 6

The above equations are used to generate the table of ROS-ratios used in
FLAME (table 2 and appendix B table B2), as a function of the two fuels
involved and of the EWS-ratio. In the main part of the table (center three
columns) a change in fuel and the change in EWS are assumed to reinforce
(which is usually the case) to cause a net decrease or net increase in ROS.
The less common cases where the change in fuel opposes the change in EWS
(such as fire backing down a slope in grass, then running up the next slope as
a wind-driven crown fire) are handled in the rightmost two columns. Those
exceptional cases can also be handled by a technique described briefly in
the section below on Adaptation to nonstandard cases. The same ROS-ratio
can describe either a net increase or a net decrease in ROS (in other words,
a fire could go 6X faster or 6X slower). Tabled numbers have been rounded
off (within about 10 percent accuracy) to make for easier application and
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interpolation, and physically unrealistic combinations are left blank.

To use the table join the EWS-ratio row with the column describing the fuel
change, and read the ROS-ratio. For example, a 6X increase in EWS together
with a transition from fire in the litter into the crowns would result in an
increase in ROS of about 35X (or in the opposite case, a decrease of 35X).

Adaptation to nonstandard fuels—There are cases where fire is burning in
a mix of fuel types. In those cases FLAME can be applied assuming each of
the fuel components separately, and then averaging the two predictions. For
example, a litter fire moves into a fuelbed of grass and shrubs. The change
can be separately treated as ‘litter to grass’ and as ‘litter to crown’; and the
two ROS-ratios averaged.

Also, there are real-world fuels that are not a good match for one of the
standard fuel types, and those can be treated as described above. For example,
fuel model 2 ‘grass’ is a mixed fuel that has typical ROS values that lie between
crown and grass values (at a given windspeed), and averaging FLAME predic-
tions for a change-to-crown with a change-to-grass gives workable results.
For example, with a fuel change from litter (avg of models 8,9, 10) at EWS =
4 mi/hr to ‘model 2” at EWS = 12 mi/hr BehavePlus predicts ROS-ratio =
51X. The average of the separate FLAME ROS-ratios = 60X.

Slash fuels have average ROS values that are approximately 1.5X the aver-
age litter ROS. ROS-ratios for slash fuels can be estimated by adjustment of
the ROS-ratio obtained using the litter fuel type. The ROS-ratio for litter-
to-slash would be 1.5X the no-fuel-change ROS-ratio. The ROS-ratio for
changes between slash and crowns (or slash and grass) would be two-thirds
of the litter-to-crown (or litter-to-grass) ROS-ratio.

When changes have opposing effects—Consider the case of a change in fuel
type and an opposing change in EWS, such as a backing fire in grass becom-
ing a wind-driven upslope fire in crown fuels. There are two ways to do it.

1. Simply do the FLAME prediction in two parts. First, use the ROS-table
to predict the effects of just a change in fuel type. Second, predict the
ROS-ratio that would result from just the change in EWS. Then divide
the bigger ROS-ratio by the smaller ROS-ratio (keeping track of whether
the speed-up or the slow-down in ROS will dominate). For example, an
EWS increase of 20X would alone produce an increase in ROS of 40X. A
change from ‘faster’ grass to ‘slower’ crown fuels would alone produce a
decrease in ROS of about 4X. So the net change in ROS would be about
40/4 = 10X. Note: this ‘two-step’ approach is applicable to any FLAME
application.

2. The appropriate section of the FLAME table can also be used, ‘EWS is
less in grass’. For the above example an EWS-ratio of 20X combined with
a change from grass to crown fuels yields an ROS-ratio of 10X. (Minor
discrepancies between the methods can result from round-off errors, and
because the wind response of each fuel differs slightly from the average
used in the ‘no-fuel-change’ case.)

Evaluating the Accuracy Limits

The FLAME-prediction performance standard—FLAME should be simple
and practical enough to be used, and accurate enough to be useful. Presently
firefighters have no routine and systematic process for assessing fire behav-
ior on the fireline, and for focusing on changes. The tull application of the
fire model requires more input information and more processing capability
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than is realistic or available on the fireline, and yields outputs that require a
map or a way of gauging distance in units such a feet or chains. FLAME is
designed to fill that gap between no system and the full system. The specific
goals for FLAME accuracy are:

1. That at least three-fourths of the predictions of ROS-ratio will be ac-
curate within a factor of +/— 2X compared to FBPS predictions or to
real-world observations. ‘+/— factor of 2X” means that the real ROS-ratio
falls between the half of and twice the FLAME-predicted ROS-ratio—for
example, for a FLAME ROS-ratio of 80X that the actual ROS-ratio
falls in the range 40X to 160X. ‘Factor of 2X’ is easy to remember and
apply, and spans a fairly realistic range of variations in many real-world
processes. (The uncalibrated application of the FBPS is characterized as
having that same level of accuracy, +/- factor of 2X.)

2. That no FLAME predictions mislead firefighters in their safety judg-
ments. This qualitative accuracy goal, that FLAME predictions inform
but do not mislead safety judgments, is the most relevant and important.
This indeed could probably have called the first goal.

How might the accuracy range of ROS-ratio affect safety judgments, at each
application level?

Initial application (identifying the next big change): Following the
FLAME process a firefighter will be able to identify the large potential
changemakers in the situation. The dominant changemakers are well char-
acterized in FLAME (EWS and fuel type). The relative order of fuel types
by ROS characteristics is correct and nonoverlapping, and the wind-depen-
dence of ROS is well represented. So the initial application can be relied on
to highlight the dominant changemakers, identify the next big change, and
give the correct sense of decrease or increase in ROS.

Standard application (using the ROS-ratio as a guide to dangerous
situations): Given that fireline fatalities correlate strongly with large ROS-
ratios (preliminary data suggest ROS-ratio > approx. 60X is a common
denominator), it is valuable for the predicted ROS-ratio to alert a firefighter to
a potentially life-threatening situation. When the firetighter applies FLAME
and obtains an ROS-ratio, he or she will double that prediction and con-
sider the larger ROS-ratio as a guide to potential danger. And if the larger
ROS-ratio is getting near the ‘danger zone’ prudence demands that safety
judgments will be based on that potential. For example, if the predicted ROS-
ratio is, say, 40X then twice that is 80X, and a firefighter should carefully
evaluate the risks and benetits before committing to an action. Therefore, a
FLAME ROS-ratio of 30X (while the actual ROS-ratio is 60X) would still
alert the firefighter that he/she faces a level of change known to be associ-
ated with fireline fatalities. Also, the FLAME system tends to overpredict
ROS-ratios.

Complete application (predictions of the fire-spread timeline): Con-
sider two extreme possibilities: first a case of large ROS-ratio, and second a
case of small ROS-ratio.

Large ROS-ratio: Suppose the ROS-ratio is 200X, with ROS increasing,
and that it suggests the fire will reach a given point in about 10 minutes.
Applying the error range of 2X means the fire’s travel-time should be con-
sidered to fall between about 5 and 20 minutes. The difference between the
predicted and actual travel times is only —5 minutes or +10 minutes, and
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operationally that is not a huge difference....certainly one should not try to
cut any safety-essential actions too close to save 10 minutes. Assume the worst
case and act wisely (how better to spend the ‘extra’ 10 minutes?). The point
is that the time scale is short in any case, and even the inaccuracies are only
on the order of minutes. Suppose the ROS-ratio is 200X, but the fire will
slow down, suggesting the fire might reach a certain point in 6 hours. Ap-
plying the factor of 2X means that fire travel-time should fall between 3 and
12 hours. The actual variation from predicted spread time, up to 6 hours, is
a long time. But the important point is that the firefighter will have hours to
continue to observe the fire and to reevaluate the FLAME prediction.

In a sense, the consequence (on predicted fire-spread times) of errors
associated with large ROS-ratios is ‘self limiting’ in that for large increases
in ROS the response time is short in any case, while for large decreases in
ROS there is ample time to update and adjust the prediction.

Small ROS-ratio: A small ROS-ratio means that the fire behavior is not
expected to change dramatically. In that case, changes from the current fire
behavior will be gradual. Variations of 2X from that ROS could be noticed
before creating the sudden and extreme changes that put lives in danger.
With the expectation of modest changes in fire behavior the firefighter would
have the chance to observe and update the FLAME prediction, all the while
looking ahead to the next big change.

It is important to keep the accuracy of the FLAME system in perspective.
It is not perfect, but it is much better to have a helpful prediction than to
have none, to call attention to important factors and the potential for signifi-
cant change than to be unaware. And any system, even the most accurate, is
fundamentally limited by the accuracy of inputs on fire environment factors
(an especially challenging one being the actual midflame windspeed). There
will be cases where FLAME falls short of the ‘+/— factor-of-2X’ standard.
The same is true for any of the operational prediction systems. (For example,
model-predicted ROS for a litter fuel that falls between fuel models 8 and 9,
in a situation where the sheltering is between wind-reduction factors 0.1 and
0.2, could vary by a factor of 9X depending on the inputs a practitioner might
reasonably choose.)

We can only provide the best tools we have and make users aware of their
limits—much better to have a decent, if imperfect, tool than no tool.

The dependence of ROS-ratio on the chosen standard EWS—Even though
the main cause of change in ROS (for a given fuel) is the change in EWS,
there is a weak dependence of changes in ROS on the actual EWS involved.
Recall the discussion above under What do the terms in equation 3 mean?.
How much accuracy do we lose in using values of the fuel coefficients fixed
at a ‘standard’ windspeed?

Consider two cases, otherwise identical, one in which the initial EWS is
W, and the other in which it is W,. Comparing the ROS-ratio in one case
(Ry;) with that in the other case (Ry,), with the initial and final fuels being
the same in both cases:

Rpo/Rgy = [(0F / 0) (Wz)(BF_ﬁI) (WR>BF] / [(0g / 0) (W1)<BF_BI)<WR)BF]

= (W, / W) BF-BD Eq. 7
Note that W, / W here represents the ratio of two possible initial EWS values,
not an initial and final EWS. This can be viewed as a case where one of those

EWS values is the chosen ‘standard” EWS, and the other is the actual EWS
for a particular fireline situation. The error in the ROS-ratio that results from
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an actual EWS that differs from ‘standard” EWS is a function of the ratio of
those EWS values, (W, / W)).

For fires in litter a realistic range in EWS values might be from EWS = 0.5
mi/hr (a backing fire) to EWS = 8 mi/hr. Compared to the assumed standard
EWS which was set at EWS = 2 mi/hr, the maximum value of (W, / W) in
equation 7 would be 4. For the case of transition from litter to crown fire,
the variation introduced into the ROS-ratio by using that standard EWS
would then be (using equation 7).

Rgry/ Ry = (4)1146-1.213) - (0 91, implying an error range of about +/— 9
percent

For the same assumed range in the actual EWS, and a transition from litter
to grass,

Rgry/ Ryy = (4)(1:232-1.213) = 1,026, which implies an error range of about
+/— 3 percent

Similarly, for transitions between crown and grass fuels a variation in
actual EWS from 5 mi/hr to 45 mi/hr, a maximum 3X deviation from the
‘standard’ EWS of 15 mi/hr, would result in:

Rry/ Ryy = (3)(1:232-1.146) - 1 1 which implies an error range of about
+/— 10 percent

We can see from the above examples that the error introduced by assum-
ing a standard EWS, and using the EWS-ratio alone to judge wind-induced
change, is small, generally less than +/- 10 percent. Furthermore, due to
its dependence on a small exponent, that error grows slowly with ranges of
initial EWS much wider than assumed above.

Treating the wind rvesponse of all fuels the same in the ‘no-fuel-change’
case—For simplicity in application, changes in EWS only (with no fuel change)
are treated with an equation that averages the wind-response effects (the
B-coefficients) of the different fuels. How large is the error introduced by that
approximation? We use equation 2 to express the ROS-ratio for an actual
(Bact) and for the average B (Bayg), and compare the resulting ROS-ratios. Rg
act and Ry avg represent the ROS-ratios using actual B-coefficients versus
the average -coefticient (= 1.20) respectively.

(Rract)/(Rr ave) = Wyt / Wyhovs = (Wy)(Bacepave) Eq. 8

Considering a large EWS-ratio in grass or litter to be on the order of 20X,
and in crown fuels to be about 4X (the ‘low end” of EWS pushing crown
fires is much greater than for litter or grass, and therefore the total range in
EWS-ratio for crown fires is less), the error introduced by using the average
wind response in the ‘no fuel change’ case is about:

o for grass: (R act)/(Rravg) = 1.1, which implies an error of 10 percent
(with the FLAME prediction too low)

e for crowns: (Rr act)/(Rr avg) = 0.93, which implies an error of 7 percent
(with FLAME prediction too high)

e for litter: (R acT)/(RRr avg) = 1.04, which implies an error of 4 percent
(with the FLAME prediction too low)

Such deviations fall well within the goal of factor-of-2X accuracy, and there-
fore simplifications embodied in the average wind-response factor for the
‘no-fuel-change’ case are not problematic.
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Summary of accuracies of the above analytical simplifications—The various
simplifications that are required to deal with the exponential dependence of
ROS on EWS and with the different B-coefficients for each fuel type intro-
duce errors in ROS-ratio that typically range from a few percent to about
10 percent. In a further ‘direct test’ comparisons of ROS-ratios computed
directly using the raw ROS equations (equation 1, with specific coefficients
for each fuel) with ROS-ratios computed from equations 4, 5, or 6 also show
variations of less than 10 percent. Those errors are within the accuracy goal,
and are normally subordinate to the errors introduced by imperfect inputs
(especially of uncertainties in windspeed).

The variation of ROS within o« FLAME fuel type—The largest simplifica-
tion embodied in FLAME is treating a variety of fuels as a single fuel type,
with regard to ROS. For example, crown fires in brush and in timber are
considered all as one type of ‘crown fire’. To assess the deviations introduced
by the simplification of treating all fuels within a group as one fuel type, the
following measure is used. For a given EWS, the associated ROS for a specific
tuel is compared with the ROS associated with the FLAME standard curve
(fig. 4) for that fuel type. For example, at EWS = 6 mi/hr, the grass-fuel
curve shows ROS = 134 ch/hr, while fuel model 3 predicts 148 ch/hr. The
deviation of fuel model 3 from the FLAME curve in that case is +9 percent.
Similarly derived deviations are shown for a range of EWS values in tables
3 through 5 using the formula: [(fuel-specific value)/(standard-curve value)
-1 ] X 100. Positive values of the deviation indicate that the specific fuel type
is faster than the standard curve.

The standard curve for crown fuels is constructed from FBPS fuel models 5,
6, and 7, observed ROS in brush fuels, and observed ROS in timber fuels. The
timber fuels are the slowest of the lot. However, the timber observations are
dominated by averages over considerable times and distances, encompassing
sustained crown runs and discontinuous crown fire. The brush observations
are dominated by data from shorter, continuous crown runs. We can consider
the shorter, sustained crown spread in timber to be faster than the long-term
average (Rothermel 1991 estimates that maximum ROS in timber is often
approximately 1.7X the average ROS), and that corresponds closely to the
ROS observations for brush. The larger data set of longer-term-average timber
ROS observations was used in constructing the standard curves, and overall

Table 3—Deviations of ROS for individual grass fuel representatives
from the grass-fuel standard curve, at a range of effective
windspeeds. Positive deviation values indicate that the actual
ROS for a representative fuel would be higher than the ROS
suggested by the FLAME standard curve; negative deviations
indicate the representative ROS is lower than the standard curve.
The apparent jump in average deviation at EWS =9 mi/hris due in
part to the loss of fuel model 1 data points above its wind limit.

EWS in mi/hr
3 6 9 30
Model 1 -33% | +1%
Model 3 +19% | +9% | +20%
CSIRO +15% | -10% | -20% | -6%

Average absolute
deviation from standard | 22% | 7% 20% 6%
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Table 4—Deviations of ROS for individual crown fuel components from the crown-fuel standard
curve, at a range of effective windspeeds. Positive deviation values indicate that the
actual ROS for a representative fuel would be higher than the ROS suggested by the
standard curve, negative deviations indicate the representative ROS for that fuel is lower
than the standard curve. The FLAME standard curve for crown fuels is weighted toward
the relatively higher ROS expressed in fuel models 5, 6, 7, and lies above observed
crown fire ROS (except in one low-wind case). It is intentional to err on the side of not
underpredicting the increase in ROS associated with the transition from litter fire to
crown fire, because that dangerous event has too often killed firefighters. The original
data for ROS in timber are dominated by observation of long-term averages (which
include sustained runs and discontinuous crown fire). FLAME is aimed at predicting the
shorter term, sustained fire behavior, so a comparison is also made here to a timber
ROS adjusted by 1.7X to more realistically represent that behavior. In that comparison,
timber ROS closely matches brush ROS, and therefore supports the strategy of treating
all ‘crown fuels’ the same with regard to ROS.

EWS in mi/hr
6 9 12 15 18
Models 5, 6, 7 averaged +12% | +18% | +22% | +24% | +25%
Brush observervation ROS +6% | -7% -14% | -19% | -22%
Timber observation ROS -36% | -45% | -49% | - 48% | -53%

Timber ROS adjusted by 1.7X

to represent continuous runs

Average absolute

deviation from standard using | 9% 10% | 17% | 20% | 23%

adjusted timber ROS

Average absolute
deviation from standard
using long-term average
timber ROS

+9% | 6% -14% | -18% | -21%

16% | 20% | 26% | 30% | 30%

Table 5—Deviations of ROS for individual litter fuel representatives from the litter-fuel standard
curve, at a range of effective windspeeds. Positive deviation values indicate that the
actual ROS for a representative fuel would be higher than the ROS suggested by the
standard curve, negative deviations indicate the representative ROS is lower than the
standard curve. Fuel models 9 and 10 are similar in ROS, but fuel model 8 has much
lower ROS (a factor of about 3X less than the standard curve). To more realistically
treat a case involving ‘slow’ model 8 litter fuels, the user can apply a correction factor
of 3X to the FLAME ROS-ratio. Deviations of ‘model 8’ litter fire ROS from a ‘corrected’
ROS are covered in the lower two rows of the table.

EWS in mi/hr
1 3 6 9
Models 9 and10 averaged | +40% | +36% | +33% | +41%
Model 8 -70% | -70% | -67% | -72%

Average absolute
deviation from standard 50% | 47% 44% 51%
Model 8 deviation from
‘adjusted’ FLAME -9% -9% 0% -15%
standard

Average absolute
deviation from standard
curve with adjustment
for ‘compact’ litter

30% | 27% 22% 32%

USDA Forest Service Proceedings RMRS-P-46CD. 2007. 47



Technical Background of the FireLine Assessment MEthod (FLAME)

the balance represented by the standard curve seems satisfactory. Even with
the timber ‘average’ ROS values built into the standard FLAME curves, the
standard curve is ‘faster’ than the observed-crown-fire representative points.
Given the FLAME intent of predicting short-term changes, the comparison
between the standard curve and the faster ROS in timber is a more appropriate
measure of how a FLAME prediction might compare to actual continuous
crown-fire runs in timber. Therefore, in evaluating the fit between ‘timber’
ROS and the standard crown-fuel curve the adjusted timber ROS is also
considered.

The standard curve for litter is constructed from FBPS fuel models 8, 9,
and 10. Fuel models 9 and 10 have similar ROS characteristics. Fuel model
8, representing compact, short-needle litter displays considerably slower ROS,
about 3X slower than the litter fuel average. The effect of model 8 is to lower
the standard curve, and the effect of lowering the standard curve is to over-
state, if anything, the increase in ROS accompanying a transition to crown
tire (FLAME intentionally leans toward not underpredicting such a dangerous
change). Most litter fuels tend to be more like fuel model 9 or 10.

However, given that the ROS in litter is often the denominator in gener-
ating an ROS-ratio, a large error could arise in cases where the fire was in
‘model 8’ litter. Such cases can be readily handled by multiplying the FLAME
ROS-ratio by about 3X (though for simplicity, and because most litter is not
as ‘slow” as model 8, the practical adjustment guideline is to multiply the
ROS-ratio by 2X when ‘compact litter’ is involved).

Dealing with the imprecision in fuel types—The simplest way to handle the
variations of ROS within a given fuel type is to accept them—most of them
fall well within the +/- factor-of-2X (=50 percent or +100 percent) goal.
The notable exception is the ‘slowness’ of model-8 litter fuels, where actual
ROS-ratios could exceed by 3X the FLAME-predicted ROS-ratio. The main
consequence of such underprediction of a large increase in ROS-ratio would
be on the fire-spread timeline. In cases of large ROS-ratio the operational
impacts of such inaccuracies are small because they affect timescales that are
already short enough to suggest the need for timely actions (as noted in a
previous section, Complete application). As with the FBPS, a practitioner can
improve its accuracy considerably by observing and calibrating.

A practical and straightforward way to improve the accuracy of FLAME
predictions is to make an adjustment to the ROS-ratio, or to average two
ROS-ratios, based on known characteristics of the given fuel. For example:
when dealing with compact litter (‘model 8’ fuels), double the predicted ROS-
ratio; for ‘model 2’ fuels average the change-to-crown and change-to-grass
outputs. See the section on Adaptation to nonstandard fuels.

A more sophisticated FLAME application tool could significantly improve
the accuracy of predictions involving changes in fuel type. The key improve-
ment in relating fuel types is to use the actual fuel coefficients (o) for the
specific fuels involved. Array the fuels on paired logarithmic scales by fuel
coefticient (like a slide rule), and apply user-friendly descriptions within each
fuel group, such as ‘sparse grass’ or ‘tall grass,” ‘flufty litter’ or ‘compact litter’
to the scale. Sliding the scales to align the two fuels in question would then
produce the ratio of their specific o-coefficients (exactly as a slide rule por-
trays a quotient), and the scale index could act as a pointer to the appropriate
column of ROS-ratios. The whole affair could easily be built in to a compact
calculator. It could also be an application on a hand-held computer.
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Comparing FLAME outputs to FBPS predictions—Following are several
examples of fire behavior events in which the ROS-ratio based on BehavePlus
output is compared to FLAME predictions (table 6). Where round-oft errors
in the FLAME table would complicate the comparisons the FLAME predic-
tions are obtained directly from the FLAME equations (equations 4, 5, 6)
rather than the tables. This is a clearer test of the basic system itself.

Table 6—Summary of the results of comparing FLAME ROS-ratio to the ROS-
ratio generated by BehavePlus (and in example 4 also from Rothermel’s
1991 crown fire nomograms). Absolute error averages 15 percent, standard
deviation of the errors 8 percent, largest error 26 percent.

Summary of BehavePlus | FLAME Deviation from
accuracy tests ROS-ratio ROS-ratio | BehavePlus
Example 1 2.6X 2.3X -12%
Example 2 500X 370X -26%
Example 3 162X 174X +7%
Example 4 56X 64X +14%

Example 1: A fire in burns with 3 mi/hr midflame windspeed in litter on
the lower portion of'a 20 percent slope; as it moves onto the upper slope the
midflame windspeed increases to 6 mi/hr.

BehavePlus (model 9): the initial ROS = 4.7 ch/hr; final ROS = 12.2 ch/hr;
ROS-ratio = 2.6X

FLAME: ROS-ratio = 2.3X

Deviation of FLAME from BehavePlus = —12 percent

Example 2: A backing litter tire on a 30 percent slope crosses to the opposite
slope and moves upslope in grass with an 6 mi/hr eye-level wind.
BehavePlus (models 9 and 1): initial ROS = 0.3 ch/hr; final ROS = 151 ch/hr;
ROS-ratio = 500X

FLAME: ROS-ratio = 370X

Deviation of FLAME from BehavePlus = —26 percent

Example 3: A fire creeping in litter up a 30 percent slope (EWS =1 mi/hr) tran-
sitions to crown fire in brush when the 20-ft wind increases to 24 mi/hr.
BehavePlus (models 8,/9 combined, model 5): initial ROS = 1.6 ch/hr; final
ROS = 263; ROS-ratio = 162X

FLAME: ROS-ratio = 174X

Deviation of FLAME from BehavePlus = +7 percent

Example 4: A fire in litter (EWS = 2 mi/hr) transitions to crown fire in
timber with 20 mi/hr winds (at 20-ft level).

BehavePlus (model 9) and Rothermel formula for Rocky Mountain timber,
adjusted by 1.7X to represent faster portions of the overall crown fire: initial
ROS = 2.5 ch/hr; final ROS = 83 ch/hr X 1.7 = 141 ch/hr; ROS-ratio =
56X

FLAME: ROS-ratio = 64X

Deviation of FLAME from BehavePlus-Rothermel solution = +14 percent
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All of above FLAME predictions fall within factor-of-2X accuracy
compared to BehavePlus (which in this test is considered to represent the
‘true’ value of ROS-ratio). FLAME overpredicts the danger presented by a
litter-to-crown fire transition (which errs on the side of safety). In the case
of underpredicting the grass fire case, the high FLAME ROS-ratio would
still alert the firefighter to the clear danger and would yield estimates of fire
travel-time that were within minutes of the BehavePlus prediction. In the
clearly ‘dangerous’ cases represented above (examples 2, 3, 4) the predicted
FLAME ROS-ratios (370X, 174X and 64X) fall in the range associated with
fireline accidents.

Comparing FLAME outputs to actual fireline incidents—The most relevant
test of the accuracy of FLAME predictions is against real-world fireline
situations. To provide a common basis for comparison of FLAME versus
real-world observations the ROS-ratio derived from fireline accident investi-
gations is compared to that predicted by FLAME (fig. 5). The details of the
assumptions used for FLAME application to these cases are in appendix A.
The FLAME prediction is based on the fireline information as it could have
been available to a firefighter applying FLAME—the idea is to evaluate the
FLAME process with good information, and not muddy the comparison
with inaccurate input. The documentation of the incidents is derived from
the official reports, also in the cases of the South Canyon and Dude fires
from on-site examination, and in all four cases from discussion with people
who were there or who have studied the incidents.

Incident Documented | FLAME Deviation
ROS-ratio ROS-ratio | from documentation
South Canyon Fire 500X 500X 0%
Dude Fire 480X 500X +4%
30-mile Fire 96X 100X +4%
Cramer Fire 124X 160X +29%
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Figure 5—FLAME ROS-ratios versus documented ROS-ratios for fatality cases cited
above. The diagonal represents perfect correlation between FLAME predictions and
documented values. Average absolute error is 9 percent, standard deviation of errors
15 percent, and maximum error 29 percent.
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In all of those cases, application of FLAME could have revealed the coming
change, would have indicated clearly that it was of a magnitude that should
be considered dangerous, and predicted with accuracies of order minutes the
time it took for the fatal fire run.

Accuracy summary—By the most important accuracy standard—informing
firefighter safety decisions and not providing misleading predictions that
compromise safety—FLAME succeeds against BehavePlus calculations and
in the four real-world cases above. Considering the three application levels,
FLAME would be reliable in identifying the next big change, would provide
good predictions of the magnitude of the ROS-ratio, and could suggest
realistic timelines of the fire’s advance.

The approximations inherent in the FLAME system—standardizing
relative ROS between fuel types, using an average wind response for all
fuels in cases of wind-change only, and treating similar fuels as a single fuel
group—all fall within the 2X range, usually well within. The target quan-
titative accuracy standard (ROS-ratio within +/- factor-of-2X in at least
75 percent of the cases) is difficult to fully evaluate simply due to a lack of
well-documented cases against which to test it. FLAME is within 2X of the
four real-world cases (absolute error averaging 9 percent, standard deviation
of the errors 15 percent, largest error 29 percent). And it is within 2X of
the four BehavePlus examples (absolute error averaging 15 percent, standard
deviation of the errors 8 percent, largest error 26 percent). But compared
to other possible BehavePlus examples it might not meet the ‘factor-of-2X’
standard, and how do you choose a representative set of BehavePlus examples
for which the 75 percent success rate is meaningful? As far as the incomplete
set of comparisons above allows, FLAME meets the quantitative ‘factor-of-
2X’ accuracy standard. Fuller evaluation awaits a larger set of real-world fire
behavior cases.

A note on future improvements—No doubt, improvements in the basic
fire behavior data, the models, and the application tools can make FLAME
more accurate and more usable. Such improvements will not be difficult to
incorporate and to disseminate to firefighters; they won’t have to ‘unlearn’
anything. It might be as simple as issuing a new FLAME table with new
ROS-ratio values, or it might involve an improved worksheet or a better
‘field calculator’. The important thing is that firefighters will have already
learned the process, a systematic process, of foreseeing the next big change,
of evaluating the dominant changemakers, and of incorporating the expected
fire behavior change into their fireline judgments. Assimilating a revised
FLAME application tool will not be difficult.

Part 2: Obtaining Inputs

The main inputs to a FLAME prediction of ROS-ratio (table 2) are changes
in fuel type and changes in EWS (effective windspeed). Changes in EWS are
expressed as the ratio of the larger to the smaller EWS.

Changes in Fuel Type

New fuels abead of the fire—The simplest change in fuel type occurs when
the fire moves into new fuels ahead of the fire. Such changes are commonly
encountered with changes in slope aspect, as fire crosses drainages or ridges.
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A firefighter looks at what fuels lie out ahead of the fire, and can estimate the
time of a potential fuel-type change by projecting the fire’s current spread.

Transitions between surface and crown fire—An important change in fuel
type, and a more challenging change to anticipate, is the transition of a fire
in surface fuels into crown fuels. In essence, in a stand of trees or brush there
are two fuel types juxtaposed, a surface fuel bed and crown-foliage fuel strata
overlying it. The fire can transition between them rapidly, and undergo large
changes in ROS and intensity.

The potential for fire to extend from surface fuels (usually a litter fuel
type) into crown foliage depends on many factors. A major variable is the fuel
moisture, both the live FM of the foliage and the FFM of the dead fuels.

The live FM “sets the stage’ when it drops below a threshold that permits
sustained fire spread in the crown fuels. There is much variation of the thresh-
old live FMs from one vegetation type to another, but some generalizations
are possible and provide some guidance. At or below those live FM levels

crown fuels are susceptible to sustained crown fire. The following represent
such thresholds.

e California chaparral: live FM of 70 to 80 percent

® Great Basin shrubs: live FM of about 100 percent

* Rocky Mountain timber: live FM of about 120 percent

e Ponderosa pine: above 125 percent (maybe no practical upper limit)

The FFM plays a major role in the intensity of the surface fire, and the
flammability of the dead attached component of the aerial fuels—essentially
controlling the ‘burner’ under the foliage layer. FEM is strongly controlled
by relative humidity (RH), and RH serves as a practical guide for firefighters.
When live FM is in the range for potential crown fire, then RH (and FFM)
dropping below a certain threshold-range greatly increases the potential for
transition to crown fire. The threshold values of RH are surprisingly consis-
tent over most vegetation types.

* Most tuels of the Western United States: RH below about 20 to 30 percent,
especially below 20 percent
¢ Some fuels of the Southeastern United States: RH below about 35 percent

Firetighters can stay abreast of published trends in live FM and trends
evidenced in the fire behavior, and they can monitor RH. The NFDRS is a
valuable guide to crown fire potential. On the fireline the following accessible
observations provide a practical guide /check-off list to suggest that transition
to crown fire is a good possibility:

e Scasonal drought period prevails (meaning live FM is reaching the
threshold of flammability).

¢ Opverall drought makes matters worse (live FM will become critical sooner
and go lower than normal).

® Recent crown fire, on other fires or your fire (crown fire possibility is
demonstrated).

e Relative Humidity 35 to 20 percent, or less, especially RH below about
20 percent (FFM is low enough to trigger crown fire).

* Backing fire produces torchouts (a dead giveaway that headfire can
crown).

¢ Fire moving up ladder fuels (early indicators of the transition to crown
fire).

¢ Torchouts and short crown runs (with any worsening of burn conditions
crown fire is imminent).
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Determining the Effective Windspeed

EWS combines the influences of wind (at midflame level) and slope (as a bit
of ‘upslope wind’) into one ‘windspeed’ that represents the driving force of
wind and slope on the fire. Changes in EWS are the largest potential producers
of changes in ROS. Making the determination of current and expected EWS
is not easy, but it must be done as well as possible. Even though EWS is highly
variable and subject to many influences firefighters can obtain worthwhile
results from a few practical guidelines and observations. To not account for
the variation in EWS, at least approximately, is to miss the largest potential
source of change in fire behavior. In fact in some ways the firefighter on the
fireline, making predictions of short-term significant changes in fire behavior,
requires more detail about windspeed variation than is required for a typical
longer term, average-fire-spread projection by an FBAN.

The following sections describe the adjustment methods for determining
EWS as a function of topographic location, flame height, sheltering by veg-
etation, and slope. To predict changes in fire behavior the firefighter must
estimate the windspeed currently affecting the fire and also the windspeed
that will affect it in the future (to obtain the EWS-ratio).

Variations of EWS over the terrain—If even a steady, ‘uniform’ wind im-
pinges on terrain it will vary greatly in speed and direction from one point to
another across the landscape. It will be channeled by drainages, and its speed
will be strongly influenced by the topographic obstacles it encounters. For
unstable or neutrally stable unstratified airflows, typical of the well-mixed
conditions of a sunny afternoon, the following patterns occur.

Windspeed will be topographically enhanced on upwind slopes, and di-
minished on downwind (lee) slopes; it will generally be higher on an upper
slope than on a lower slope. A suitably accurate assessment of fire behavior
depends on accounting for the variations in windspeed across the terrain. We
want to gauge the windspeed on the upper slope (upper third or so) versus
that on the lower slope (lower third or so), and on the downwind (lee) versus
the upwind slope, and to relate them to the forecasted general or ridgetop
windspeed. The guideline (illustrated in fig. 6) for estimating those variations
is based on the several sources detailed below, all of which are compatible
with such a guideline.

Upper slope General/ridgetop, 1x

_ 1x

177 /
3/4 x (0.75)

A

~

N

—

Decimal equivalents of the fractions are shown in parentheses

Figure 6—Schematic illustration of the FLAME guideline for estimating variations in windspeed
over the terrain. Wind blows from left to right, values normalized to unity for general/ridgetop
windspeeds. Lee-slope adjustments are valid only on slopes <30 percent and without sharp
ridgetops. Winds described as ‘winds of critical concern’ by fire weather meteorologists and
downslope winds are not subject to the above adjustments.
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Equation 9 (below) can be used to estimate the ‘speedup’ of wind (ASmax,
the excess of ridgetop windspeed above ambient over the plains) at the tops
of hills or ridges (Barry 1992). The form below averages the coefticients for
the ‘isolated hill’ case and the ‘uniform ridge’ case. Here ‘h’ is the height of
the hill or ridge, and L* is the half width of the hill at its midelevation.

A S..x = 1.8 h/L* (note: units cancel in the ratio) Eq. 9

For a hill having symmetrically equivalent topographic profiles on its upper
and lower halves, equation 9 can be expressed in terms of slope (slope being
approximately [h/L*]/2)

A S, = 3.6X (slope), where slope is expressed as a decimal figure Eq. 10

For a hill of moderate slope, say 30 or 40percent, that means the wind
over the top will be about 2X the ambient wind that blows against the hill
(remember that windspeed at the ridge = ambient + A S ;). For steeper slopes
the ridgetop wind increases would be somewhat higher.

Detailed studies of windflow over hills and ridges are reported in Mason
and Sykes (1979) and Taylor and others (1987). The pattern and magnitude
of variations in windspeed as air flows around hills or over ridges are reason-
ably similar to each other, and are in accord with the ‘speedup’ described by
equation 10. Figure 7 shows the results for two separate wind-speed profiles
over an elongate ridge. The average values of windspeed at slope positions
corresponding to figure 5, normalized to unity for the ridgetop are: 0.46X,
0.89X, 0.70X, and 0.26X (compared to 0.5X, 1X, 0.75X, and 0.25X for the
FLAME guideline).
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Figure 7—Profiles of windspeed over an elongate ridge at two locations (Taylor and
others 1987). Wind blows more or less perpendicular to ridge axis; ridge topographic
profiles shown in red. Windspeeds (yellow curve) are normalized to an ambient
windspeed of one.
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I have conducted several wind-speed surveys (often on S-290 field trips)
over elongate ridges near Oroville and Susanville, California. Windspeeds
were measured with handheld anemometers at eye-level, for either a 3-minute
average, or by averaging 10 instantaneous observations taken over a couple of
minutes. The normalized results are (moving with the wind from upwind to
lee side): 0.5X (lower upwind slope), 1X (upper upwind slope), 0.8X (upper
lee slope), and 0.2X (lower lee slope). This is close to figure 7 relative values
and to the FLAME guidelines.

All of this pertains to neutrally stable or unstable airflows, but not to stable,
stratified airflows such as sea breezes, outtlow winds, night-time downslope
winds, or foehn winds (“winds of critical concern’)—these are often fastest on
the downwind slope. I have not found data for a corresponding guideline in
stable airflows, and one must simply use observed or forecasted windspeeds
without extrapolation to other parts of the terrain. The scale of the topo-
graphic relief characterizing the observations is on the order of 100s of feet
of elevation, and the observations were on slopes of 30 percent or less.

Table 7 compares the theoretical and observational data with the FLAME
guidelines (which are arithmetically simplified to facilitate their application).
Figure 8 illustrates a comparison between the FLAME guideline and an
advanced airflow model.

Table 7—Summarizing the theoretical and empirical basis for the wind reduction factors
(research studies and personal observations), and the FLAME guidelines, for
approximating the variations in windspeeds as air flows over hills and ridges in neutrally
stable or unstable conditions. Ridgetop windspeed is taken as the general windspeed,
and the below values are normalized to ridgetop windspeed (as 1X).

Equation 9 Taylor and others (1987) Personal observation FLAME guideline

Lower upwind slope 0.5X 0.46X 0.52X 0.5X
Upper upwind slope 1X 0.89X 0.88X 1X

Upper lee slope NA 0.70X 0.64X 0.75X
Lower lee slope NA 0.26X 0.24X 0.25X

variations in windspeed.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Figure 8—Comparison of FLAME
guideline for windspeed variations over
terrain with wind-field map generated
by an advanced airflow-terrain model.
Green arrows are model-generated.
Yellow arrows along a line that crosses
the ridge at the head of the basin are
from the FLAME guideline, scaled to be
(from upper right to lower left) 0.5X, 1X,
0.75X, and 0.25X. There is good overall
agreement of the guideline with the
model in predicting the magnitude of the
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Technical Background of the FireLine Assessment MEthod (FLAME)

Variation of windspeed with flame height and sheltering by vegetation—What
is needed for predicting fire ROS is the midflame windspeed (MFWS), or
less formally the ‘flame level” wind. For a given location on the terrain the
MFWS depends upon the height of the flames and the wind obstruction
by vegetation (for example, 1-ft flames under a stand of trees in litter versus
30-foot flames in an open brushfield).

The guidelines used in FLAME for adjusting wind for flame height and
sheltering vegetation are equivalent to the ‘wind reduction factors’ of FBPS,
and closely match that scale in relative terms. Using the adjustment factors
to ‘reduce’ 20-ft winds conforms with the practice suggested by fire weather
meteorologists and utilized in application of the FBPS.

The FLAME wind-reduction factors are keyed to each of the major fuel
types, and are applied to the 20-ft windspeed. These values correspond
closely to the FBPS reduction factors of 0.6X, 0.4X, and 0.15X (average for
sheltered fuels), and bear nearly the same relative values. Reduction factors
applied to 20-ft windspeeds for FLAME application are (expressed here as
simple fractions for ease of use):

e crown fire MFWS (using the 20-ft wind directly) is 1X(20-ft WS)

e grass fire MFWS (and low/scattered brush) is (3/4)X(20-tt WS)

e litter fire MFWS (reflecting low flames and obstruction by the stand) is
(1/4)X(20-ft WS)

Eye-level is the most practical wind observation level for people in the field.
The following adjustments can be made to eye-level windspeeds for flame
height and sheltering, based on the relative scale described above:

e crown fire MEWS is (1 1/3) X EL WS
e grass/low-shrub fire MFWS is 1X EL WS
e litter fire MFWS under a stand is (1/3) X EL WS

Where do the FLAME wind-reduction factors come from?—The basis for
using the 20-ft windspeed at crown level, and the reduction factor for eye-
level winds, lies in the following field observations and the logarithmic wind
profile expressed in equation 11.

My observations of eye-level wind at two RAWS stations in open, scattered,
low shrubs consistently yield eye-level values that are 0.8X of the correspond-
ing 20-ft windspeed. The Australian CSIRO system (Cheney and Sullivan
1997) also applies a 0.8X reduction to obtain eye-level (2-m) windspeeds
from 10-m windspeeds. In both cases the crown-fire MFWS, being several
feet or more above eye-level, would be essentially those observed at 20 ft (or
10 m) or at least 0.9X of 20-ft windspeed.

The logarithmic expression for the boundary layer wind profile, applied
with an average roughness coetficient characteristic of a mix of grass and low
shrubs (0.09 m), is equation 11. Here uy is the windspeed at height z; uy,, is
the windspeed at the reference height z,. Heights are in meters.

uy /uz, =[In (z/0.09 m)] / [In (z, /0.09 m)] Eq. 11

From equation 11 the reduction factor for eye-level (taken as 1.8 m) com-
pared to 20-ft (6 m) windspeed is 0.71X. Combining the logarithmic data
with the observations at RAWS stations (and to keep the rule simple) yields
a (3/4)X reduction factor for eye-level windspeed (applicable to fires in grass
and low/scattered brush).
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Technical Background of the FireLine Assessment MEthod (FLAME)

The FLAME wind reduction factor for fires in litter is (1,/4)X. That value
comes mainly from the relative reduction in winds for fully sheltered litter
fuels compared to ‘open fuels’ (grass fuel models) and to fuel model 4 brush
as embodied in the FBPS guidelines: 0.15X for the average of sheltered fuels,
0.4X for open fuels, and 0.6X for crown fire in deep brush fields. 0.15X is
about one-third of 0.4X and is one-fourth of 0.6X.

The slope contribution to EWS—BehavePlus incorporates the influence of
wind and slope on ROS by adding a wind coefficient and a slope coefticient
to the propagating flux ratio (Rothermel 1972). The combined coetficients
can be thought of as accounting for the ‘eftective windspeed’ (EWS). FLAME
handles slope in the same way, by adding an increment of ‘upslope wind’ that
has the same effect on the ROS as does the actual slope.

The slope-equivalent wind is similar for all fuel types. It is greatest at low
MFWS and on steep slopes. And in many realistic situations it tends to be
a small factor compared to the actual MFWS. The variation of the actual
windspeed induced by topography is much more important to variations in
ROS than is the ‘direct’ effect of slope. The following guidelines for handling
slope (with upslope wind and upslope fire spread, as is also assumed in the
FBPS nomograms) are utilized to yield the EWS used in FLAME.

e Slope less than 20 percent, no correction to the actual MEWS
Slope 20 to 40 percent, add 1 mi/hr to the MFWS

Slope 40 to 60 percent, add 2 mi/hr to the MFWS

Slope 60 to 80 percent, add 3 mi/hr to the MFWS

Slope greater than 80 percent, add 5 mi/hr to the MFWS

Defining the EWS for a backing or flanking fire—At low EWS, and for
backing (negative EWS) or flanking fires the ROS curve flattens and rep-
resents a slowly changing ROS. One cannot use a zero or negative EWS in
determining the EWS-ratio. A ‘backing-tfire EWS’ to use in representing
backing fires on the standard curve must be determined.

Basically, the problem is that ROS does not go to zero when EWS goes to
zero (even though the standard FLAME curve, a power function, would go
through the origin). The physical reason is that fire propagates by processes
other than wind alone, and does not stop spreading in the absence of wind.
For tires backing into the wind and /or down a slope intra-fuelbed radiation
and convective dominate heat transfer, and ROS is relatively insensitive to
variations in windspeed or slope.

In the original work on which BehavePlus is based the ‘backing’ ROS was
taken as simply the flat-table, zero-wind ROS (Rothermel, personal commu-
nication). The Australian work on grass fires defines a similar relationship in
that backing-fire ROS is found to remain essentially constant up to windspeeds
of 20 km/hr (Cheney and Sullivan 1997). Other reports show backing ROS
to decline slowly with increasing slope.

An important fireline-safety situation involving backing fires is fire in litter
backing down a slope under largely wind-sheltered conditions. Such instances
are common, and the change between backing litter fire and running crown
fire is an extremely important FLAME application. So the backing EWS used
in FLAME is based largely on the litter fuel type. The backing-tire EWS
(not the backing ROS) for grass is similar to that for litter. Because backing
fires do not propagate directly through crown foliage, there is no crown-fuel
backing-fire EWS in FLAME.
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It is assumed that over a reasonable range of slopes and windspeeds that
the backing ROS falls between the zero-EWS value and half of that value (for
example between 0.6 and 0.3 ch/hr). So the representative backing ROS is
taken as the average of those values, or 0.75X(ROS at EWS=0).

The question of what EWS to use to represent backing litter fires is then:
‘What EWS on the litter standard curve corresponds to the representative
backing ROS?” The representative backing ROS (not EWS) is 0.47 ch/hr,
which is 75 percent of the average zero-EWS spread (which is 0.63 ch/hr) for
fuel models 8, 9, and 10. The corresponding EWS is 0.5 mi/hr (fig. 9).

Litter Std Curve at low EWS

18

>
16— ROS = 1.03 (EWS)?"? 74
14

~

Figure 9—Standard curve for
litter fuel type, with characteristic
backing fire ROS at 0.47 ch/hr
(which is 75 percent of the zero-
EWS ROS of 0.63 ch/hr). The
curves intersectat EWS =0.5 mi/hr,

So, in FLAME the backing-fire EWS = 0.5 mi/hr. For flanking fires the
EWS is taken to be 1.0 mi/hr (being slightly less retarded by the opposing
influence of wind and slope, and given that even slight variations in wind on
flanking flames can momentarily act to advance them).

A similar analysis to that above for grass yields a backing-fire EWS of
0.4 mi/hr. An adjustment can be made for cases involving grass, but most
of the time it is not necessary to a useful FLAME result.

Basically, the use of a backing-fire EWS of 0.5 mi/hr states that a back-
ing fire moves as if it were driven by a wind of 0.5 mi/hr in the absence of
other heat-transfer processes, within the context of the ROS relationships
expressed in the FLAME standard curves. That use of an ‘equivalent wind’
allows the comparison of ROS under backing conditions with ROS where
effective wind is the dominant fire-spread influence. The standard curves are
effectively truncated at EWS = 0.5 mi/hr, and that represents the slowest
possible ROS.

Computing the EWS-ratio—Given the EWS associated with ‘current’ fire
behavior, and an estimate of the EWS that is expected, the EWS-ratio is com-
puted. Because it is easier to work with whole numbers versus fractions, the
EWS-ratio is always the larger EWS divided by the smaller EWS. A FLAME
user would simply keep in mind whether that change in EWS would be as-
sociated with an increase or a decrease in ROS (for example, will the fire go
6X faster, or 6X slower?). If the arithmetic is easy, the user can simply do
the division. For example, if the larger EWS is 8 mi/hr and the smaller one
is 2 mi/hr, the EWS-ratio = 8/2 = 4X. For cases where the arithmetic is not
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so easy, table Bl in appendix B allows a simple look-up of the EWS-ratio; it
is nothing more than a paper calculator. That EWS ratio is used to enter the
left column of table 2.

Part 3: Application in the Field

The Field Worksheet, Stage by Stage

The worksheet is organized to follow the three ‘application stages’ described
in the section Flexibility in application, initial, standard, and complete appli-
cation. As seen in figure 10, where the sheet is divided left-right, the left side
records ‘current’ conditions and the right side records ‘expected’ conditions.
In the following discussion each application phase will be detailed, using the
appropriate subsection of the worksheet. Notations and examples will explain
each worksheet entry. Worked examples follow the illustration of the three
application phases. Although this description is intended to illustrate the
FLAME application process, it is not a complete training manual.

Current Expected
Next big
change v
A
Rel. Hum.
Litter (sfc) [] [ Litter (sfc)
Fuel Crown (aer) [] [0 Crown (aer)
Grass (sfc) [] [ Grass (sfc)
Eye-lviIWSobs ____ 20-ft pred or EL obs WS
Effect. Eye-lvl WS fire 20 ft or Eye-Ivl WS fire
Wind Standard
Speed Midflm WS fire ___ _ Midflm WS fire
on fire

Slope cont fire Slope cont fire

Curr EWS fire Expct EWS fire
EWS Ratio =
ROS Ratio = O Fasterl | Slowerl v
Ob A
S. Obs Sprd/RosR = Obs SprdXRosR =
spread =
Complete
Predicted v
L A
:
e LCES
S

v

Figure 10—FLAME worksheet. Down to the ‘EWS-ratio’ entry the left side is for ‘current’
conditions and the right side for ‘expected’ conditions. Fuels are listed in order from slowest
to fastest; the EWS spaces follow the adjustment process from raw values to EWS on the fire.

The ‘LCES’ portion allows for notes about how those guidelines will be implemented.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Bishop

59



Technical Background of the FireLine Assessment MEthod (FLAME)

Initinl FLAME application—Considering the current and expected fire
behavior, and identifying the next big change, make up the initial FLAME
application. The following three examples show how the current and expected
conditions can be depicted in various styles. The style or art work is not im-
portant. The critical thing is that the firefighter is prompted to consider those
conditions; to be able to complete the pictures means having made a complete
fire behavior assessment. If some box is empty you have not fully assessed the
current and expected fire behavior and potential changes. No assessment is
ever perfect or finished, but it represents the best you know with the present
information and can reveal important gaps in your information.

Depict the current fire behavior and fire environment, and the situation
you expect after the next big change. You can sketch a profile of the area, such
as the two slopes, with the fire and fuel-types shown. You can sketch a map
view, a diagram of the fire area. Show the winds you expect with arrows. Or
you can simply list the key points of the description of fire and conditions.
Note the ‘next big change’, and some idea of when it will come, in the space
under the sketch.

Figures 11 and 12 show the components of the initial-application phase of
the worksheet, and three examples of how they might be filled out.

Standard FLAME application—The heart of the FLAME process, the
standard application, requires the specification of the fuel types and effective
windspeeds, both current and expected. From that the ROS-ratio is deter-
mined, indicating the magnitude of the next big change. The magnitude of
the change in ROS-ratio is suggestive of the potential danger posed by the
change.

The standard-application phase requires the firetighter to obtain specific
observations of relative humidity (RH), fuel type carrying the fire, and
effective wind acting on the fire. It also requires the firetighter to predict
the expected conditions of RH, fuel type, and effective wind. That in turn
prompts projection of the fire’s progress and attention to the current weather
forecast. The most important effect of completing the standard applica-
tion phase is that it leads the firefighter to obtain specific information
on the key fire behavior variables, which can make obvious the absence
of critical information. Determination of the ROS-ratio also provides a
measure of the magnitude of change pending, which conveys a sense of the
level of potential danger.

behavior
situation

Next big

Show the

Show the L!\I\ /
current fire

expected fire
behavior
situation

change

Figure 11—'Initial application’ portion of the FLAME worksheet, annotated to describe
the appropriate entries.
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Current Expected

backing

Litter

crown fuel 50% slope

Nextbig  sSlope reversal as fire crosses drainage
change

___________________________________________________________________________________

Current Expected

-

road roao

Nextbig  Ownset of NW winds as cold front passes in the evening
change

___________________________________________________________________________________

Current Expected

, , , , T-storms possible in the
Fire backing in wneedle Llitter

afternoon
light upcanyon winds at

present outflow winds could blow

'
1
:
i
downecanyon at up to 20 :
!
]
1
'
1
'

Next big T-storm winds this afternoon blowing downcanyon
change

Figure 12—Three examples illustrating the current and expected conditions and identifying the next big
change, using the worksheet format. The style of illustration is entirely up to the user, and three different
situations are shown here as a terrain profile, a sketch map, and an outline to depict the current and
expected conditions.
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Figure 13 illustrates the components of the standard-application section of
the worksheet and presents examples of how information would be developed
in that section.

Note change in RH; use it | ("""~ """ """~ ""-""TTmTTTooommo oo oo oo o m Ty

v

to help decide fuel change Rel. Hum.
H Litter (sfc) [] O itter (sfc)
1
] Fuel Forecasted or observed
Mark the current & Crown (aer) [] [J crown (aer) wind

expected fuels

Grass (sfc) [] [ Grass (sfc)

Observed wind — Eye-lvl WS obs ___ 20-ft pred or EL obs WS

Adjusted to fit fire location

. — . Eye-Ivl WS fire 20-ft or Eye-Ivl WS fire Adjusted to midflame level
| Adjusted to fit fire location Wind

Speed __ Midflm WS fire ______

re
| Adjusted to midflame level ?ﬁ(

Slope cont fire Slope cont fire

Curr EWS fire Expct EWS fire

EWS expected on the fire |

Add any slope contribution

EWS Ratio= Ratio of big EWS to
small EWS

ROS Ratio = [J Faster [ stlower

| Current EWS on the fire

Midflm WS fire ' .
4,‘4‘ Add any slope contribution |
|
—

Indicate if ROS will

Ratio of big ROS to :
smallROS | TTTTT T T T T T m e m e m e

increase or decrease

Figure 13—’'Standard-application’ portion of the FLAME worksheet, annotated to describe the appropriate entries.
Entries on the left side represent current conditions, and on the right side the expected conditions. EWS-ratio

and ROS-ratio express the degree of change between current and expected conditions.

Following are three different fire behavior examples illustrating different
styles.
Example 1: A fire burns up a 30 percent grassy slope and will spread into
forest litter. You have observed the eye-level wind at a point on the same
slope not too far from the fire. Overall conditions are not expected to change
significantly, though the RH will drop to about 38 percent. Crown fire po-
tential is minimal. The next big change will be the passage of the fire from
open grass into sheltered litter.

Current conditions: RH = 42 percent; Fuel is grass; Eye-level wind = 9 mph;
Slope = 30 percent
Expected conditions: RH = 38 percent; Fuel will be litter; No large wind
changes expected; Slope = 30 percent

The completed worksheet section would look like this. The small effect of
the RH drop can be estimated as in the upper right box.

Rel. Hum. _42% 38%

Eye-IvIWS obs __© 6 20-ft pred or EL obs adjustment

represents fire loc., no

! =h 42-38=4

i Litter (sfc) [] Litter (sfc) ! x2
Obs. wind represents fire | 1 Fuel ! 8% faster ROS
loc. so no adjustmentis | | Crown (aer) [] [0 Crown (aer) !
needed here i Grass (sfc) [ Grass (sfc) 2 Obs. E-Lvl wind

! :

MFWS for grass is same

. in the litter

1
as E-Ivl., no adjustment. Effect. Eye-lvl WS fire 6 6 20-ft or Eye-lvl WS fire i
| Speed™ Midfim WS fire __© 2 Midfim WS fire % MFWS in litter is 1/3 of
In real life no need to fill ! +1 +1 i + [ E-vl. windspeed
in redundant boxes; you Slope cont fire Slope cont fire !
Id fill in MFWS and . ; .
|ceoal</e éo)'(”es aboveat?lank Curr EWS fire 7 3 Expct EWS fire 1 mifhr to account for
1 2% i | 30% slope
! EWS Ratio = '
1 mi/hr to account for | 1 I
30% slope i ROS Ratio= 30X [0 Faster Slower i | Fire will slow down

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Bishop

62



Technical Background of the FireLine Assessment MEthod (FLAME)

Example 2: A fire backs down a slope in litter, RH = 30 percent. It is expected
to cross the drainage and spread up the next slope (an upwind 50 percent
slope) as a crown fire. The ridgetop windspeeds are forecast to be 20 mph,
and RH to be 20 percent. The next big change will be the transition from
backing litter fire to running crown fire, and it will affect the lower slope
first. RH value helps evaluate the potential for crown fire, but no adjustment
for RH change is made for crown fuels.

! 30% 20% RH is in a range that

: Rel. Hum. 2 2 ' | can support crown fire

! Litter (sfc) [ Litter (sfc) E

1 . o

! Fuel Crown (aer) [] [X] Crown (aer) ! | Forecast wind is for

' ! | ridgetop; lower slope

' Grass (sfc Grass (sfc is ¥ of that.
The fire is backing, and E (sfc) I:I D (stc) speed is 7; of tha
FE: CE:]V; ESE\t,?,"SeQ EZ ;’e ! Eye-Ivl WS obs 20 20-tpr
N d to fill in other ' . 10 1 | MFWS for crown fire is

o need to fill in other | Effect.  Eye-lvl WS fire 20-ft or Eye-Ivl WS fire same as 20-ft

boxes. 1 Wind i .

| Speed  Migfimwsfire 10 midfim ws fire :

1 0 ! .

Slope cont fire +2 Slope cont fire ! gor‘(r%/};()tgeaccount for

Fire will move 80X faster E Curr EWS fire  Packing 12 Expct EWS fire
in crown fuels, upslope !

EWS Ratio =

i
| ROS Ratio= 180X Faster [] Slower

Example 3: A fire is burning up a 45 percent lower slope in litter, midmorn-
ing, RH = 36 percent. By afternoon it will reach the upper half of the slope
and is expected to transition to crown fire. You directly observe the wind
on the litter fire, at litter flame height, to be 3 mph upslope. The afternoon
wind will be in the same upslope direction, and 20-ft windspeed is forecast
to be 8 to 12 mph, RH will be 15 to 20 percent. The next big change will
be the transition to crown fire this afternoon on the upper slope.

with the wind 24X 12/(0.5) = 24

Rel. Hum. 45% 15%

Use worst case RH to
judge crown fire potential

Litter (sfc) [ Litter (sfc)

Crown (aer) [] Crown (aer)
Grass (sfc) [ [ Grass (sfc)

1
1
1
|
' Fuel
1
Direct obs. of MFWS H
1

High end of forecasted
windspeeds

at fire requires no

adjustment.

1

1

Eye-lvl WS obs 12 204t pred or EL obs WS E
. ]

2 mi/hr to account for

Upper slope windspeed
is same as ridgetop.

Eyelv 12 30-ft or Eye-IvI WS fire
1

50% slope

Midflm WS fire 3 LMidflm ws fire%
on fire +2 +2 !

MFWS is 20-ft for crown
fuel type

Fire will be faster in

crown fuels, & feeling
higher windspeeds

1
1
1
! Slope cont fire Slope cont fire '
1
1

Curr EWS fire 5 14 Expct EWS fire

2 mi/hr to account for
50% slope

ROS Ratio= 15X
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Complete FLAME application—Develops a fire spread-time by applying the
expected change in ROS to the observed spread-time under current condi-
tions. The spread is gauged against ‘natural yardsticks’ (such as a slope, an
open field, utility or fence poles, road intersections, the distance the fire has
moved). For example, a fire might be observed to move down a slope in 12
hours, or halfway across a field in 20 minutes. Such observations constitute
the ‘observed spread’ (left hand space in fig. 13).

If the ROS increases, the fire would be expected to spread a similar distance
in a fraction of the time. For example, if the ROS-ratio is 24X, then a fire
backing down a slope in 12 hours would be expected to go back up the same
slope, or up the opposing slope, a similar distance in 1,/24t of 12 hours, or
one-half hour. In other words, the expected spread time when ROS increases is
the observed spread time divided by the ROS-ratio (middle box in fig. 14).

Similarly, if the ROS decreases, then the expected spread time will be the
observed spread time multiplied by the ROS-ratio (right hand box in fig. 14).
For example, if a fire observed to cross halfa field in 20 minutes slows down
by 3X, then it will cross the other half of the field in about 60 minutes.

Faster l Slower l

1

1 1
1 1
1 1
1 1
1 1
. Obs. Obs Sprd/RosR = Obs SprdXRosR = |
! spread = !
1 1
1 1
1 1
1 1
1 1
1 1

Predicted

Figure 14—'Complete application’ portion of the worksheet. Observed
spread of the fire is noted on the left. The ‘faster’ or ‘slower’ expected
fire ROS directs the user to the appropriate box, in which is the formula
for calculating the expected spread time over a similar distance. In
the case of faster expected ROS the predicted spread time will be the
observed spread time divided by the ROS-ratio; in the case of slower
ROS the predicted spread time will be the observed spread time
multiplied by the ROS-ratio.

Example 1: A fire moves down a slope in 12 hours, and is expected to spread
up the adjacent slope 24X faster, an ROS-ratio of 24X and an increase in
ROS.

1 1
i Faster l Slower l i
1 1
1 1
i Obs. Obs Sprd/RosR = Obs SprdXRosR = | !
! spread = !
| slope in 12 hrs slope in ¥z hr i
1

' Predicted '
1 1
1 1

Example 2: A fire moves halfway across a field in 20 minutes. The wind is
expected to decrease, and the fire is expected to move 3X slower after that,
an ROS-ratio of 3X and a decrease in ROS.

1 1
i Faster l Slower l i
1 1
i Obs. Obs Sprd/RosR = Obs SpradXRosR = | !
! spread = !
1% field in 20 min Y2 field in 60 min |
| Predicted !
1 1
1 1
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Illustrating the FLAME Application Process in Full

Example 1: A fire burns up a lower SW slope (over 60 percent) in litter under
a stand of pine trees, where observation shows RH = 24 percent and eye-level
windspeed 6 mi/hr. The fire advances at a rate that will cover the lower half-
slope in about 3 hours. As the fire moves up the slope it will begin to feel
more wind, RH is declining, and the fire will transition to a crown fire on
the upper slopes. Forecasted winds are SW 15-20 mi/hr, RH dropping to 15
to 20 percent range. Consider a crown fire run on the upper slope.

The RH values help determine the potential for crown fire, but are not a
significant guide to fine-tuning the predicted ROS-ratio.

Current Expected

15-20

Ltter

Next big , s,
change more wind, transition to crown fire on upper slope

RH low enough to
| support crown fire

‘

MFWS for litter fire is
1/3 of Eye-Ivl WS

on fire
Slope contributes 3 +3 +3

Rel. Hum. 24 15
Eye-Ivl WS observed Litter (sfc) Litter (sfc)
at an open site Fuel D F ted 20-ft WS
ue orecasted 20-
- Crown (aer) D Crown (aer) (upper end)
Observed wind is N Grass (sfc) ] [J Grass(sfe) |
appropriate to fire loc —1 Fore_casted_ 20-ft WS
Eyevl WS obs 6 20 0.t pred or EL obs WS applies to fire area

" Eye-Ivl WS fire 6 20 20 ft or Eye-Ivl WS fire 20-ft WS is appropriate
i — for crown fire
pe Midflm WS fire 2 20 Midflm WS fire

J Slope contributes 3

mi/hr to upslope wind Slope cont fire Slope cont fire mi/hr to upslope wind
Curr EWS fire 5 23 Expct EWS fire
Net EWS currently Net EWS expected on

on the fire r \I crown fire
EWS Ratio = 5X
ROS Ratio = Faster Slower
& . D J Upper slope is about the
Obs. - same length as lower
spread = Obs Sprd/RosR = Obs SprdX slope; fire will move a
lower Y2 slope in upper %z slope in 6 distance equal to the
3 hrs min observed lower slope
Predicted spread in about 1/30" as
much time. 1/30" of 3
L Wwatch for torching and the beginning of sustained crown runs hrs is about 6 min.
C  provide RH, fire progress, & windspeed and direction every 20 min.
E
S
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Example 2: Fire in litter under conifer and shrub stands is backing downslope
into a small canyon; RH is 40 percent. It has backed the previous late after-

noon and night and i

s expected to reach the canyon floor by midmorning, a

total of 18 hours. General winds of 12 mi/hr are blowing above the nocturnal
inversion in the up-canyon direction. With the development of up-drainage

winds, combined wit

h the general wind, the upslope wind in the afternoon

is forecasted to be 12-16 mi/hr. Foliage is dry and will support crown fire;
afternoon RH is expected to be in the high teens. Canyon slopes are 40 to

50 percent.

The fire is backing, and

the EWS is taken to be
‘backing’ (EWS =1%).

No need to fill in other
boxes. r

14/(0.5) = 28 '—r—_

Choose the ROS-ratio U
that falls between
EWS=24 & EWS=30

in the FLAME table

Current Expected

<

1 S
g hr 1216

, crown
Litter

+2
Slope cont fire

back 14

> Curr EWS fire

I— Y S 28X

Predicted
watch for mixout of inversion, onset of gusty upslope winds; note any
L torching, sustained movement of crown fire'on slopes above drainage

Slope cont fire _

Expct EWS fire \

ROS Ratio= 200X Faster l [] Stower i
Spread = Obs Sprd/RosR = ] Obs

down major major slope runin 5

slope in 18 hrs or 6 min possible

C report wind, RH, & smoke drift every 30 min.

E

S

Bishop

Slope contributes 2
mi/hr to upslope wind

Nextbig ownset of upcanyon winds and beginning of crown
change  five, by early afternoon
J RH low enough to
support crown fire
Rel. Hum. 40 17-19 I
Litter (sfc) X Litter (sfc)
Fuel D Forecasted 20-ft WS
ue
Crown (aer) D Crown (aer) (upper end)
Grass (sfc) |:| |:| Grass (sfc) Overall WS for entire
16 | slope, avg of upper & lwr
Eye-lvl WS obs 20-ft pred or EL obs WS —1
Effect. Eye-lvl WS fire 12 20 ft or Eye-lvl WS fire J 20-ft WS is appropriate
Wind 12 %—1 for crown fire
Speed  pigfim WS fire Midflm WS fire
on fire ||

et |
\I Net EWS expected on

crown fire

_J Canyon slopes are all
about the same height;
fire will move a distance
equal to the observed
down slope spread in
about 1/200™ as much
time. 1/200" of 18 hrs is
about 5 or 6 min.
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Example 3: Fire will run to the top of a 60 percent slope as a crown fire in
timber. Sustained runs have taken about 20 minutes to sweep up the slope in
late afternoon. RH is 20 percent, but will be increasing to 30 percent shortly
after sundown. Eye-level winds on the lower part of the timbered slope were
observed to be 6 mi/hr. Over the ridgetop the lee slope is primarily grass.

Bishop

Obs E-IvIWS
on lwr slope

~
E-Ivl WS on upper slope
would be 2X6 = 12 mi/hr
Average upper & lwr to
represent overall WS on
the whole slope, 9 mi/hr

Crown WS is 1 1/3 of
E-IVIWS; (1 1/3)x9=12

—]

Slope contributes 3
mi/hr to upslope wind

ROS-ratio reflects 60X
slowdown due to less
EWS, and a 4X
increase due to faster
fuel (grass vs crown)

Current

Expected

L wind &

croww

backing

Crown (aer)

\ Grass (sfc) D

|

| | Change in RH is not
used to fine tune ROS-

Nextbig slope reversal, change from croww to grass
change  fuel type
Rel. Hum. 20 30
Litter (sfc) D D Litter (sfc)
Fuel

I:I Crown (aer)
Grass (sfc)
20-ft pred or EL obs WS

20 ft or Eye-lvl WS fire

Midflm WS fire

Slope cont fire

ratio because a crown
fuel is involved

The fire is backing, and
the EWS is taken to be
‘backing’ (EWS =% ).

back Expct EWS fire

D Faster l

30X —0

Slower l

up slope as crown
fire run in 20 min

Eye-lvl WS obs 6
Effact—— Eye-Ivl WS fire 9
Wind 12
Speed _ midfim WS fire
Slope cont fire +3
Curr EWS fire 15
EWS Ratio =
atio= 17X
Obs.
spread =

Obs Sprd/RosR =

Obs SprdXRosR =
down slope in grass
in about 6 hours

Predicted

watch for spotting from crown fire down the grassy slope; upslope runs
pushed by wind eddying on the lee slope

No need to fill in other

\I boxes.

15/(0.5) = 30

Assuming the slopes are
about the same size;
fire will move a distance
equal to the observed
upslope spread in about
17X as much time. 17X
20 min is about 6 hrs

relate wind, RH, fire progress, & smoke drift every 30 min.

o mor
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Appendix A: Input Data for FLAME
Application to Case Studies

FLAME outputs are compared to the reported fire behavior that has been
reconstructed in the incident investigations. FLAME is applied as it might be
by a firefighter who sees the ‘current’ fire behavior as the ongoing behavior
that is characteristic of the early phases of the work shift, and considering
‘expected’ fire behavior that would arise from conditions that did occur in
connection with the burnover. The expected conditions may not have been
clearly seen or considered at the time, but they could have been. FLAME is
here being tested as a tool applied to what could have been known.

The reported fire behavior is typically a mix of model outputs, informal
observations, and reconstructions from travel times, videos, and photographs.
Even though it is here termed ‘actual’ fire behavior it is subject to many as-
sumptions and approximations. Still, the well investigated cases ofter the best
documented examples available of ‘before and after’ fire behavior in realistic
situations.

The application of FLAME to these fatality cases is based on the fire
behavior setting and events that took place, a test of FLAME in realistic
situations. The purpose is to test the applicability and accuracy of FLAME,
so the best known conditions are utilized, even though conditions may not
have been that accurately known to fireline personnel at the time. There is
no intent here to evaluate or to judge operational or safety decisions.

South Canyon Fire (Butler and others 1998)

FLAME is applied as if crews were evaluating the effects of a ‘next big
change’ that included a crown run back upslope under the influence of the
forecasted frontal winds.

‘Current’ fire behavior is taken to be the long, downslope spread of a
backing fire from the ridgetop to into the West Drainage, once that spread
was well established, on and after 3 July 1994. The average rate displayed by
the fire over that interval was 32 ft/hr, and at that rate it would take about
60 hours to back down the slope. While there was some grass in the fuelbed,
the fuel carrying the fire was predominantly litter.

‘Expected’ fire behavior is taken to be the upslope spread of the fire from
the West Drainage bottom at a time estimated to be 1605 hours on the recon-
structed perimeter map, a point below the crews and near the beginning of
the upslope run, to where the constructed fireline left the ridgetop. Upslope
winds are taken as the 30 mi/hr midpoint of the modeled 25 to 35 mi/hr’
slope winds reported in appendix C of Butler and others (1998). The 10 per-
cent RH is taken as an approximation from the Rifle RAWS record.

Actual ROS-ratio is calculated from the spread rates reconstructed in
the report, and distances scaled from the map, over the time interval from
1605 to 1614 hours. FLAME ROS-ratio assumes an EWS increase from
backing to 30 mi/hr, EWS-ratio = 60X, and a change from litter to crown
fuels. Applied to the 60-hour downslope transit of the fire, FLAME predicts
a 7 to 8 minute upslope run.

‘Actual’ ROS-ratio = (267 ft/min X 60 min/hr)/(32 ft/hr) = 500X;
Reconstructed upslope run is 9 minutes

FLAME ROS-ratio = 500X; Prediction of ‘expected’ upslope run is about
7 minutes [(60 hr)/500 = 7.2 min)]. (This differs from
the actual spread time largely due to the downslope and
upslope spread distances being unequal.)
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Dude Fire (USDA 1999)

FLAME is applied as if crews were evaluating the effects of a ‘next big
change’ that included the possibility of a thunderstorm outflow, originating
over the fire or on the other side of it, on the active fire edge above their
proposed control line.

‘Current’ fire behavior is taken as the backing fire on the slope above the
crews. The backing fire ROS is calculated with BehavePlus, assuming Fuel
Model 9, 1- hr FM 3 percent, 10-hr 4 percent, and 100-hr 6 percent (based on
NFEDRS reported values), and slope about 20percent. The predicted ROS for
a backing fire under those conditions is 0.5 ch/hr. From the estimated posi-
tion of the fire on the slope above the crews (approximately 200 to 300 yards)
that backing fire would have reached the bottom in roughly 20 hours.

‘Expected’ fire behavior is taken to be the downslope spread of the main
fire toward the line being constructed, as a crown fire driven by 30 mi/hr
outflow winds. Even though the windspeeds have been estimated as greater
than that by firefighters on the incident, my experience is that windspeed
estimates by most observers are not very accurate, especially when there is
fire and smoke and danger involved, and tends to emphasize gust speeds
rather than average speeds. In the Dude Fire Investigation Reports (1999),
Goens estimates that the first 5 or 10 minutes the wind was at its estimated
40 to 60 mph maximum, and about half that for the next 30 minutes. The
comparison here involves an observation of ROS that took place over about
a half hour, so the relevant average wind is what prevailed during that half-
hour run. That windspeed average is taken as about 30 mi/hr (avg. 50 mi/hr
for 5 to 10 min., then avg. 25 mi/hr for 20 to 25 min.). Several indicators,
including the torching of trees by the backing fire, show the potential for
transition to crown fire.

After the onset of the winds the fire was observed to advance about
1.5 miles in 30 minutes, for an approximate ROS of 3 mi/hr or 240 ch/
hr. Actual ROS-ratio is calculated from the observed ROS of the crown
fire (240 ch/hr) and the modeled ROS of the backing fire in needle litter
(0.5 ch/hr).

‘Actual’ ROS-ratio = (240 ch/hr)/(0.5 ch/hr) = 480X; Comments from
the investigation refer to the crews having a couple of
minutes to see the fire as it runs down the slope toward
them.

FLAME ROS-ratio = 500X; Prediction of downslope run to reach the crews
is about 2 or 3 minutes [(20 hrs)/500 = 2.4 min], which

is in line with comments from the crews.

Thirtymile Fire (USDA 2001)

FLAME is applied as if crews were evaluating the effects of a crown fire
pushed by the afternoon upcanyon winds.

‘Current’ fire behavior is that which prevailed during the hours of the
early suppression efforts and is termed ‘Initial Phase’ in the report. The fire
behavior consisted predominantly of surface spread in litter, both flank-
ing and backing, with some light downcanyon wind. The modeled ROS is
reported as 1.3 ch/hr. FLAME Application assumes backing and flanking
fire in litter.

‘Expected’ tire behavior is the sustained crown fire that moved up the
canyon in the late afternoon and is termed ‘Deployment Phase’ in the report.
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The modeled ROS is reported as 125 ch/hr. The 20-foot windspeed up the
canyon is reported as being 9 to 11 mi/hr, and in the FLAME application
is taken to be 10 mi/hr.

‘Actual’ ROS-ratio = (125 ch/hr)/(1.3 ch/hr) = 96X

FLAME ROS-ratio = 100X (based on an average of backing and flanking
current fire behavior)

Cramer Fire (USDA 2003; Kelley Close, Investigation
FBAN, personal communication)

FLAME is applied as if crew on the ridgetop were evaluating the possibil-
ity that the fire that had been backing into the drainage could spread up the
drainage under the influence of westerly winds and become a crown fire.

‘Current’ fire behavior is taken as predominantly in litter on the slope
above Cache Bar Creek. The tire had originally moved over the ridge and into
the drainage the previous night and had backed actively all but the several
hours before dawn. The total fire movement downslope into the drainage
is estimated as taking about 17 hours and extends into the early afternoon.
The backing distance, scaled from the map, is about 0.2 miles, or 1060 ft.
The overall backing ROS is estimated to be 1 ft/min. There is reported to be
some grass in the surface fuels, but for this application the spread is presumed
to be predominantly in litter (and may account for the estimated 1 ft/min
ROS being a little higher than would be predicted for just litter).

‘Expected’ fire behavior is the spread that moved up the canyon in the af-
ternoon, becoming crown fire in low brush and eventually in trees, under the
influence of increasing westerly winds (which blow up the canyon, gradually
becoming more NW and impinging strongly on NW slopes at the head of
the canyon). Windspeeds during that period average about 10 to 12 mi/hr
at Lodgepole RAWS, and are taken as reasonable for winds in the canyon.
Highest winds are estimated at over 20 mi/hr on the top of the NW slopes.
To characterize the overall wind flow throughout the upcanyon spread of the
fire, the 20-ft general windspeed is taken as the average of 12 and 24 mi/hr,
or 18 mi/hr. Windspeeds at the bottom of the slopes would be approximately
half that or 9 mi/hr. So the overall 20-ft windspeed associated with the up-
canyon and upslope spread of the fire, throughout the depth of the canyon
is roughly 14 mi/hr. Since much of the spread was in low brush, with flame
heights less than the tree heights, the flame level winds are estimated to
be approximately eye-level or about 11 mi/hr. Many assumptions are built
into this windspeed, but it is not unreasonable for the average that prevailed
throughout the vertical range of the fire as it spread along the drainage and
up onto the upper wind-exposed slopes. The average overall ROS of the up-
drainage/upslope run is estimated from the reconstructed fire perimeters to
be 124 tt/min. The reconstructed ROS on the upper slopes was considerably
greater, but the average ROS is what is used to compare to the overall ROS
increase estimated from FLAME. The movement of the fire up the drainage
(as scaled from the map) is about 4X the distance that it backed down into
the drainage.

‘Actual”’ ROS-ratio = (124 ft/min)/(1 ft/min) = 124 X; Reconstructed overall
upcanyon spread took about 34 minutes (1450 hrs to
1524 hrs).

FLAME ROS-ratio = 160X; Predicted upcanyon spread would be about
26 minutes [4X(17 hr)/160 = 26 min].
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Tuolumne Fire (CDF Fire and USDA 2004, 2005; Larry
Hood, Investigation Team FBAN, personal communication)

FLAME is applied as if crews were evaluating the effects of a wind gust
on the backing fire edge, as they constructed control line nearby.

‘Current’ fire behavior is described as fire in litter backing slowly into
a steady upcanyon wind of 3 to 5 mi/hr. Backing ROS is modeled using
fuel model 9, 1-hr FM 4 to 5 percent, wind 4 mi/hr with no appreciable
influence of slope on the backing fire spread. Modeled ROS = 0.5 ch/hr,
or approximately Y5 ft/min. At that rate the travel time to the crew working
approximately 7 to 30 ft away is roughly 15 to 60 min.

‘Expected’ fire behavior is anticipated to be a mix of surface fire and crown
fire spread, as a gust of wind blows across the fire edge and pushes the fire to-
ward the crew. There are no actual onsite observations that provide a measure
of the conditions that prevailed. The wind shift is estimated in the report to
be between 90” and 120°. T have estimated a wind gust of 12 mi/hr, deviating
by between 90° and 180° from upcanyon and blowing at an angle outward
across the fire edge toward the crews. Gusts of 12 mi/hr were observed at
the Buck Meadows RAWS station on the canyon rim above the fire, and
it is common for gusts to exceed the average windspeed on a well-mixed
afternoon by somewhat over 2X. Also, I lived, worked, sailed, and operated
portable weather stations in that unit for many years, and I have observed
the common occurrence of turbulent gusts in the major canyons deviating
strongly from the average upcanyon direction, even blowing in the opposite
direction. The expected conditions assumed here are hypothetical, but are
plausible and would have been a realistic expectation upon which to base a
FLAME application for a crew working close to the fire edge and therefore
‘within reach’ of even a momentary surge of the fire.

Actual ROS ratio is not accurately known. Estimates of the duration of the
flareup, made by crew members and by Air Tactics 440,
fall in the range from about 10 to 30 seconds.

FLAME ROS-ratio = 90X (the average of a transition to crown fuels with
continuing spread in litter). The expected travel time
of the fire to the crews when the wind gust hits is
approximately 10 to 40 sec. [(15 to 60 min)/90 =
(10 to 40 sec)].
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Appendix B: Lookup Tables

Table B1—EWS-ratio lookup table. Larger EWS on left, smaller EWS across top. Look up the EWS-ratio (FEWS arce/EWSsmaLL)
for corresponding large and small EWS values. For example, the EWS-ratio for a backing fire that will in the future have an
EWS of 12 mi/hr is 24X. Tabled values are rounded off to avoid unnecessary detail.

EWS-ratio Table

Smal >
virg | Beck | FInk | 2 3 4 5 6 7 8 10 12 14 16 20 24 30
40 80 40 20 13 10 8 7 6 5 4 3 3 2.5 2 2 1.5
36 72 36 18 12 9 7 6 5 5 4 3 3 2 2 1.5 1
32 64 32 16 11 8 6 5 5 4 3 3 2 2 1.5 115 1
28 56 28 14 9 7 6 5 4 4 3 2 2 2 1.5 1
24 48 24 12 8 6 5 4 4 3 2 2 2 1.5 1 1
20 40 20 10 7 5 4 3 3 3 2 2 1.5 | 15
16 32 16 8 5 4 3 3 2 2 1.5 1 1 1
14 28 14 7 5 4 3 2 2 2 1.5 1 1
12 24 12 6 4 3 2.5 2 2 1.5 1 1
10 20 10 5 3 2.5 2 1.5 |15 1 1
8 16 8 4 3 2 1.5 1 1 1
6 12 6 3 2 1.5 1 1
5 10 5 2.5 2 1 1
4 8 4 2 1 1
3 6 3 1.5 1
2 4 2 1
Fink 2 1

Table B2—Rate-of-spread ratios as a function of changes in fuel and changes in effective windspeed. The
left-hand column shows the EWS-ratio, the factor by which EWS changes. Each column corresponds
to a change between particular fuel types (or to no change). Table values express the ROS-ratio that
results from the combined change in EWS and fuel. The left side applies to cases in which fuel and wind
changes reinforce. Cases in which changes in wind and fuel have opposing effects are handled with
the rightmost two columns. Highlighted ROS values define a range that includes situations associated
with fireline fatalities.

FLAME Table EWS biggest in faster fuel | EWS less in grass
Litter Litter Crown Crown Litter
EWS- No fuel to/from  toffrom  to/from  to/from  to/from

ratio change  crown grass grass grass grass
Nochg 1 1 4 14 4 4 14
2 2 10 30 8 2 5

3 4 15 60 13 1 3

4 5 20 80 20 2 3

5 7 30 100 27 2 2

6 9 35 130 35 3 2

8 12 50 180 4 1

10 16 60 240 5 1

12 20 80 300 6 2

16 30 100 440 8 2

20 40 140 600 10 3

24 50 180 700 13 3

30 60 220 1000 17 4

40 80 300 1300 23 6

50 110 400 1800 30 8

60 140 500 2200 40 10
80 200 700 3100 60 16
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Influence of Slope on Fire Spread Rate

B.W. Butler!, W.R. Anderson?, and E.A. Catchpole?

Abstract— Data demonstrate the effect of slope on heading and backing fires burn-
ing through woody fuels. The data indicate that the upper limit of heading fire rate
of spread is defined by the rate of spread up a vertical fuel array, and the lower limit
is defined by the rate of spread of a backing fire burning downslope. The minimum
spread rate is found to occur at nominally —16 degrees slope.

Introduction

Terrain slope can be a primary influence on wildland fire behavior (Weise
1993; Murphy 1963). This effect can be observed on any fire burning in
mountainous terrain; however, few data exist that explore this phenomenon
in a quantitative manner. This study reports the results of a set of experi-
ments that were designed to provide direct measurements of fire spread and
intensity as a function of terrain slope. The fuel used was shredded aspen
(Populus tremuloides) heart wood, otherwise known as excelsior.

While some work has explored the relationship between fire spread rate
and slope, understanding and data are limited. Curry and Fons (1938, 1940)
posited that slope resulted in increased heat transfer between the flame and
fuel ahead of it and that the effect of slope is relatively low in the absence
of wind, but that the combined effect of wind and slope can be dramatic.
Barrows (1951) indicates that as the slope increases so does the average size
of the fire. McArthur (1968) suggests that slope can significantly affect fire
rate of spread, especially immediately following ignition. He suggests that
when compared to flat terrain, heading fire spread rates will increase by two
times on 10 degree slopes and four times on 20 degree slopes. Murphy (1963)
conducted a set of experiments using a paste consisting of wood flour mixed
with sodium nitrate in a 4:1 ratio as the fuel. This mixture resulted in smol-
dering combustion. Both heading and backing fires were observed at slopes
of 0, 14, 27 degrees over a range of wind speeds varying from 0 to 4.4 m/s
in increments of 0.4 m/s. The data showed that backing fire rate of spread
exceeded heading fire rate of spread for all slopes and wind speeds less than
2.7 m/s. For higher wind speeds the heading fire rate of spread significantly
exceeded the backing fire spread rates. Weise (1993) presents results from
a set of 65 fire experiments subjected to slope angles between —30 and +30
percent and wind speeds from —-1.1 to 1.1 m/s. He compares the measure-
ments to several published models for the slope and wind influence on fire
spread rate. His data indicate that wind is the dominant variable affecting
fire spread. Viegas (2005) discusses the relation between fire spread rate and
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terrain slope in the context of a model of fire spread in upward sloping canyons.
He approximates the effect of terrain slope as an artificial wind parameter,
recognizing that the theoretical upward flame spread limit for fire burning
along a semi-infinite solid is approximated as an exponentially increasing
function, which agrees with other reported studies (Alpert and Ward 1984).
Other studies have been presented that explore the relation between flame
spread rate on cloth and solid surfaces for purposes of determining spread
rates in structural fires (for example, Markstein and DeRis 1973). The studies
referenced above indicate that slope is a critical component in wildland fire
spread; however, the data are insufficient to fully understand the pertinent
physical mechanisms occurring in slope-driven fire growth.

For this study a set of experiments were designed to measure fire spread
rate for sloped fuel beds ranging from —16 to 31 degrees. Table 1 lists the
experiments and associated conditions. All tests were conducted at nominally
6 percent fuel moisture (dry mass basis), 27 °C ambient air temperature and
20 percent relative humidity.

Table 1—Sloped fire experiments.

Fuel
Packing Slope depth
Test Fuel ratio (%) (cm) Objectives

1 EXSC 0.01 =30, 0, 15, 30, 45, 60 2.5 Fire spread on slope
2 EXSC 0.03 =30, 0, 15, 30, 45, 60 2.5 Fire spread on slope
3 EXSC 0.005 -30, 0, 15, 30, 45, 60 25 Fire spread on slope
4 EXSC 0.01 =30, 0, 15, 30, 45, 60 7.62 Fire spread on slope
5 EXSC 0.03 =30, 0, 15, 30, 45, 60 7.62 Fire spread on slope
6 EXSC 0.005 =30, 0, 15, 30, 45, 60 7.62 Fire spread on slope
7 EXSC 0.01 =30, 0, 15, 30, 45, 60 15.24 Fire spread on slope
8 EXSC 0.03 =30, 0, 15, 30, 45, 60 15.24 Fire spread on slope
9 EXSC 0.005 -30, 0, 15, 30, 45, 60 15.24 Fire spread on slope

Methods

Figure 1 is a photograph of the experiment apparatus. The fuel consisted
of shredded aspen (Populus tremuloides) heartwood, selected for nominally
uniform size shape (approximately 2.5 x 0.8 mm cross-section) and because
it is readily formed into a randomly oriented fuel array with uniform bulk
density and controllable bed depth. The depth and bulk density were adjusted
by varying the mass of fuel per unit volume of the fuel bed. Rather than
reporting bulk density, we use the term “packing ratio” (volume of fuel per
unit volume of fuel bed), a term more common to wildland fire. Bulk density
is the product of packing ratio and fuel density. Efforts were taken to main-
tain the fuel particle moisture content as uniform as possible between burns
by conditioning fuel beds prior to the experiment at fixed temperature and
humidity (nominally 27 °C and 25 percent RH) and burning the experi-
ments at the same conditions. Measured fuel moistures ranged from 5 to 8
percent on a dry mass basis. The fuel tray was 1 m wide by 4.6 m long; slope
angle was measured from the horizontal plane. The fires were ignited by
applying electric current to a coiled nichrome wire placed in a 2 cm deep by
1 m wide tray of gasoline/diesel mixture at the base of the starting location
tor the fuel bed.
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Figure 1—Photograph of experiment, upward spreading fire,
excelsior fuel, bed measured 1 m wide by 3.5 m long.

Fire rate of spread was measured by dividing the length of the fuel bed by
the time required for the flame front to move from the ignition location to
the opposite end of the fuel bed. Time for all fuel on the bed to complete
burning was not measured. In some cases fire rate of spread was also gathered
from analysis of video footage. Generally these two methods agreed within
+10 percent.

Results

Figures 2 through 4 present rate of spread data from the slope burns. The
data have been normalized by dividing by the zero slope rate of spread.
The horizontal axis is slope measured from the horizontal in degrees.

Figure 2 presents the data from the 2.5 cm deep fuel arrays. For all three
packing ratios and all but the steepest slopes, these fires burned as individual
flamelets along each individual fuel particle. In the case of the 0.005 packing
ratio, the fire did not burn at all except for the steepest (31 degree) slope. The
data from the fuel beds with packing ratio of 0.01 and 0.03 show a 25 percent
decrease in spread rate between horizontal conditions and 16 degree down-
ward sloped beds. No increase in spread rate was observed for slopes from
0 to 10 degrees. For slopes between 10 and 25 degrees and packing ratios
of 0.01 and 0.03, fire spread rates increased slightly with slope. A dramatic
acceleration in spread rate was observed from 25 to 31 degrees.

The burn data from the 7.6 cm deep fuel beds are presented in figure 3.
These data suggest that for slopes less than 25 degrees, fuel bed rate of spread
increases with increasing packing ratio. But as slope increases to 30 degrees,
the relation reverses, and the more tightly packed bed burns approximately
15 percent slower than the bed with the lowest packing ratio. The data also
indicate that when backing down a 16 degree downward slope, the rate of
spread is 17 percent less than for flat conditions.

Figure 4 presents the normalized rate of spread data from the 15 c¢m
deep fuel beds. Trends similar to those observed in the 7.6 cm deep beds
are observed over the slope range of —16 to +30 degrees. Additional data
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Figure 2—Normalized rate of spread for the 2.54 cm deep fuel beds.
Bed depth (cm) and packing ratio values are listed at the end of each
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Figure 4—Normalized spread rate for 15 cm deep fuel beds. Bed depth
(cm) and packing ratio values are listed at the end of each identifier in the
legend.

were collected for steep down slope backing fires to a slope of —47 degrees.
These data indicate that the minimum rate of spread occurs at approximately
15 degrees downslope. For steeper slopes, the downhill rate of spread in-
creases. The increase is attributed to burning fuel “falling” down into the
bed accelerating the overall spread rate. A steeper slope of 43 degrees was
explored in the lowest and highest packing ratios. These data show for these
relatively steep slopes that the lower packing ratio bed spreads significantly
faster. For the steepest slopes, the fires burned quickly up the 4 m long bed
(approximately 20 seconds), but took significantly longer to burn down
through the bed, indicating that spread occurred over the topmost layer of
the fuel array.

Discussion

The data indicate at least three unique burning regimes. The first is indi-
cated by individual flamelets burning separately along each fuel particle. This
type of burning occurred in the 2.5 cm deep fuel beds for slopes less than
25 degrees. The fire spread process for the slopes less than 25 degrees seems
to be dominated by energy transfer along the individual strands, with radi-
ant or convective energy transport insufficient to “bridge” the gap between
individual particles. As slope increased above 25 degrees, an abrupt increase
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in spread rate with slope occurred (see fig. 2) where the fire changed from
flamelets burning along fuel strands to a more coherent flame front. This
change suggests a corresponding shift in the fundamental physics behind
the fire spread process. We posit that radiant and convective energy transfer
provides sufficient heating of the fuel ahead of the fire front to produce a
more uniform flame front.

As bed depth is increased from 2.5 to 7.6 cm, a uniform flame front was
observed in all cases (see fig. 3). Minimum spread rates occurred not at
flat slopes (0 degrees) but at downward spreading slopes of —16 degrees. As
downslope (backing fire) slope was increased further, the rate of spread was
observed to increase (see note on fig. 4). For slopes between —16 and + 10
degrees the rate of spread increases at a rate roughly linearly proportional
to slope. Fuel array packing ratio was not observed to be significant in this
slope range. For upward spreading fires between 10 and 25 degrees, the fire
rate of spread accelerates and the fuel arrays with the highest packing ratio
burn fastest. As slope increases further, it appears that the fires with the
highest packing ratios do not accelerate as fast as the lower packing ratios.
At slopes greater than 25 degrees, spread rate was observed to increase again
in a roughly linear but much greater proportion to slope.

Figure 4 presents the data from the deepest fuel bed (15 cm). Fire spread
rates seemed to respond similarly at this depth to the observations for the
7.6 cm deep beds. Again the minimum spread rate occurred at roughly —16
degrees downslope. A roughly linear increase in fire spread rate with slope is
observed from —16 to +16 degrees. From 16 to 25 degrees the data indicate
some separation as a function of packing ratio with the more tightly packed
beds burning faster. As slopes increase above 25 to 45 degrees, the lower beds
with lower packing displayed much faster increases in spread rates than the
more tightly packed beds. From these data we identify a third burning regime
where convective energy transfer dominates the energy transfer process. The
lower resistance to convective flow that is present in the less tightly packed
beds results in the fastest fire spread rates. The beds with tightest packing,
and highest loading, resulted in the tallest flames, but the fact that the lower
packing ratio fires burned faster indicates that while radiant energy transfer is
still present and probably necessary, it does not seem to dominate. However,
the beds with lower packing ratios will also be conducive to the transport
of radiant energy farther into the bed, which may lead to an increase in pre-
heating. But this mechanism is believed to be secondary as the bulk of the
flame transport and spread for the steepest slopes seems to occur along the
top surface of the fuel array.

A transition zone, characterized by an increase in the spread rate of the less
tightly packed beds that was more rapid than tightly packed beds, seemed to
occur in all of the fuel beds as slopes exceed 25 degrees (see fig. 5). The result
is a dramatic shift in the spread rate. This is supported by the observation
that the fastest spread rates are exhibited by the beds with the lowest packing
ratio. These lower density fuel arrays would be less restrictive to fluid flow
and thus could be associated with enhanced convective heating.

Conclusions

The data presented suggest three burning regimes with respect to fires on
slopes. The first is dominated by fire spread along individual fuel particles and
can be characterized as primarily a conductive process. However, as either fuel
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Figure 5—Normalized spread rate for all fuel beds. Bed depth (cm) and packing ratio
values are listed at the end of each identifier in the legend.

particle density or fuel bed depth increases, fires begin to burn as a coherent
front. The behavior of this front in the mid slope range (that is, slopes less
than 25 degrees) indicates that fuel bed bulk densities favoring increased fuel
loading burn slightly faster; we posit that this is indicative of a radiatively
controlled regime. Greater fuel loading will likely result in larger and taller
flames, which implies more radiatively efficient emitters of radiant energy.
As slopes increase further (that is, greater than 25 degrees) beds that are less
tightly packed begin to burn faster. This implies a convective dominated re-
gime where fluid flow within and over the surface of the fuel array dominates
the flame spread rate. The data indicate the need for further experiments and
comparison of the data against existing tire/slope relations.
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Modification of VanWagner’s Canopy
Fire Propagation Model

James Dickinson', Andrew Robinson?2, Richy Harrod?,
Paul Gessler4, and Alistair Smith®

Abstract—The conditions necessary for the combustion of canopy fuels are not well
known but are assumed to be highly influenced by the volume through which the
canopy fuels are dispersed, known as canopy bulk density (CBD). Propagating crown
fire is defined as a continuous wall of flame from the bottom to the top of the canopy,
implying crown fire propagation is actually independent of the vertical fuel distribution.
We hypothesize that all foliar canopy fuel is available for the propagation of canopy
fire. Therefore, we focus our effort on simplifying Van Wagner’s (1977) canopy fire
propagation model to accept a canopy fuel metric that uses only foliar biomass per
unitarea (FBA) rather than the more complex and commonly used CBD. The multipli-
cation of leaf area index (LAl) and the specific leaf area (SLA) of a given tree species
results in FBA, making FBA easily related back to ecologically meaningful terms at a
range of spatial scales. A variety of instruments can be used to estimate LAl with high
accuracy, and SLA values have been published for many species found in fire prone
forests of the West. Alternatively, allometric equations can be used to compute FBA
using individual tree-level measurements. Using Van Wagner’s (1977) data we modify
his propagation model and successfully match his published results. In addition, we
use Forest Inventory and Analysis data from northern Idaho to compare the critical
rate of spread (cROS) predicted by the modified model (using FBA) with the predic-
tions of the original model (using CBD). We find that the two models are statistically
equivalent (o= 0.10).

Introduction

Canopy fire challenges accurate modeling of fire spread because quantitica-
tion of the canopy fuel stratum is difficult (Cruz and others 2003; Keane and
others 2005). Particular difficulty arises, as canopy fires can exist in either
‘passive’ or ‘active’ modes. In passive canopy fires, individual trees or groups
of individuals ignite and burn from the bottom to the top of the crown,
resulting in mixed impacts on the environment (Ryan and Noste 1983). In
active canopy fires the combustion propagates as a solid wall of flame through
a landscape filled with trees in conjunction with a surface fire (Van Wagner
1977). In addition, this combination of active canopy and surface fire often
burns at high intensity having significant impact on soils, vegetation, and
wildlife habitat (Grier 1975; Ryan and Noste 1983; Romme 1995; Haggard
and Gaines 2001). Such fires may exhibit flame lengths exceeding 30 m with
rates of spread exceeding 50 m/min (Stocks and others 2004 ). Active canopy
fire also poses great risk to fire personnel, the public, and private property
(Scott 1998; Clark and others 1999; Scott and Reinhardt 2001).
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For these reasons fire managers have great interest in preventative treat-
ment of forested landscapes capable of sustaining active canopy fires (Hof and
Omi 2003; Scott 2003; Peterson and others 2005) and also in predicting the
behavior of these fires when they initiate (Stocks and others 2004 ). These
management applications require knowledge of the minimal conditions sus-
taining canopy fire to properly plan fuels treatments or to evaluate impending
conditions that threaten crews during suppression actions.

Most fire planning tools and spatially explicit fire models depend upon
the original Van Wagner’s (1977) model (we refer to this model as VWcbd)
to characterize the minimum conditions necessary to sustain active canopy
fire (Keane and others 2000; Scott and Reinhardt 2001; Finney and oth-
ers 2003; Reinhardt and Crookston 2003; Finney 2004). Other research
has attempted to quantify the available canopy fuel for combustion, called
canopy bulk density (CBD) to parameterize VWcbd for application (Keane
and others 2000; Fule and others 2001; Hummel and Agee 2003; Riano
and others 2003; Gray and Reinhardt 2003; Perry and others 2004 ; Riano
and others 2004; Falkowski and others 2005; Peterson and others 2005;
Keane and others 2005).

To date, no study has compared the effect that using different methods
of CBD estimation might have on the output of the VWcbd. Therefore, this
paper introduces the reader to two common methods of estimating CBD and
statistically compares the outputs of the VWcbd model using these inputs.
We also develop and compare a modified version of VWcbd, which we call
VWfba, that utilizes a simpler metric of foliar biomass per unit area (FBA)
as the fuel input.

Crown Fire Defined

Van Wagner (1977) described a conceptual canopy fire model using “a
stationary wall of flame with a conveyor belt carrying fuel into the flame.”
The rate of that conveyor belt must maintain a minimum critical rate of spread
(cROS) to deliver a sufficient quantity of combustible fuel per unit time to
maintain the wall of flame in the canopy space (Van Wagner 1977).

Van Wagner modeled canopy fire interactions for fuel, flame front rate
of spread, and the minimum fireline intensity necessary to maintain canopy
fire in a fashion similar to Byram’s (1959) index. This surface fire index re-
lates fireline intensity, the rate of spread of a flame front, and the quantity
of combusted tuel (Byram 1959; Scott and Reinhardt 2001). By representing
the flame front as a line moving at some rate across a plane of homogenously
distributed fuel mass (multiplied by a constant heat yield) the result is a
fireline intensity that is the product of the rate of flame movement and the
homogeneous fuel (Byram 1959). Like Byram’s (1959) index, the VWcbd
assumes a homogeneously distributed fuelbed, albeit through a volume rather
than across an area (Van Wagner 1977). The assumption of a homogeneous
fuel bed with a constant heat yield per unit of fuel makes VWcbd identical
to Byram’s (1959) index in form.

The Van Wagner (1977) model differs only in form by its calibration to the
minimal conditions necessary for active canopy fire to persist. Van Wagner
assumed that the fuel present in a stand would have a constant heat of igni-
tion (per unit mass), and thus avoided the necessity of calculating the energy
in the propagating heat flux. This changed the crucial element to a simple
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argument that relates only the critical quantity of fuel consumed per unit
time required for flame maintenance, divided by the available fuel quantity
(equation 1). The result of this equation is the critical rate of spread (cROS,
represented by ‘R,’in equation 1) required for the fire to consume the avail-
able fuel (‘4°) such that the critical mass flow rate (‘S,”) is satisfied.

N
= 7"(Van Wagner 1977) (1)

Where: R, : cROS for active canopy fire (m.s™!)
S, : critical mass flow rate for canopy fire, (0.05 kg.m=2.s71)
d: foliar (canopy) bulk density (kg.m=3)

Van Wagner’s definition of canopy fire as a wall of continuous flame from
bottom to top of the canopy must be met to satisty the implicit assump-
tion that canopy fire has initiated (Van Wagner 1977; Scott and Reinhardt
2001). The use of a single value to represent a distribution of fuel through
the canopy space removes any effect that a vertical distribution of fuel may
have upon canopy fire, requiring a second implicit assumption that horizontal
canopy fire propagation occurs regardless of the vertical distribution of the
tuel. The quotient resulting from the division of the available fuel by volume
(the definition of CBD) is simply a fraction of the total fuel load (the sum of
which is still available for combustion) and is irrelative to the effect that the
vertical distribution may (or may not) have on canopy fire.

Regardless of how a metric might incorporate the vertical distribution
component, it must be input to a model calibrated for that fuel metric. Like-
wise, a metric with no vertical distribution component used in a properly
calibrated model, would not preclude the use of vertical distribution as a
parameter in the model. It would simply require the incorporation of the
vertical distribution to be explicitly included in the model. The fuel input to
such a model would be useable at a range of scales depending only upon the
method used to calculate the available canopy fuel.

Our overarching assumption is that the Van Wagner (1977) model appro-
priately relates the basic properties necessary to describe the lower boundary
conditions required for active canopy fire combustion. Namely, that an active
canopy fire spreading between two points on the landscape must consume a
minimum quantity of fuel per unit time in order to persist as a canopy fire.
The quantification of fuel is vital to a model of the combustion process but
need not incorporate the vertical distribution into the fuel metric as tradi-
tional canopy fuel methodologies have done.

Van Wagner’s (1977) published data are used here to recalibrate the model
for use with FBA in place of the standard CBD input. The VWcbd and the
VWtba models are applied to a regionwide nonspatial Forest Inventory and
Analysis (FIA) database, and an equivalence test is used to compare the es-
timates of cROS from the VWcbd and VWtba models.

Methodology

In this section we introduce two methods used to calculate the fuel input
necessary for VWebd. We then modify the existing VWcbd for the use of foliar
biomass to create the VWtba model. Finally, we introduce our data and the
statistical methods used to test the equivalence of the VWcbd and VWtba.
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Summary of CBD Methods

We present FBA as a more simple alternative to the several existing meth-
ods for calculating CBD (Sando and Wick 1972; Brown 1978; Cruz and
others 2003; Riano and others 2003; Reinhardt and Crookston 2003; Perry
and others 2004) though only the FFE (Reinhardt and Crookston 2003)
and Cruz and others (2003) methods are used for comparison because they
represent the two unique approaches to estimating CBD.

The widespread use of the complex FFE method by Federal land managers
and researchers (Hummel and Agee 2003; Andersen and others 2005; Perry
and others 2004; Falkowski and others 2005; Peterson and others 2005)
is facilitated by its implementation in the Fire and Fuels Extension to the
Forest Vegetation Simulator (FFE-FVS) computer software (Reinhardt and
Crookston 2003) and the proprietary Fire Management Analyst Plus suite
of computer software (FPS 2001).

When applied to a stand inventory list, FFE calculates the foliar biomass
assuming constant density of foliar biomass through the length of the indi-
vidual tree-crown space. FFE calculates the amount of biomass contained in
every vertical 0.3048 m (1 ft) of the volume space for each tree (Scott and
Reinhardt 2001). Finally, the foliar biomass for all individuals in the stand is
summed within each vertical 0.3048 m above the ground and is plotted (see
fig. 1). This represents stand biomass (kg/m?) distributed by height above
ground (m), as a sum of all individual trees (that is, vertical distribution of
foliage within the canopy space) (Sando and Wick 1972).

The FFE Methodology of Canopy Bulk Density Calculation:
an Example Plot with 1922 trees per acre
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Figure 1—FFE methodology of canopy bulk density calculation. The maximum of
the 13-ft (3.96 m) running mean (marked with a star) read from the x-axis as the
maximum average foliar biomass per square meter per average vertical meter, or
“effective CBD” (kg/m?3).
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FFE calculates the maximum 0.3048 m (1 ft) increment of a 3.96 m (13 ft)
running mean applied to the vertical profile of foliar biomass (see fig. 1)
(Reinhardt and Crookston 2003). This produces an effective CBD value
that is not equivalent to the traditional CBD definition (Scott and Reinhardt
2001). Rather, effective CBD provides a value that is the maximum of a run-
ning average (fig. 1) and represents the greatest average fuel value, presumed
to be the least resistant stratum for canopy fire propagation through a stand
(Scott and Reinhardt 2001). Despite the lack of direct correspondence to the
CBD definition, it is frequently used as input to VWcbd.

Cruz and others (2003) calculate the foliar biomass for all trees in a stand
and divide this by the product of the average crown length multiplied by the
area of the stand. Biomass is assumed to have equal distribution through the
volume of the canopy. This method appears to be similar to the method used
by Van Wagner (1977) for calculation of experimental fuels data. We refer to
this method as the “Cruz” method for the remainder of this paper.

Modification of Van Wagner’s Model

Our research modifies VWcbd (equation 2a) (Van Wagner 1977) by altering
the value that represents the mass flow rate (S,, equation 2a), which repre-
sents the minimum quantity of fuel required to be combusted per unit time
to sustain canopy fire propagation. To determine S,, Van Wagner identified
forested stands for canopy fire experimentation and recorded stand infor-
mation including stems per hectare, basal area, tree height, height to crown
base, and biomass per unit area (table 1). The stands were then ignited with

three out of four fires judged to burn as active canopy fires by Van Wagner
(table 1).

-2 -1
Ro(ms_l) _ i _ 0.05(kgm 3s )
d d(kgm™)

(Van Wagner 1977) (2a)

S =R -d (2b)

R, is the critical minimum rate of spread for active canopy fire
S, is the critical mass flow rate for solid crown flame
d is the canopy bulk density

Van Wagner (1977) used one stand (‘R1’ in table 1), considered ‘an incipi-
ent’ active canopy fire, for model calibration. The observed rate of spread
of fire in stand ‘R1’ was multiplied by CBD to determine the required mass
flow (S, in equation 2b). It was apparent that this resulting value was less
than necessary for active canopy fire, so Van Wagner set S, at a constant value

Table 1—Summary of data taken from Van Wagner (1977) used for model recalibration.

Dickinson, Robinson, Harrod, Gessler, and Smith

Test Basal Height Actual
fire area Tree to live Biomass CBD ROS
name Fire type (m?2) Trees/ha height (m) per m2 (kg/m?3) (m/sec)
C6 active 50 3200 14 7 1.8 0.23 0.46
C4 active 50 3200 14 7 1.8 0.26 0.28
GL-B active 25 1800 18 6 1.22 0.12 0.41
R1 developing 50 3200 14 7 1.8 0.23 0.18
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slightly greater (0.05 kgm=2s7!). This established the minimum mass flow
value necessary because a slower fuel consumption rate would result in fire
behavior similar to the incipient canopy fire behavior of ‘R1” (Van Wagner
1977).

Our alternative VWtba was created by dividing Van Wagner’s value of
So=0.05 kgm~2s~! by the CBD for stand ‘R1” (0.23 kgm~3) (equation 3a).
The result is a cROS of 0.217 ms™! for stand ‘R1’. The cROS is multiplied
by the FBA (foliar biomass per unit area, table 1) of stand ‘R1’ resulting in
a product of 0.39 kgm=2s7! (equation 3b) giving the predictive equivalent to
Van Wagner’s published value using CBD of S, = 0.05 kgm=2s~! (equation
3c). The final form of the VWtba model is shown in equation 4.

0.05(kgm™s™")+0.23(kgm )= 0.217(ms™") (3a)

0.217(ms™") *1.80(kgm™)=0.39(kgm™'s™") (3b)
2 -1 -1 -1

0.05(kgm _s3 ) —0.217(ms™) = 0.39(kgm _sz (30)
0.23(kgm™) 1.80(kgm™)

-1 -1
R (ms™)= 0.39(kgm_zs ()
d(kgm™)

After recalibration of S., the VWtba model was applied to the rest of the
data provided by Van Wagner (1977). The VWtba and VWcbd models pro-
vide comparable predictions of cROS. Additionally, VWfba identifies that
stand “GLB Active” (fig. 2) exceeds the cROS and is an active canopy fire
when VWcbd does not.

Actual Rate of Spread and Predicted Critical Rate of Spread
Thresholds for Van Wagner's Experimental Fires

1.
o
B Actual ROS
VW Predicted
i O VWwiba Predicted
>
w
E o |
(=]
B
s
&
T o
& o 7 -
o :
4
; -
g !
2

C4 (canopy) C6 (canopy) GLB (canopy) R1 (nearty canopy)

Figure 2—Summary of Van Wagner (1977) published results and the VWfba
recalibration applied to original data. Where the ‘Actual ROS’ line exceeds the
estimated lines a canopy fire should occur. Note that only the VWfba estimate
is exceeded by the GLB fire.
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Sample Data

We use a database of 2,626 FIA plots collected from the Inland Northwest
region of the United States (UIFBL, 2006). FIA routinely collects data on
trees, saplings, and seedlings at each plot; however, we selected only trees at
least 7.56 cm (3 inches) in diameter at breast height (1.37 m) (USDA Forest
Service 1990). Each of the 40,000 tree records in this database include the
variables of tree diameter, height, percent live crown ratio, species, and the
tree expansion factor (number of trees per hectare that record represents) and
plot level variables (such as elevation, habitat type, aspect, and slope).

Fire and Fuels Extension Emulator

The size and format of our 40,000 record-database is not compatible with
the import tool of FFE-FVS that requires separation of the tree level data
from the plot level data. A stand-alone program provided by the FVS sup-
port group in Fort Collins, CO (FMFC 2002) was also considered for use,
but single stand with a maximum 2,000 tree records would not work for
our database containing 2,626 plots. Therefore, with permission (FMFC,
personal communication), a standalone program was rewritten within the
statistical package ‘R’ (R Development Core Team 2005) to directly interface
with our database.

This code provides identical CBD values in comparison to the standalone
FFE program. The allometric equations we use are identical to those used
in the northern Idaho and Inland Empire variants of the FFE -FVS software
(Brown 1978; Gholz and others 1979). Our revised program provides us with
several important values that are not readily available from FFE. It provides a
CBD value identical in method to FFE, an estimate for the method of Cruz
and others (2003), and an estimate of the proposed FBA alternative.

Statistical Analysis

Model validation is often difficult because traditional statistics require that
the null hypothesis be stated such that the two models are not significantly
ditferent (Welleck 2003). The ability to demonstrate similarity rather than dit-
ference based on probability arises by changing the null hypothesis from one
of similarity to one stating that dissimilarity exists, and is called equivalence
testing (Wellek 2003; Robinson and Froese 2004 ). Though the biomedical
industry has long used equivalence tests to show that two samples are statis-
tically similar, equivalence tests have not been widely applied to ecological
modeling (Wellek 2003; Robinson and Froese 2004). Robinson and Froese
(2004) use equivalence tests to validate model predictions of the diameter
growth model contained within the Forest Vegetation Simulator.

This variety of statistical test requires that a region of indifference (€), or
a range of difference that is of negligible concern, be established (Robinson
and Froese 2004). That is, a range of difference between sample metrics that
is insignificant in practical application (Wellek 2003). After establishing a
region of indifference, what is analogous to two separate trials of a one sided
t-test on the difference between samples is carried out, one for differences
greater than the test statistic, and one trial for differences less than the test
statistic (Robinson and Froese 2004 ). This method is called a ‘two-one-sided
t-test’ (TOST), and like a regular t-test, this test gains power as the sample
size increases (Robinson and Froese 2004).

The null hypothesis of dissimilarity is rejected if the range of indifference
overlaps into the rejection region for a one-tailed 95 percent confidence in-
terval of the mean of the differences (x, —x, = x,, ) (Robinson and Froese
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2004). The mathematics behind equivalence testing do not make p-values
practical, so we use both a strict (small) and liberal (large) range of indiffer-
ence to bracket our confidence in the hypothesis test (Wellek 2003).

These ranges of indifference bracket our confidence based not on prob-
ability, but on a judgment of how large the difference could be for the models
to still be considered equivalent. In this paper, we choose a strict range of
indifference such that | x,; + €[ < 0.138 m.s™! (= 0.50 kph) for cROS, while
the liberal range of indifference was established such | X, + €[ <0.278 m.s™!
(+ 1.0 kph). The values were chosen as being insignificant ranges of difference
from both a management and a modeling standpoint. We use a one sided type
I error rate of 5 percent (o= .05), which translates to two times a one-sided
o (2 x .05 = .10) for our TOST test of equivalence.

It is unusual for any two models to produce identical outputs so we attempt
to use the available data to explain differences that may exist between these
models. To explain these differences we fit a multiple linear regression model
(MLR) to the output of the VWcbd (using FFE method) and VWfba. The
VWcbd and VWtba models do not exhibit consistent differences between
them; for example, VWfba does not always estimate lower than VWcbd.
Therefore, we evaluate the ratio of the cROS estimates from the VWcbd and
VWfba models (VWcbd:VWtba) as the response variable.

Within the ‘R’ statistical package (R Development Core Team 2005) a
saturated MLR model with two-way interactions was fit to the response values
to find a response transformation that provides the best model fit. Evaluation
of residual plots, QQ-normal plots, and Boxcox plots indicate that the best
response transformation is a square root transformation.

Each predictor was then removed one at a time and we use the extra sum
of squares F-test (Ramsey and Schafer 2002) using the “dropl” function
(R Development Core Team 2005) to determine which estimators are
significant based on their residuals.

Results and Discussion

Our data do exhibit some kurtosis; however, our large sample size lends
resistance to any departures from normality (Ramsey and Schafer 2002). To
verify that outliers were not affecting the results, we removed obvious outliers
and reran the TOST. In each comparison of models, removing the outliers
made the minimum region of indifference smaller. Hence, the null hypothesis
was more clearly rejected with the outliers removed in each comparison, and
we present our results with all data represented.

The mean of the ditferences between cROS for FIA plots using VW-
cbd-FFE and VWfba is only 0.010 ms™! (table 2). Despite a comparatively
large standard deviation the null hypothesis of dissimilarity is rejected. The
sum of the minimum range of indifference and the mean of the difference
(0.010 + 0.027 ms™!) is substantially less than the conservative range of
indifference lending strong evidence (in lieu of a p-value) that the rejection
of the null hypothesis is justified (table 2).

These same patterns are repeated for the comparison of VWcbd-Cruz and
VWcbd-FFE, though the mean of the difference is larger than the previous
comparison (0.050 ms™) (table 2). Again, the sum of the difference and the
minimum range of indifference (0.050 + 0.066 ms™) are well within the pre-
defined conservative range of indifference leading to a comfortable rejection
of the null hypothesis. In the final comparison between VWcbd-Cruz and
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Table 2—Results of the equivalence test for FIA data.

FIA data n = 2626
Mean of H,: dissimilarity Minimum
Models differe?ce SD of range of
Sonnpaes (ms”) difference | Conservative Liberal ndierange
(%-%)  (x,) (ms”) | (£138ms") | 278 ms”) ()
FFE - FBA 0.010 0.499 Reject Reject +0.027
Cruz - FFE 0.050 0.486 Reject Reject + 0.066
Cruz - FBA 0.060 0.814 Accept Reject * 0.086

VWrtba, the mean of differences is larger than any of the previous comparisons
(0.060 ms™!) (table 2). The sum of this large bias between the models and
corresponding large minimum region of indifference (0.060 + 0.086 ms™1)
does not allow a rejection of the null hypothesis of dissimilarity under the
conservative scenario, though it is still rejected at the liberal range. In all but
one of these comparisons we reject the null hypothesis of dissimilarity.

The VWfba provides the slowest estimate of cROS between these three
methods. These differences 0.010 ms™! and 0.060 ms~! are interpreted to
mean that on average the VWfba model estimates the cROS necessary to
sustain canopy fire to be less than the cROS predicted by the VWcbd-FFE
and VWcbd-Cruz, respectively. This result is likely due the VWtba utiliza-
tion of all available fuel and not some fraction of the available fuel, which
means that the cROS does not need to be as high as the case where less fuel
is available.

The small (0.010 ms™) difference between the VWcbd-FFE and VWfba
method is surprising considering the drastically different methods of fuel
estimation used in these models. Therefore, we attempt to explain only the
differences between VWcbd-FFE and VWfba models using MLR. The to-
tal variance (R?) explained by the saturated MLR is 57.8 percent (294 and
2331 degrees of freedom). Only the diameter at breast height of the tree of
average basal area (dbh.bar) is a significant individual predictor. Nine other
variables, all interactions, are found to be significant using the extra sum of
squares F-test (table 3).

Colinearity of variables limits our ability to identify the contributed ex-
planatory power of each significant variable. Instead, we fit many regressions
using each individual variable, or constituent variables (in the case of interac-
tions), to quantify the remaining variance not explained by the predictor(s).
For each variable, table 3 lists the root mean square error (RMSE) of a model
that incorporates only that variable (and its constituents). The RMSE of the
response variable predicted using a mean parameter was fit for comparison.
An individual variable associated with a low RMSE in table 3 is a stronger
explanatory variable than a variable with a larger RMSE.

The interaction between total basal area (BA.sum) and total trees per acre
(TPA.sum) has the lowest marginal RMSE, but this MLR model would have
had two more parameters. While this interaction can be biologically explained,
it is not easily interpreted. In contrast, the dbh of a tree with average basal
area (dbh.bar) is directly related to the total basal area of a stand, which is
highly influenced by the total number of trees in a stand (tpa.sum). The high
explanatory power of this single variable is useful to know but provides no
further insight to the differences between these models.
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Table 3—Saturated multiple linear regression (MLR) model and significant predictors found
using the extra sum of squares F-test.

Saturated multiple linear regression model
sqrt(outl/out2) ~ foliage.sum : BA.sum : TPA.sum : sdi : dbh.bar : Slope : Aspect : HAB : EL

F-statistic: 13.25
Adjusted R-squared: 57.8 % on 294 and 2331 degrees of p-value: < .001
freedom
Intercept Estimate Std Error 95% Confidence Interval
0.726 0.163 0.406 to 1.05

Note: “outl™ is the output of the Van Wagner model using FFE fuel input and “out2” is the output
of Van Wagner using FBA fuel input. Response variable is a ratio of these outputs, a measure of
relative differences to avoid negative values for transformation purposes.

i Marginal
Variable Df RMSE
Total RMSE: 0.214

BA.sum:elevation * 1 208
sdi:elevation * 1 210
foliage.sum:slope * 1 211
dbh.bar * 1 174
foliage.sum:BA.sum * 1 212
foliage.sum:sdi * 1 .206
foliage.sum:HAB * 29 191
BA.sum:TPA.sum * 1 167
BA.sum:sdi * 1 172
TPA.sum:sdi * 1 174

Note: Total RMSE represents the RMSE of an intercept parameter fit to the response variable only: it is
the root mean square error left after accounting for only the mean.

The VWcbd and VWtba estimates for the regional FIA data (n=2676)
are equivalent to one another well within acceptable ranges of indifference
established for these tests. We demonstrate that VWtba is equivalent to VW-
cbd in the Inland Northwest when the sampling design of FIA is followed
and the data used to describe a 0.40 ha (1 acre) stand. Rejection of the null
hypothesis of dissimilarity suggests that either model can provide reasonable
cROS estimates in this case study. Based on our analysis of comprehensive
FIA data, we conclude that the use of VWfba is a reasonable alternative to
VWecbd, in particular when compared to VWcbd-ffe. Unfortunately, MLR
analysis of our data does little to explain the observed insignificant differ-
ences between the VWcbd-tfe and VWtba.

Some of the failure to quantity the accuracy of the VWcbd model may be
attributed to the difficulty in measuring, evaluating, or estimating the canopy
fuels (Keane and others 2005). Reinhardt and Scott (2005) report nearly
1000 person-hours required to physically measure several canopy biomass
variables (including their vertical distribution) to calculate canopy fuel CBD
for a single 10 m radius plot. This inability to physically measure the volume
space used in CBD calculations has made it difficult to assess the utility of
the model as put forth by Van Wagner (1977) (Keane and others 2005).
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In contrast, VWtba is directly correlated to the foliar biomass within a
stand and does not vary based on estimated canopy volume. The accuracy of
allometric equations and the increasing use and accuracy of remote sensors
that can be used to estimate foliar biomass in a stand make FBA more easily
measured in the field in front of potential canopy fires. This measurability
will make nonexperimental field evaluation of the VWtba model a more
practical endeavor.

Like CBD estimates, FBA is limited by the accuracy of the technologies
used to estimate foliar biomass (total available fuel). However, CBD methods
have the added difticulty of measuring the necessary volume. The ability to
field test, calibrate, refine, or even observe the efficacy of the VWcbd estimates
has been limited mostly because of the complex, more difficult measure-
ment of the CBD input. The principle of parsimony (Ford 2000) might be
applied in this situation leading to the adoption of VWfba as a canopy fire
model because it utilizes a simpler canopy fuel input. This makes the VWtba
model simpler than the existing VWcbd model while providing a statistically
significant equivalent estimate when compared to the current model.

Conclusions

The adoption of VWfba may allow for consistent fuel quantifications
that are less influenced than CBD, by the highly varied canopy structure of
forested stands. This consistency provides a benchmark by which to adjust
Van Wagner’s (1977) moditied model, VWtba, for further improvement and
refinement. We assert that the VWfba recalibration of Van Wagner’s model
provides statistically equivalent estimates and is consistent with the original
field observations of Van Wagner.

The VWtba model proposed here only quantifies the fuel conditions
necessary to sustain canopy fire between two points on the landscape with
the intention of matching the performance of the original Van Wagner model.
This model does not require knowledge about the vertical distribution of
fuel, only that enough fuel exists between two points to sustain canopy fire.
Future work with the VWtba model may require a coefficient to describe
vertical distribution or a number of other parameters, but these coefticients
will be independent of the combustible biomass estimate. This approach leads
to a more subtle refinement of the model output independent of the quantity
of fuel that is truly available to the advancing canopy fire.

The VWtba model should be applied to a variety of case studies where esti-
mates of foliar biomass can be obtained for observed canopy fires. An example
of this sort of validation could be the acquisition of LANDSAT imagery over
an area subsequent to a canopy fire. Using estimates of foliar biomass derived
from leat'area index (LAI) and specific leat area (SLA), the resulting VWtba
prediction could be compared to fire behavior observations from that fire.
This type of field validation removes the necessity of estimating the probable
fire spread direction and then placing fuel sampling personnel directly in the
path of impending canopy fires, allowing the required fire observations to be
conducted from a safe distance. Given the lack of literature suggesting that
the use of VWcbd adequately provides estimates of the cROS threshold we
would not necessarily expect the VWfba model to accurately estimate cROS
in these field trials, but we would expect it to perform as well as the VWcbd
model, if reliable CBD data could be collected for comparison.
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Ultimately, acceptance of the VWfba model may lead to the development
of'a canopy fire behavior model that can be related simply to LAI. This would
remove the necessity of knowing the tree species necessary to assign a SLA
value. This refinement would provide a practical method to take remotely
sensed imagery and convert it directly to a relevant canopy fuel characteristic
involving one less step than the VWtba model proposed here.
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Ignition and Flame Travel on Realistic
Building and Landscape Objects in
Changing Environments

Mark A. Dietenberger’

Abstract— Effective mitigation of external fires on structures can be achieved flexibly,
economically, and aesthetically by (1) preventing large-area ignition on structures from
close proximity of burning vegetations and (2) stopping flame travel from firebrands
landing on combustible building objects. In using bench-scale and mid-scale fire tests
to obtain fire growth properties on common building construction and landscaping
plants, a model is being developed to use fast predictive methods suitable for changing
environments imposed on the parcel lot consisting of structures and ornamental plants.
When fully implemented and validated, the property owners and associated profes-
sionals will be able to view realistically in real-time (or faster) the various fire scenarios
with the ability to select building materials and shapes as well as select ornamental
plant species and placement for achieving the desired fire mitigation. Because of the
analytical model’s ability to respond to the changing “parcel” environments of wind,
temperature, humidity, moisture, sunshine, and wildfire sources of heat and embers,
as well as to variations in building construction and ornamental plants, means that
analysis can be done eventually for various neighborhoods. The mathematical formula-
tion presented at the 2006 BCC Symposium is partially shown here and some results
are compared with (1) our refurbished and modified Lateral Ignition and Flame Travel
Test (ASTM E1321 and E1317), (2) specialized testing of Class B burning brand (ASTM
E108) in the Cone Calorimeter (ASTM E1354), (3) room-corner tests with OSB (ISO
9705), and (4) Cone Calorimeter tests of fire resistive materials such as FRT plywood
and single-layer stucco-coated OSB. A preliminary Fortran dll file has been generated
for use in other models, such as ecoSmart Fire.

Introduction

With the increasing fire hazards from wildfires, particularly in Southwestern
United States, the homes built in the wilderness/urban interface (WUT) will
come under increasing regulatory pressures to adopt exterior fire resistive
structures, in addition to managing landscape vegetation. However, it is not
always clear as to the effective strategy for wildfire mitigation, even to a fire
protection expert. Indeed, homeowners and builders could benefit greatly
from a calculation tool for evaluating the wildfire hazards to their structures.
Fire threats in the WUTI basically come in two forms: (1) the long-duration
exposure from firebrands spotting and (2) the short-duration exposure from
heat flux and/or flame impingement of the wildfire nearing the structure.

The fire hazard threat of high heat flux or flame impingement from short-
duration wildfire exposure is primarily mitigated with vegetative management
in the defense zones around the combustible structure. The kind of vegeta-
tive management needed to prevent structural ignition will depend on the
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fire resistant construction, moisture condition of landscape vegetation, and
the positions/types of ornamental vegetations relative to the combustible
structure. To establish the nonthreatening distances of rapidly burning
ornamental vegetations away from a given structure, which may or may not
be fire resistant, one should ideally use a fire hazard calculation tool, such
as being partially developed in this paper. The insidious threat from long-
duration firebrands’ exposure, as particularly blown in from a distant huge
wildfire, is really the main driving force in requiring fire resistant structures
in the WUI. Obviously, the owner needs to place wire screens over chimneys,
vents, and around decks and some windows to prevent ember penetration
into the highly combustible interiors of buildings (Manzello and others
2006). However, it is not clear as to how much fire resistance is needed for
the construction exteriors. The homeowner could well decide that the wood
deck is expendable as long as the fire (possibly originating in the deck crevice
with firebrands, Manzello and others 2006) does not spread into the fire
resistant home. The patio door and windows should also be made resistant
to the worst-case firebrand, which is likely the Class A or B simulated fire-
brand in the ASTM E108 test. The Class A firebrand can also be thought
of'as multiple firebrands collecting in a corner wall, where the upward flame
spread on combustible sidings is likely. The use of an exterior FRT wood
siding or similarly fire resistive material will instead prevent such flame spread,
thereby limiting the damage/ignition to the region of direct exposure from
the firebrands. Our main point is that reasonable and economical design of
an exterior fire resistant material needs to consider the firebrand threats, even
with effective vegetative management.

We believe the speed of computer computation has reached the point of
bettering the real time calculation of damage, ignition, and fire growth on
combustible objects. Since the CFD codes such as the Fire Dynamics Simu-
lator are far from reaching such a point, we present here certain analytical
solutions of the dynamic processes of surface heating to ignition /flame travel
that leads to overall fire growth. The key numerical procedure is using stepping
boundary conditions to discretize the analytical time integration and which
then becomes a fully recursive computation method as a bonus. The math-
ematical formulation presented at the 2006 BCC Symposium (Dietenberger
2006a) is partially shown here and some results are compared with (1) our
refurbished and modified Lateral Ignition and Flame Travel Test (ASTM
E1321 and E1317), (2) specialized testing of Class B burning brand (ASTM
E108) in the Cone Calorimeter (ASTM E1354), (3) room-corner tests with
OSB (ISO 9705), and (4) Cone Calorimeter tests of fire resistive materials
such as FRT plywood and single-layer stucco-coated OSB.

Ignition Predictions With Changing Conditions

The prediction of surface temperature for reaching ignition conditions
that take into account the changing boundary conditions, and yet avoid the
use of time-consuming finite difference methods, resulted in an innovative
mathematical formulation of transient heat transfer problem. In an earlier
paper (Dietenberger 2006b) we published a recursive analytical solution for
transient heat and moisture transfer in a finitely thick hygroscopic material
with step changes of certain boundary conditions. For many materials, mois-
ture is not a consideration and we show here just the solution for temperature
change, T'(%,¢), profile due to boundary conditions of stepping changes in
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surface heat fluxes, ¢”(¢,7) and back side heat fluxes, ¢"(0,7), here as,

n |\ AG"(0,1,
CHEDD %’)S(a,x,t—@)—
i=0 q.l 9,0

-
MS(a,e—)e,t—ti) (1)

where % is dimensional depth, 7 is current time, K, is thermal conductivity
coetficient, Cy is heat capacity, p is dry body density, a is thermal diffusivity,
and S(a,%,1) is the series expansion solution,

ot 3R 2 & (=) —at(nr) nmx
S(a,x,t)=—+1¢ ———E —|— —_— 2
(o, %,1) / v P D exp|— i cos / (2)

Rarely do classical heat conduction texts discuss such stepping heat fluxes,
probably because the summation in equation 1 can be burdensome. However,
such texts do not offer the possibility of converting equation 1 to a recur-
sive summation, which is simple and efficient to implement as a computer
routine, which we have done for this work. If irradiance, ¢”,is applied to
one surface, the material responds with radiative and convective cooling on
the exposed side, and conductive cooling on the unexposed side as in the
boundary conditions,

a, d/(6) + e ol T, A1) =TI+ h [T, (1) = T(41,)]
—H (= t){a, 4 )+, 0T o ) =T 1+ h (T, )= T(kt, )]}
Aq//(o’ti) = Cinsulale [T(O’ ti) - Ta (t[ )] - H(tf - tl )Cinsulate[T(O’ti—l ) - Ta (ti—l )]

Aq”(&t,‘) =

(3),

then eventually the predicted surface temperatures will reach a steady-state
value in which the convective and radiative heat losses to the air and conduc-
tive heat losses to backside insulation is equal to radiant energy absorbed. The
heaviside function, H(t; — t7), is used to specify that prior to heat exposure
the sample is at a uniform temperature, and therefore has zero heat fluxes at
both surfaces. If the irradiance is high enough, then the surface will reach
ignition temperature, Tjq, prior to reaching steady state temperature. To more
accurately capture the time at ignition, we used time steps of one second or
less, although a large time step is feasible if the boundary conditions change
slowly enough as with the diurnal heating cycle.

As can be seen from equation 3 the changes in the boundary conditions
with time can be used. That is, we can arbitrarily vary irradiances, convective
tlow, atmospheric temperature, and surface conditions with time. The method
can also be extended to multilayered samples in which interfacial zones can be
treated as “conductive backside cooling” heat transfers. To consider ignition
due to flame impingement, we have the imposed heat flux from the 100 kW
propane ignition burner (or the firebrand flames), ¢”w, in our room-corner
burn tests to use in place of the term, asg”s +e,0(T,* — T(,0)*) + ha(T, — T(L,2)),
in equation 3, as,

§'w=0 (ae fo4+ e(l-¢ f)Ta4— e T(L)) +her (Tr=T(1,1)) (4)
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The parameters that are known in the case of fluxmeters in the wall are
G"w= 55kW / m?, T({,t)=298 K and absorptivity and emissivity as a; = &
=0.97. Using averaged measured flame temperature, 7y = 173 K| we de-
rived values of flame emissivity and convective coefficient as, & = 0.391 and
hep=0.0165kW / m? K to reproduce the fluxmeter heat flux. Our test materials
typically have lower surface emissivity, & = 0.88_ and using the above values for
other parameters the imposed heat flux becomes 51 kW /m? instead. Therefore
we would expect the time to ignition on the wall to correlate best with the
cone heater flux of 50 kW /m?2, as was found by Karlson (1993). However, he
used a multiplication factor of 1.7 times the time to ignition from the cone
calorimeter to obtain the actual time to ignition for the room-corner test,
which is equivalent to adding about 11 seconds (90 percent level) to ignition
time due to burner lagging.

Fire Growth Simulation With
Changing Conditions

In an earlier paper reporting on our ISO9705 tests (Dietenberger and
Grexa 1996), we described the complex-variable Laplace transform solution
of the Duhamel integral for flame spread, HRR, and pyrolysis area that
involved four stages requiring solution restarts: (1) ignited corner area due
to a sluggish propane burner, (2) upward spread of corner flame to the ceil-
ing, (3) lateral spread of top-wall flame for the unlined ceiling, and (4) the
preflashover rapid downward spreading of the entire three walls flame. This
analytical solution was modified for application to the changing conditions
of the WUI fire scenario, and the formulation reported in the 2006 BCC
Symposium (Dietenberger 2006a) is briefly repeated here. First step in the
analysis is the description of the extended flame flux profile as an imposed
flux applied over surface distance, y.., followed by an exponential decay with
characteristic length, d ;, as in

exp {—(yéf yc)} —1

where H(y)is the heaviside function. With the length of constant flux, y,,
identified with the pyrolysis front, y,, the characteristic length was found to
be proportional to extended flame length and correlated as, 8, =(y;—y,) / ¢,
with value of ¢y approximately as 1.3 for upward spread. With this spatial
profile of flame heat flux, we then analyzed for the quasi-steady speed, v,
of the pyrolysis front by using the formula, y — y;, = v,(t;, — #), in equation 5
to represent the sliding movement of imposed heat flux profile over a given
spot until ignition temperature is reached. With this substitution, Duhamel’s
supposition integral is the convolution of material’s thermal response to a
constant imposed flux with time changing imposed flux as in

_d(T(L,1)
dt

q"wr(y)=¢q"wo |H(y)+ H(y— ye)

(5)

dqllwf(yig —vp(t — tig)) (6)

Tig — T
“ dt

@ q"wr(vo(tis — 1) + yig) = (T(1,1)) @

where the integration is taken from zero to the time of ignition, #;,, to cor-
respond to ignition temperature, 7;,. We note that equation 6 becomes exactly
equation 1 providing the heat flux profile of equation 5 is approximated by
incremental flux changes with incremental time steps, which we will show

later in evaluating the LIFT test data. Because it is possible to have a wide
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variation in the characteristic flame length, depending on the direction of
the flame spread, then the time step sizes will have to be highly adaptable to
ensure a reasonably accurate and efficient descretization of equation 5 for its
use in equation 1. If there are multiple flame spread directions on multiple
combustible items, then it would be impossible to determine the optimum
time steps. This is the fundamental reason why the CFD codes, such as the
EDS, will fail to predict some types of flame spreading problems. To avoid
this problem, the intricate analytical solution to equation 6 (instead of a dis-
cretization solution) for both thermally thick and thermally thin materials and
with interpolation between the regimes is given Dietenberger (1991) as:

3
2 K (BT | 2|1

Te—Tn | |1, |1 B
Sfr=v,.Tm=v.K pCp| ————-— STzt rrrn 7
PRI =) |24 0@ ) 7
where §"ig = esa(Tig* — T(£,0)*) + h(Tig — T(¢,0)) (8)

One then realizes that all of the material’s parameters for thermal response
are contained in the material time constant, 7,, during flame spreading.
Closer examination of equation 7 shows that the flame travel rate, v, can be
made quite small with large values for thermal conductivity, material density,
heat capacity, material ignition temperature, and material thickness, or with
small values for preheated surface temperature, flame heat flux, and flame
footprint. Obviously, to completely stop flame spreading for any direction,
the local flame foot heat flux has been reduced to the critical heat flux needed
for ignition (via equation 8). The use of fire retardants merely improves upon
this flame spread halting, even to the point of diminishing upward flame
spreading under a strong radiant source. We note that supposed “constant”
fire properties used in equations 7 and 8 are also changing with time, espe-
cially the flame foot and ignition fluxes.

As the next step in analytical modeling of fire growth, the flame oversize
area, As— A,, as a nonlinear function of HRR, Q,, and flame width, w, for
the corner flame (Dietenberger and Grexa 1996) is linearized at each time
step as,

2w (s — 1) = 00433213023 ~ i+ %(Qz —On)+ %(Ap — Apm) = cr(a+ bAp+c0)) (9)
/ p

The flame area for other geometries, such as the single vertical wall, a tunnel
ceiling, or a circular pool fire, can be similarly linearized for their respective
nonlinear functions. The fire growth problem, by rearranging equation 7,
can now be stated concisely as the Voltera type integral as,

%:2WVF _ a+ bAp+ cQO:
dt Tm

+ Aig,iN(t — ti) (10)

where the total HRR is given by a sum of ignition-burner and material-flame-
spreading heat release rates as,

t—ti .
O = Z AQOb,iH (t — ti) +Z Ap(ti) O"m(t — ti) + fO O'm(t—ti— &) Ap d€ (11)

and Q”m(f) = Q”m, ig H(f) exp(—w m t) (12)
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whereas an exponentially decaying HRR profile (with decay coefficient, w,,) is
assumed for a given sample surface, with the peak HRR flux, 0, ; , also chang-
ing with time as a result of the changing radiant source. The recursive Laplace
solution to equation 10 given for each time step is (with 7" =¢—1¢; > 0),

. O . . * *
Ap(1) = a+ c(Qmi — ApiQ"m,iq + Obi + AQbi) + Apiw m]{exp(sn‘ ) —exp(sat )]
Tm S1— 82 (1 3 )
. s exp(s1t*) — 52 exp(szt*) n a+c(Opi+ AQb) || wm exp(sut*) -1 exp(s2t*) -1
pl §1—82 Tm §1— 52 s 52
_ . ((a4 cOp)O"m ig — b(Omi — ApiQ"m,ig) || exp(sit”) —exp(sat)
Oi(t) = On(t) + Om(t) = an+Asz+[ — o
(14)
N cQ"m.ig AOH exp(sit ) —exp(sat’) O] exp(sit ) — saexp(sat’)
Tm s1—52 s1—52
where growth acceleration coefficients (in complex variable form) are,
2
o, ig — mT m | ”m ig— WmT m m
S[:b+cQ m, ig w mT 7(71)1 b+CQ ,ig w mT +b(.¢J (15>
2T m 2T m Tm

For brevity we define the recursive terms, A,; = A;, ; + A,(t;), Op; = Op(ty),
and Omi = Q"m,igdig,i+ On(ti) . The size of the overflame area as a function of time
is merely given with equation 9. Since equations 13 and 14 are framed in a
recursive form, the coefficients and parameters treated as constants during a
time step can be allowed to vary from time step to time step. Indeed the ma-
terial time constant, 7, is in actuality a fairly strong function of time via the
changing preheat temperature, 7,,, in equation 7, which in turn is calculated
with equation 1 using the time-changing external radiant flux boundary con-
ditions. Therefore, one could conceive that the overall fire growth can switch
from a damped fire spread to an accelerative fire spread, or vice versa, through
the mere time variation of the material time constant. Because the roots are
considered complex numbers, the above solutions are considered to be in the
complex variable domain. Specialized computer algorithms were developed
for complex evaluations so that the above functions could be programmed
directly as a Fortran code called by the Excel spreadsheet. Because of the
recursive nature of fire growth equations, it should be possible to consider
various changing conditions without recalibrating the coefticients.

Class B Firebrand Tests in the Cone Calorimeter

To understand the challenges presented with a typical fire scenario in the
WUI we burned the Class B firebrand of ASTM E108 in the Cone Calo-
rimeter (ASTM E1354). A modified sample holder was used that allowed
air flow into the sample as well as exposed the sample partially into the air.
This necessitates us to turn the cone heater into the vertical position to keep
it out of the way, and we opted not to use the cone irradiance, although we
may do that in the future. Use of a Bunsen burner to ignite the brand would
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have been required in the ASTM E108 test to ensure a self-burning brand,
but instead for our test the brand was partially soaked in methanol bath.
With ignition started at the corners of the brand, the ensuring flame took
several minutes to spread around the brand. The HRR history as shown in
figure 1 somewhat increases linearly to a broad peak value of 10 kW and
decreases gradually afterwards. Although a simple charring wood surface
has a strong initial peak HRR and then decays approximately exponentially
for many seconds, the phenomenon of flame spreading around the specimen
is rapid enough to result in a net increasing HRR with time. Once flame
spreading is finished, the HRR should decay somewhat exponentially, but
the increasing glowing HRR makes the decrease in the overall HRR to be
not so rapid. The fire growth process and the effect on the HRR profile is
similarly imagined for flaming vegetations, roof fires, deck fires, and so on.
The challenge for analytical fire growth modeling is to reproduce the HRR
profile with the use of several burning regions in the model.

The heat flux from a burning firebrand, however, varies according to size,
distance, shape, viewfactor, and time-dependent HRR profile. For example,
in our cone calorimeter test of Class B brand we were able to place one
fluxmeter directly underneath the 150 X 150 X 60 mm wood crib with a
5 mm gap and 25 mm inward from the edge and another fluxmeter located
at 45 mm outward from the wood crib. The heat flux data are shown in
figure 2, which clearly shows the effects of viewfactors of the developing
flame on the measured value. That is, the outside-fluxmeter seems to mimic
the HRR trend and has a peak heat flux of 6.7 kW/m?, which is not enough
to ignite most materials but can still char some materials. On the other hand,
the underneath-fluxmeter at first could not view the flame, and when the
flame came into view, the flux levels eventually reached 50 kW/m?. Then
after the flame subsided and the wood crib was glowing throughout, the
flux became as high as 80 kW/m?. This is the high flux that rapidly ignites
most materials, and also some fire resistant materials, albeit with a little more
time to ignition.
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Figure 1—Heat release rate of class A brand.
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Figure 2—“A” brand heat fluxes.

Figure 3 shows the surface temperature response of dried redwood deck-
ing as calculated with equation 1 using the imposed heat flux profiles from
figure 2 as the time dependent input data. The high temperatures obtained
under the 80 kW/m? flux from the contact with wood crib glowing confirm
the assertion that most combustible building materials will ignite. Yet, at a short
distance away, the imposed heat flux exposure drops to the levels such that most
combustible materials will not ignite.

These facts would place exterior cladding surfaces such as roofs and decks
and unprotected interior flooring as highly susceptible to ignition by the
“worse-case” firebrand. Therefore, designing fire resistant claddings to
prevent flame spreading or avoid fire penetrating through the exposed layer
after the inevitable ignition would be a desirable trait. Indeed, at least among
wood materials, one could observe similar ignition behavior among different
species, but that their flame spreading behavior is remarkably different.
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Figure 3 —Analytical prediction of dried redwood response to class B brand
heat exosure.
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Refurbished Lift Apparatus and Analysis

Almost a couple decades ago we built the LIFT apparatus to duplicate
the original at NIST BFRL, which was developed mainly by Margaret
Harkleroad. The intent was to follow the ASTM E1321 standard to obtain
ignition and flame spread properties for wood based materials. The standard
called for the 6 inch by 30 inch vertically mounted specimen to be exposed
continuously to the burner radiant heat until there was a distribution of
surface temperature in equilibrium. This distribution of temperature then
gave rise to a variation of lateral flame travel rate, which was to be measured
manually. However, at the heat fluxes required, the wood was experiencing
surface charring, which negated possibility of deriving flame travel property.
Another factor creating difficulties was the unrealistic high convective flow
exposures to cause ignition and flame travel, as compared to, for example,
the low convective flow involving vitiated hot air in the lateral flame travel
phase in the Room Corner test (ISO9705). Finally, we were dependent on
the venturi tube to control the burner output with the air flow valve, which
created a problem for us when the cyclic central air source caused a highly
wandering burner output.

With the current emphasis on the WUT applications, installation of a mass
flow controller on the air source, and utilization of faster and more accurate
data acquisition, we embarked on refurbishing the LIFT apparatus. Our
modified test protocol involves no surface preheating, numerous tiny surface
thermocouples, and a crank-operated computer-recorded indicator for track-
ing flame position as function of time. The first detailed test involved the
OSB that was set aside for the LIFT tests when the series of room-corner
tests were done.
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Figure 4—Surface temperatures measured on OSB surface in the LIFT flame travel test.
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For the exposure to the 50 kW/m? radiant imposed flux at the 50 mm
position from the specimen end, the data (not shown) shows surface tem-
peratures profiles at various locations up to 200 mm which is consistent with
the flame spread rapidly proceeding downwards from the pilot ignition. In
figure 4, the surface temperatures profiles at positions greater than 200 mm
is shown in which there was a lateral flame spread that decreased in the travel
rate until the flame stopped spreading at around 550 mm. Although it is ap-
parent when the flame has traveled over a thermocouple, it was not apparent
as to what the ignition temperature is or just how the temperature rapid rise
has occurred just prior to the flame front arrival. Indeed, with the rapid rise
in temperature after a radiant preheat period indicates that a small flame-foot
heating feature must be captured by a credible model of fire growth.

The typical temperature profiles were easily simulated with the recursive
formulation of equation 1 using reasonable heat flux profiles shown in fig-
ures 5 and 6 with the corresponding temperatures predictions in figures 7
and 8 in comparison with the data. The thermophysical properties for OSB
were taken from our previous ignitability results. The imposed heat fluxes
had three phases to properly predict surface temperatures. The first phase
is the few seconds increase in heat flux as a result of sliding the specimen
into place. At the 50 mm location where the radiant flux was set at about
50 kW m?, the calculated temperature response reached 301 °C at 12 seconds
in figure 7. The third phase of heat flux is caused by the flame foot modeled
with time-changing form of equation 5, having the flame foot heat flux of
60 kW/m? and a time constant of 0.4 seconds. The rapid exponentially up-
turn of the temperature was captured using 0.2 seconds time steps so that
the surface temperature of 408 °C was obtained at 15.4 seconds (flame sheet
arrival time). Further, but damped, temperature rise was in response to the
imposed flux set at 110 kW/m?. Similar pattern is noted for figure 8, which
required a flame foot heat flux of 60 kW/m?, time constant of 4.0 seconds,
and flame sheet arrival time at 83 seconds. With the relative increase of the
time constant by 10 times, meant that the local flame travel rate at 50 mm is
also 10 times of that at 200 mm. Note that the net surface heat flux due to
surface emitting radiation and reduction in convection heat flux has rapidly
changing profile adequately captured by the analytical model to predict the
temperature response.

It is interesting that no charring of the wood surface was needed for mak-
ing close temperature predictions, allowing us to take the planned steps
to validate the lateral flame travel rate formula given by equation 7. Since
we have measurements from the thermopile in the flue gas and from fume
stack thermocouple (ASTM E1317), we can derive the sensible HRR profile
(Dietenberger 1994) and compare it with the model estimated HRR profile
from equation 14. Success with this approach can be applied to other situ-
ations involving flame travel opposing the air flow, such as ground flame
propagation or fire on a deck surface.

Selected Room-Corner Tests

Because the analytical fire growth model for changing conditions differs
somewhat from the original model, we decided to focus on predicting the
upward fire growth behavior in corner walls, particularly if no fudging of
material properties was required and that it provided a good representation
of the exterior environment (far below the flashover conditions). In the case
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Figure 6—Imposed heat fluxes modeled for temperature
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Figure 7—Prediction of measured surface temperature
using imposed heat fluxes in figure 5.

Figure 8—Prediction of measured surface temperature
using imposed heat fluxes in figure 6.

of OSB we used the properties published earlier (Dietenberger and Grexa
1996). Figure 9 shows our Room-Corner flashover test with OSB linings on
the walls and gypsum board on the ceiling. We also show with the dotted
smooth curve the ignition burner going to 100 kW as it is observed by the
gas analyzers, in which we take into account gas mixings in the test room
and gas sensors and time travel of the sampled gas to the sensors. The OSB
ignited 25 seconds after exposure to the ignition burner and led to an up-
ward fire growth that is shown as the HRR profile rising above that of the
ignition burner. The dashed smooth curve is predicted by equation 14 that
was also numerically filtered with a time constant of 18 sec for gas lag in the
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Figure 9—Analytical prediction and Room-Corner test for OSB on the walls that varies
the external radiant flux from 0 to 40 kW/mA2.

room and a time constant of 10 seconds for the gas lag in the sensors. The
dot-dashed smooth curve is the result of applying an external radiant flux,
40 kW/m2, in addition to that from the ignition burner. This ignited the
targeted region at about the same time (23.8 seconds) as the ignition burner.
The “instantaneous” rise in the HRR to a higher peak HRR (and which
has a delayed peak because of the numerical filters required to simulate gas
mixings) demonstrate the capability of the recursive analytical fire growth
model to adapt to changing conditions. Several other examples of changing
conditions have been applied that showed reasonable results (not shown).
Another type of changing conditions we have recently simulated is the effect
of fire resistive linings on reducing and even stopping upward fire growth.
Our examples include FRT polyurethane foam, FRT plywoods and the Type
X gypsum board (shown at the conference presentation).

Conclusions

The introductory discussions on wildfire threats to construction and their
mitigation have shown the need to understand damage, ignition, and fire
growth as exposed to changing conditions on realistic combustible items,
including those considered to be fire resistive. The calculations should
ultimately be able to provide (1) the fuel clearance (both vegetation and
structure) needed for mitigating large fire threats of high radiant flux/flame
impingements on structures and (2) the mitigation of firebrand threat (from
both woodland and neighborhood) to an uninvolved structure with several
different and economical fire resistive claddings. Thus far we show how the
use of data from the bench scale Cone Calorimeter and of various flame travel
tests such as LIFT, Room-Corner test, Radiant Panel, and so on can be used
in analytically based fire growth models adaptable to changing conditions.
We believe that by providing a fire hazard tool based on fire growth algo-
rithms associated with ornamental vegetations and fire resistive exteriors in
changing environments as proposed here, that the client will be able to tind
an optimum and economical fire-safe construction and landscaping.
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Uncertainty Quantification in Rothermel’s
Model Using an Efficient Sampling Method

Edwin Jimenez', M. Yousuff Hussaini', and Scott L. Goodrick?

Abstract—The purpose of the present work is to quantify parametric uncertainty in
Rothermel’s wildland fire spread model (implemented in software such as Behave-
Plus3 and FARSITE), which is undoubtedly among the most widely used fire spread
models in the United States. This model consists of a nonlinear system of equations
that relates environmental variables (input parameter groups) such as fuel type, fuel
moisture, terrain, and wind to describe the fire environment. This model predicts
important fire quantities (output parameters) such as the head rate of spread, spread
direction, effective wind speed, and fireline intensity. The proposed method, which
we call sensitivity derivative enhanced sampling (SDES), exploits sensitivity deriva-
tive information to accelerate the convergence of the classical Monte Carlo method.
Coupled with traditional variance reduction procedures, it offers up to two orders of
magnitude acceleration in convergence, which implies that two orders of magnitude
fewer samples are required for a given level of accuracy. Thus, it provides an efficient
method to quantify the impact of input uncertainties on the output parameters.

Introduction

One of the primary goals of wildland fire management is to minimize
the negative impact of fire on property and society through prevention and
research. To meet this goal, fire researchers employ a variety of tools such as
satellite imagery, experiments, fire danger indices, as well as mathematical
models. A mathematical model typically consists of a set of nonlinear equations
that describe the interaction of the various environmental variables. These
equations can be used to predict valuable fire environment information such
as the head rate of spread and spread direction.

Fire models typically fall into one or more of the following categories:
physics-based, derived empirically, or constructed from statistical consid-
erations. A fire model that is physics-based uses physical principles such as
conservation of mass and energy to derive a formula for the rate of spread and
other quantities of interest (see Weber 2001 and the references therein for an
in-depth discussion). It is also possible to use a statistical description of test
fires to predict fire behavior occurring under similar conditions. The McAr-
thur models (McArthur 1966) used for grassland and forest fires in Australia
are one such example. Finally, laboratory experiments can be performed to
empirically determine quantities such as the propagating flux, which can,
in turn, be used to obtain an expression for the rate of spread. Rothermel’s
model (Rothermel 1972), a fire spread model that spans the physical and
empirical classes, is perhaps the best known model in the United States, and
although more recent models include a wider range of fire phenomena, it is
still in wide use today.
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Not all fire models, however, can be employed as efficient fire prediction
tools. Some of the more complex models, which couple atmospheric and fire
behavior effects, for instance, are currently too computationally expensive
to serve as viable real-time prediction tools. These complex models, never-
theless, assist researchers in gaining a more profound understanding of fire
behavior.

Rothermel’s Fire Spread Model

Rothermel’s wildland fire spread model was one of the first models to
describe the fire environment through equations derived, for the most part,
from thermodynamic principles. The fire environment describes the complex
chemical and physical interaction of fuels, terrain, and weather. The term fire
behavior is used to describe the physical characteristics of a fire such as its rate
of spread, fireline intensity, flame length, and so forth. In North America,
where forests and grasslands provide an abundant source of wildland fuel,
wildland fires are of particular interest. Wildland fuels are fuels that consist
primarily of vegetation, both live and dead, but may also include organic
layers within the soil. A surface fire, the type of fire Rothermel’s model was
developed for, spreads through a layer of contiguous fuel extending from the
ground up to approximately 2 m.

Rothermel’s model groups input parameters into four main categories: fuel
type, fuel moisture, topography, and wind. Some simplifying assumptions
regarding the fuels are that for a small area and short-time periods, the fuel
is taken to be homogeneous. The output variables we shall consider are the
rate of spread (ros in m/s), the direction of maximum spread (sdr in °), and
the effective wind speed (efw in m/s).

Parametric Uncertainty in Fire Spread Models

To properly use a fire model, it is essential to understand its limitations and
scope of applicability. However, even when fire models are used adequately,
discrepancies between the observed phenomena and model results are inevitable
as models are derived under idealized conditions. Model errors can result from
several factors including inadequate physical description, numerical errors, and
parametric uncertainty (Walters and Huyse 2002). In this work we concentrate
our efforts solely on those errors originating from parametric uncertainty. In
order to quantify the impact of parametric uncertainty, it is important to de-
scribe the uncertainty mathematically. Because the value of an input parameter
is seldom known exactly, a common approach (and the one we will pursue) is
to assign it a mean value and an associated probability density function. The
standard deviation can then be taken as a measure of the uncertainty in the
parameter value. The impact of parametric uncertainty on the results can then
be estimated using, for instance, a Monte Carlo simulation.

Sometimes the uncertainty associated with an input parameter is not only
a consequence of the intrinsic complexity of the phenomena being modeled.
Instead, uncertainties may be the inevitable byproducts of economic and
efficiency constraints. For example, it may be expensive or intractable to
measure fuel data directly as in the case of a large area.

On the other hand, it is not always necessary to concern ourselves with
the uncertainty associated with every single parameter. A sensitivity analysis
(Saltelli and others 2004) can help us identify the input parameters that
have the greatest influence on output variables. Those parameters that have
only a marginal impact on the quantities of interest can be assigned constant
characteristic values to reduce computational demands.
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Problem Formulation

We will focus on quantitying the impact and propagation of parametric
uncertainty only on the following output variables: the rate of spread (ros in
m/s), the direction of maximum spread (sdrin °), and the effective wind speed
(efw in m/s). Using the same notation as in Bachmann (2001) (the full set
of equations as well as their derivatives can also be found there), Rothermel’s
steady-state rate of spread is given by

. [,EA+D, +D)
pthig

, (1)

where I is the reaction intensity, § is the propagating flux ratio, p,, is the
ovendry bulk density, € is the effective heating number, Q;, is the heat of pre-
ignition. @, and @, are the wind and slope correction factors, respectively.
The output variables depend on the following parameters: fuel loading w0,
w0 g2, w043, WOy, w0y, (in kg/m?), surface-area-to-volume ratio svgy, SV, Svys,
SVins Vi (in 1/m), fuel moisture content my;, my,, myz, my,, my,, (in %), fuel
bed depth d (in m), wind speed wsp (in m/s), wind direction @ (in °), aspect
ratio asp (in °), and slope slp (in rad). The subscripts d1, d2, d3, Ih, Iw, denote
the size classes traditionally used to categorize the different fuel moisture
timelag classes (see Deeming and others 1978): dead fuel 0 — 0.6 cm, dead
fuel 0.6 — 2.5 cm, dead fuel 2.5 - 7.5 cm, live herbaceous fuel, and live woody
fuel, respectively. Throughout this paper we assume that those parameters
that are not held constant follow a normal distribution with a given mean
and standard deviation.

The primary focus of this work is to quantity the propagation and impact
of parametric uncertainty via an efficient Monte Carlo method. The Monte
Carlo convergence rate is accelerated through the use of a sensitivity deriva-
tive enhanced sampling method that exploits derivative information of the
output functions with respect to the input parameters to make more judi-
cious use of the samples generated in a simulation. We estimate the mean and
standard deviation of the output variables using a traditional Monte Carlo
method as well as with the sensitivity derivative enhanced sampling method
(SDES). We compare the advantages of SDES over the Monte Carlo method
via improvement ratios and timing performance. The distributions of output
variables will also be generated. It should be noted that the computation of
the required sensitivity derivatives accounts for only a fraction of the total
cost of a simulation; these can be easily extracted using, for instance, an
automatic differentiation package.

Numerical Method

To investigate the propagation and impact of input variable uncertainties,
Bachmann and Allgower (2002) used a tirst-order Taylor method in place of
a full-fledged Monte Carlo simulation to avoid the prohibitive computational
expense incurred through a direct application of the classical Monte Carlo
method. Indeed, because of its slow convergence rate and the costly generation
of correlated input variables in the multivariate case, Monte Carlo methods
are usually reserved to establish a reference against which other methods are
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compared. However, by identifying and generating stochastic versions of
only those parameters to which the output variables are most sensitive and
at the same time improving the convergence rate of traditional Monte Carlo
methods, it is possible to perform simulations utilizing the original model
to capture the more intricate behavior that a low-order approximation might
otherwise sacrifice. The modified Monte Carlo method we describe below
is a step toward this goal.

Although Monte Carlo methods have long been popular because they are
simple to implement and use the underlying model as a ““black box,” their slow
convergence rate often proves to be too inefticient especially when multiple
simulations are required. A common approach to improve the convergence rate,
which is known to be proportional to the variance of the objective function, is
to reduce the variance via a suitable reformulation of the problem. Variants of
this approach encompass a large class of methods collectively known as vari-
ance-reduction methods. The SDES method, which we describe below, is a
variance-reduction method that has already been employed with success in fields
such as optimal control (Cao and others 2003, 2004) and computational fluid
dynamics (Mathelin and others 2004). In this section we review the theory
underlying the method; our discussion closely follows Cao and others (2004,
2000). The methods we shall employ are described in their proper mathemati-
cal setting, but for the reader who is unfamiliar with some of the concepts
discussed below, the textbooks by Ross (1997) and Shiryayev (1984) should
elucidate some of the mathematical details that are omitted.

Monte Carlo Method

Suppose X is a random variable with finite expectation and let p(x)(x € R)
be an associated probability density function (pdf). If f:R — R isasmooth
function of X, we recall that the expectation Ef (X) of f is defined by

Ef(X):= [f(x)p(x)dx, (2)

where the integration is taken over the support of the pdf. The variance

Vf(X) is defined by

Vf(X):=E(f(X)-Ef (X)) (3)

For brevity, we will sometimes write [l and O 5 for the expectation and
variance of the random variable X, respectively.

In the classical Monte Carlo method, we estimate Ef (X) by

Ef ()= 3/ (x), @

The N samples x,,...,x, are generated according to the probability density
of X. The convergence of this estimate to Ef (X) as N — oo is guaranteed
by the large number theorem (Shiryayev 1984; Ross 1997).

It is well-known that the approximation error made using (4) is proportional
VIV (X)
O —F—
JN
might render the Monte Carlo approximation impractical. In the results
section, the extent to which the sensitivity derivative Monte Carlo method
alleviates this slow convergence will be shown.

. For computationally intensive problems this slow convergence
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Sensitivity Derivative Enhanced Sampling

Recently, Cao and others (2003, 2004) developed a variance-reduction
method that exploits information regarding the sensitivity of f with respect
to the random variable X (measured via derivatives of f with respect to X ')
to speed up the convergence of the Monte Carlo method. The result of their
efforts was the sensitivity derivative enhanced sampling Monte Carlo method
(SDES). The first-order SDES method is described below.

Given the first-order Taylor expansion of f* about W,

Ji(x) =)+ f(u)(x—-u,), (5)

and using
j p(x)dx=1 and j(x —1,) p(x)dx =0,

it is clear that

[(r @ =s)px)de = [fx)pEde— f(1,).

Upon rearranging for Ef (X)), this suggests the sensitivity derivative Monte
Carlo approximation of the expectation of f

1 N
Ef(X)zf(l‘lx)-i_WZ(f(xi)_Jl(xi))' (6)
i=1
The N samples are again generated according to the pdf of X.

The following inequalities illustrate the extent to which the variance of
(6) is reduced. Let

m, =max|/'(s)| and m, = max|f"(s)|-
seR seR

Then Vi(X) < 2m12V(X)

o W D®)
V(f=T) STV (XY +E(X -1)").

Where (7) and (8) indicate that the SDES method is most efficient when
V(X) is small (V(X) << 1). See Cao and others (2006) for a rigorous proof
of these results as well as a generalization to the #”-order SDES method.

SDES for Rothermel’s Model

Although in this article we concentrate our efforts on Rothermel’s model,
we will state the mathematical model as a general nonlinear system of equa-
tions. The SDES method is applicable to any fire behavior model satistying
the appropriate smoothness assumptions.

Let the vector X = (X|,...,X,,) represent the ensemble of input parameters
that comprise the local fire environment and suppose y = f(X) is a function
of the random variable vector X . Here y may represent the effective wind
speed efw, the maximum rate of spread ros, or the spread direction sdr .
The vector X is composed of the fuel type, fuel moisture, terrain, and wind
parameters. We shall denote the expectation of the parameter vector X by
m,=(W,,...,u, ) and the covariance of X by Z. In this case the second-
order SDES method is given by

BFX) =)~y + () + S trace(V2f()D).,  (9)
N “ 2
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where

L) = SR VI W R)+ 5 1) V() )

Here V£ and V’f denote the gradient and Hessian of £, respectively.

To further improve the efficiency of the present sampling method, we
couple SDES with stratified sampling. The standard stratified sampling
technique is discussed in Cao and others (2004), for example.

Results and Discussion

To compare the efficiency of SDES with traditional Monte Carlo methods,
we compute the rate of spread ros, effective wind speed efw, and spread
direction sdr using two of the original fuel models found in Rothermel
(1972): the short grass and chaparral fuel models. The main fuel parameters
are summarized in tables 1 and 2. The following parameters are held constant
throughout for both fuel models: the dead fuel moisture at 8 percent, the
live fuel moisture at 150 percent, and the low heat content at 18622 kJ/kg.
We shall also examine the additional speed-up obtained by coupling SDES
with standard stratified sampling.

The uncertainty associated with an input parameter is described by assign-
ing it a normal distribution with a typical mean (taken to be the value given
in the original model) and a corresponding standard deviation (typically
between 10 and 50 percent of the mean value). Two types of computations
will be performed for each fuel model. First, we take the fuel bed depth d
and the 1-h surface area/volume ratio sv,, to be normally distributed random
variables; all other parameters are fixed. Then, we include a random wind
speed wsp and wind direction 0 in addition to d and sv,,.

To measure relative errors and improvement ratios of Monte Carlo ap-
proximations versus SDES, we use the L, -norm (Euclidean norm). Recall

that the L,-norm is defined for a vector x = (x,,...,X,) as ||x||2 =(x0 +-tx)"”

Table 1—Chaparral fuel model parameters.

Parameter Symbol u o Units
1-h fuel load w0, 1.12 - kg/m’
10-h fuel load w0, 0.90 - kg/m’
100-h fuel load w0, 0.45 - kg/m’
Live herbaceous fuel load w0, 0.0 -- kg/m’
Live woody fuel load w0,, 1.12 -- kg/m’
1-h surface area/vol. ratio SV, 6562 740 m’/m’
Live herb surface area/vol. ratio sV, 4921 - m’/m’
Live woody surface area/vol. ratio sV, 4921 -- m’/m’
Dead fuel moisture of extinction mx 20 -- %
Fuel bed depth d 1.83 0.3 m
Midflame windspeed wsp 2.3 0.5 m/s
Direction of wind vector (from upslope) 0 45 20 ’
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Table 2—Short grass fuel model parameters.

Parameter Symbol u o Units
1-h fuel load w0, 0.17 - kg/m’
10-h fuel load w0, 0.0 - kg/m’
100-h fuel load w0, 0.0 - kg/m’
Live herbaceous fuel load w0, 0.0 -- kg/m’
Live woody fuel load w0, 0.01 - kg/m’
1-h surface area/vol. ratio SV, 11483 1150 m’/m’
Live herb surface area/vol. ratio sV, 4921 - m’/m’
Live woody surface area/vol. ratio sV, 4921 -- m’/m’
Dead fuel moisture of extinction mx 12 -- %
Fuel bed depth d 0.30 0.05 m
Midflame windspeed wsp 23 0.5 m/s
Direction of wind vector (from upslope) 0 45 20 ’

If EY=(E",...,E}N) is a sequence of relative errors obtained from M
Monte Carlo simulations, then a measure of the average error is given by

mc|| — LM MC 72 N

i=1
The L, improvement ratio is then computed from

MC
]
:—2
2 SDES|| *
=],

Suppose, for example, that we use a Monte Carlo and a first-order SDES
simulation to approximate the rate of spread using 5,000 samples. If the im-
provement ratiois 1, =10, then the average relative error obtained from SDES
is 10 times smaller than that obtained from a Monte Carlo method using the
same number of samples. Put another way, if we use SDES we need only 500
samples to achieve the same accuracy as the Monte Carlo method.

Table 3 shows that even with a simple first-order SDES method the con-
vergence rate over a traditional Monte Carlo simulation can be as much as 20
times faster. It is important to note that SDES might require the computa-
tion of several derivatives of the objective function. In our computations, an
automatic differentiation package (see Stamatiadis and others 2000) was used
to find the relevant derivatives. Table 4 illustrates that even when we couple
SDES with stratified sampling (denoted by SSD1, for a first-order SDES with
stratified sampling), the extra computational expense incurred is marginal.

Table 3—SDES error improvement ratios for first-moment estimates of the rate of spread using N =512
and M =100 different sets of samples.

Fuel model MC ratio (2vars) MC ratio (4vars) S =4 ratio (2vars) S =2 ratio (4vars)
Chaparral 29.8 5.1 1.4 3.4
Short grass 24.2 4.3 10.0 3.1
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Table 4—Timing results (in seconds). Average computational time comparison
of Monte Carlo versus first-order SDES coupled with stratified sampling
(four strata).

N  (Chap)MC  (Chap)SSD1  (Shtgrs) MC (Shtgrs) SSD1
32 4.297E-02 4.437E-02 4.063E-02 4.344E-02
64  8.188E-02 8.250E-02 7.922E-02 8.250E-02
128  1.617E-01 1.656E-01 1.567E-01 1.566E-01
256 3.231E-01 3.295E-01 3.113E-01 3.158E-01
512 6.423E-01 6.255E-01 6.216E-01 6.262E-01

Jimenez, Hussaini, and Goodrick

Figure 1 illustrates that although the input parameters follow a normal
distribution (as described in tables 1 and 2), this is not the case with the
output functions efw,ros, and sdr. This is to be expected as the output
functions depend nonlinearly upon the random parameters. Using four
random variables in the chaparral fuel model, the mean values are given by
efw, =2.41 m/s, ros, =0.353 m/s, and sdrLL =41.3". The corresponding
standard deviations are efw, =2.0325-107 m/s, ros, =2.8921- 107 m/s,
and sdr, =5.0674-107" . The standard deviation prov1des us with a measure
of the uncertainty in the outputs.

Chaparral Short grass
1000 ‘ 2000 ‘
1500 ¢
500} 1000 ¢
500 ¢
0 0 .
2.414 2.4141 2.4142 2.3901 2.3901 23902 2.3903 2.3903
Effective wind speed Effective wind speed
300 ‘ ‘ ‘ 300 ‘
200} 200}
100t 100}
O L
0.352 0.353 0.354 0.355 0.356 0.548 0.55 0.552
Rate of spread Rate of spread
600 ‘ ‘ ‘ ‘ 800 ‘ ‘
600 |
400}
400}
200}
200}
0 : : 0 - :
0.721 0.7211 0.7211 0.7211 0.7211 0.7211 0.7117 0.7118 0.7118 0.7118 0.7118 0.7118

Spread direction Spread direction

Figure 1—Output distributions of the effective wind speed, rate of spread, and spread direction
using four random variables ( d,Sle ,WSp, and 0 ). The mean values for the Chaparral fuel model
are given by efw, = 2.41 m/s, ros, = 0.35 m/s, and sdr, = 41.3°.

USDA Forest Service Proceedings RMRS-P-46CD. 2007. 118



Uncertainty Quantification in Rothermel’s Model Using an Efficient Sampling Method Jimenez, Hussaini, and Goodrick

Figures 2 and 3 show that the relative errors decay at the expected rate
proportional to 1/ JN ,where N is the number of samples used. Throughout,
we use M =100 different sets of samples and then average the relative errors.
We observe that Monte Carlo coupled with stratified sampling is as much as
five times faster than the traditional Monte Carlo method. In all cases we
observe that first-order SDES produces results that are up to two orders of
magnitude more accurate (when coupled with stratified sampling) than plain
Monte Carlo. With this convergence rate, it would take a Monte Carlo method
as many as 100 times more samples to achieve comparable results.

10° . 10°
— 1/sqrt(N) | ] — 1/sqrt(N)
- - MC - - MC
—— 882 —>— SS4
—— SDES —— SDES
-o- SSD1 —-o- SSD1 Figure 2— (Chaparral fuel model)

Average relative errors in first
moment estimates for the rate of
spread ros using (a) two random
variables sv; ~ N(6562,740) and
d ~ N(1.83,0.3) and (b) four random
variables sv; ~ N(6562,740),
d ~N(1.83,0.3), wsp ~ N(2.3,0.5), and
6 ~ N(45,20).

10° ; 10°
1/sgrt(N) | ] — 1/sqrt(N)
- - MC ] - - MC
—— 8§82 —— S84
—— SDES —— SDES .
—©- SSD1 —-o- SSD1 Figure 3—(Short grass fuel model)

d ~N(0.30,0.05) and (b) four random
variables sv,; ~ N(11483,1150),
d ~ N(0.30,0.05), wsp ~ N(2.3,0.5), and
6 ~ N(45,20).

| Average relative errors in first
0k | moment estimates for the rate of
i spread ros using (a) two random
1 variables sv;; ~ N(11483,1150) and

T

(@) (b)
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Conclusions

Although the simplicity of the Monte Carlo method makes it an attractive
method to use in simulations that use fire spread models such as Rothermel’s
model, its slow convergence can render its application infeasible especially in
time-sensitive situations such as in the prediction of an ongoing fire. In this
work we have demonstrated that the sensitivity derivative enhanced sampling
method and its variants provide fire researchers an economic alternative to
traditional Monte Carlo methods in quantifying parametric uncertainty.
Quantifying the impact of parametric uncertainty is of utmost importance
since key input parameters used by fire spread models are seldom known ex-
actly. The speed-up of up to two orders of magnitude in the SDES gives fire
managers the ability to effectively and efficiently run simulations in real-time
using only minimal computational resources.

The results indicate that coupling SDES with stratified sampling can fur-
ther accelerate the convergence rate. This suggests that coupling SDES with
more sophisticated sampling techniques such as Latin hypercube sampling or
orthogonal sampling, while not as easily implemented as stratified sampling,
might improve the convergence rate even further. We will explore these pos-
sible enhancements in future investigations.
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Differences in Simulated Fire Spread Over
Askervein Hill Using Two Advanced Wind
Models and a Traditional Uniform Wind Field

Jason Forthofer! and Bret Butler?

Abstract— A computational fluid dynamics (CFD) model and a mass-consistent model
were used to simulate winds on simulated fire spread over a simple, low hill. The re-
sults suggest that the CFD wind field could significantly change simulated fire spread
compared to traditional uniform winds. The CFD fire spread case may match reality
better because the winds used in the fire simulation were more accurate.

Introduction

The influence of wind simulations from two microscale wind models on
simulated fire spread over a simple, low hill was investigated. The models
were a computational fluid dynamics (CFD) model and a mass-consistent
model (Forthofer in prep.). The hill, called Askervein Hill, had previously
been the site of a detailed field study of wind tlow over isolated hills (Taylor
and Teunissen 1983, 1985). The simulated winds were compared to these
data. The mass-consistent model and the CFD model were able to accu-
rately simulate the wind flow on the upwind side and top of the hill. On the
downwind side of the hill, the CFD model showed lower wind speeds than
the mass-consistent model. These lower speeds matched the measured data
better. The simulated winds were then used in FARSITE (Finney 1998)
simulations to identify how the different wind fields affected fire spread.
For reference, the traditional method of using a spatially uniform wind field
was also used in the fire spread simulations. The resulting fire progressions
showed that the mass-consistent wind field produced fire spread similar to
the uniform wind field case, but the CFD simulation was noticeably differ-
ent. The uniform and mass-consistent wind based fire growth simulations
did not show appreciable effects of reduced wind speed on the lee side of
the hill. These results suggest that the CFD wind fields could significantly
change simulated fire spread compared to traditional uniform winds. Also,
the CFD fire spread case may match reality better because the winds used in
the fire simulation were more accurate.

Discussion

Askervein Hill was the site of a large wind measurement tield campaign
in 1982 and 1983 (Taylor and Teunissen 1983, 1985). More than 50 wind
measurement towers were placed in the hill area to characterize the surface
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flow field. The hill was 116 m tall and surrounded by flat ground. Towers
were placed along three lines running over the hill, as shown in figure 1.
We have compared simulations from two types of microscale wind models, a
CFD model and a mass-consistent model, to the measured winds to evaluate
their ability to reproduce the flow field.

Comparisons of the simulated and measured winds are shown in figure 2
for sensors placed along lines A, AA, and B. Both models predicted the flow
on the upwind side of the hill and at the top of the hill well. The CFD model
compared better on the lee side of the hill than the mass-consistent model.
The noticeable overprediction here of the mass-consistent model is probably
due to the model’s inadequate representation of momentum, which becomes
important on the lee side of the hill.

With the accuracy of the simulated flow fields assessed, hypothetical fire
spread over the hill was computed using FARSITE (Finney 1998) with the
two simulated wind fields and a traditional spatially uniform wind field.
Table 1 shows the settings used in FARSITE for the spread simulations.
As seen in figure 3, the CED fire progression was markedly different than
the mass-consistent and uniform wind cases. It appears that the low wind
speeds on the lee side of the hill had a significant impact on the simulated
fire spread. These low speeds were reproduced by the CEFD model, but not
well by the mass-consistent model and not accounted for by the uniform
wind field (of course).

Figure 1—Contour map of Askervein Hill showing locations of lines A, AA,
and B. The wind measuring devices were placed along these lines. The
contour interval is 5 m.
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Figure 2—Simulated wind speeds from the mass-consistent and CFD models
compared with measured wind speeds along lines A, AA, and B over Askervein
Hill. The reported winds are 10 m above the ground.

Table 1—Inputs for FARSITE fire spread simulations.

Fuel model 2

Canopy cover 0 percent
Temperature 80 degrees F
Relative humidity 20 percent
1 hour fuel moisture 5 percent
10 hour fuel moisture 6 percent
100 hour fuel moisture 7 percent
Live herbaceous fuel moisture 100 percent
Live woody fuel moisture 100 percent
Fire spread rate adjustments 1

Time step 10 min
Perimeter resolution 25m
Distance resolution 25m

Only surface fire, no spotting
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Figure 3—Comparison of three fire spread simulations for the Askervein Hill area using
different wind fields. Dark lines denote the fire progression spaced 10 min. apart, light
lines are the 5 m elevation contour lines. (Third simulation appears on the next page.)
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Conclusions

This study indicates that spatially varying wind flow occurring from ter-
rain modification can have a large impact on simulated fire spread. Accurate
simulations of surface influenced wind flow are improved when the simulation
model includes both mass and momentum conservation. It appears that this
may be true even in cases of relatively simple, gently sloping terrains such as
Askervein Hill. Because wind often has such a large impact on the behavior of
a spreading wildland fire, a significant increase in the accuracy of fire spread
predictions might be obtained by incorporating a wind model such as the
CFD model into fire behavior prediction systems.
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Influence of Radiation Absorption by
Environmental Water Vapor on Radiation
Transfer in Wildland Fires

David Frankman', Brent W. Webb', and Bret W. Butler?2

Abstract—Thermal radiation emission from a simulated black flame surface to a fuel
bed is analyzed by a ray-tracing technique, tracking emission from points along the
flame to locations along the fuel bed while accounting for absorption by environmental
water vapor in the intervening medium. The Spectral Line Weighted-sum-of-gray-gases
approach was adopted for treating the spectral nature of the radiation. The flame and
fuel bed for the simulations are modeled two-dimensionally with the flame being one-
tenth as long as the fuel bed. Flame heights of 1 and 10 m were explored, and the
angle between the flame and the fuel bed was specified to be either 60 or 90 degrees.
Simulated flame temperatures of 1000 K and 1500 K were investigated. The study
reveals that water vapor at 100 percent humidity will reduce the incident radiation at
the base of a 1000 K flame by 9 percent for a 1 m flame and 16 percent for a 10 m
flame oriented normal to the fuel bed. Radiation from an angled flame (oriented at
60 degrees from the fuel bed) experiences slightly less attenuation from water vapor
than the 90-degee flame. Further, local attenuation of the hotter flame (1500 K) from
environmental water vapor is higher than for the 1000 K flame. The relative effect of
the water vapor attenuation is increased with distance from the flame base.

Introduction

It is understood that thermal radiation transfer plays a significant role in
wildland fire spread (De Mestre and others 1989). High temperatures in
gaseous and particulate products of combustion result in significant radia-
tion transfer to the unburned fuel ahead of advancing flames. Attenuation
of flame radiation can occur from smoke and combustion products that are
entrained in the intervening air between flame and fuel. This mechanism
for attenuation of flame radiation is a complex function of fuel, flame, wind,
and other environmental conditions. It is also recognized that environmental
water vapor may be a mechanism for attenuation of flame radiation. However,
the magnitude of this influence is unknown. This paper explores the attenu-
ation of radiation from flame to fuel bed by environmental water vapor in
the intervening medium.

Literature Review

Wildland fire spread has been modeled using a variety of approaches.
Some models attempt to conserve energy generally without separating con-
vection from radiation heat transfer. Still others attempt to model radiation
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and convection separately (Weber 1991). Those that do model the radiation
transfer invoke varied approximations in the radiation submodels. Fons
(19406) treats the radiation transfer in an approximate fashion by assuming
that a fixed fraction of combustion energy comes from radiation. Emmons
(1964) assumes radiation is attenuated with distance from the flame by an
exponential relationship. Hottel and others (1965) were the first to model
the flame shape, introducing radiation configuration factor relations that
quantify the fraction of radiation emitted by one surface that is incident on
another. One model considered radiation heat transter from a planar flame to
a planar fuel bed, and the other used a relation that accounted for radiation
attenuation through the fuel bed using an exponential factor. Albini (1967)
formulated an approach that employed the same radiation sub-model as Hottel
and others, considering radiation as the dominant heat transfer mechanism.
Thomas (1967) proposed that radiation from the flame was insignificant
in comparison to radiation through the porous fuel bed. Other models
were introduced using the same radiation configuration factor relations to
track radiation transfer from flame to fuel until Cekirge (1978) introduced
a formulation that could account for a circular flame front. Albini (1985)
first introduced a solution to the Radiative Transfer Equation (RTE), the
differential equation governing transport of radiative energy. The RTE was
solved using the discrete ordinates method, but no volumetric effects in the
fuel, flame, or the intervening medium were included.

To the authors’ knowledge, no prior study explores the effect of attenuation
of radiation between flame and fuel bed by environmental water vapor. This
paper investigates this mechanism for attenuation of flame radiation.

Model

Consider a planar flame of length H and characterized by uniform tem-
perature Tyadvancing along a horizontal fuel bed, as shown in figure 1. The
length of the fuel bed Lis specified arbitrarily in this study to be 10 times the
flame length, L/H = 10. The angle between flame and fuel bed is @. Simula-
tions were conducted with and without environmental water vapor in the air
separating the flame from the fuel bed. It is assumed that the intervening

Flame at T]F

Air / water vapor
at 300K

Fuel bed at 300K

- L >

Figure 1 — Schematic illustration of configuration investigated.
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medium (air/H,O vapor) and the fuel bed are at a uniform temperature of
300 K. It should be clearly stated that attenuation by entrained combustion
products (ash, H,O, CO,, soot, and so forth) is not considered here. Attenu-
ation of flame radiation from such will dominate any effects by environmental
water vapor. Rather, the purpose of this study is to characterize solely the
effects of water vapor.

Absorption of radiation is governed by the Beer-Lambert Law (Modest
2003), which states

I, ()= Inae_Kn (=) (1)

Equation (1) indicates that the spectral radiation intensity of magnitude I,,
incident on a radiatively absorbing medium and propagating in a particular di-
rection is attenuated exponentially with distance s from the point of incidence
5, along this direction by the factor ¢ ™ (s_s”), where K, is the volumetric absorp-
tion coefficient (Modest 2003). As indicated by the subscript 1, equation
(1) is a spectral relation; the radiative intensity I, incident radiation intensity
IL,, and absorption coefficient , vary with wavenumber (or wavelength).
While significant absorption may occur in some regions of the spectrum,
others are transparent to radiative transfer. For gases capable of volumetric
absorption in the infrared spectrum, the spectral absorption coetficient is
characterized by vibration-rotation bands. For water vapor, the principal ab-
sorption bands are centered at wavenumbers 3760 and 1600 cm™! (wavelengths
of 2.7 and 6.3 nm, respectively). Within each absorption band, thousands of
narrow absorption lines exist, with strong absorption of radiation within each
narrow line. Several hundred thousand absorption lines are associated with
the two principal vibration-rotation bands for water vapor. The absorption
strength of each line is a function of the temperature and partial pressure of
water vapor. The challenges associated with rigorously modeling mathemati-
cally the attenuation of flame radiation by water vapor are significant. The
spectral emission characteristics of the flame are a strong function of fuel
type, humidity, water content, wind conditions, and so forth. Further, as
described herein, absorption of flame radiation by the environmental water
vapor occurs within the hundreds of thousands of extremely narrow spectral
lines within both infrared vibration-rotation bands. In this study, the flame
is characterized as a planar surface whose spectral emission of radiation can
be taken to be that of a blackbody at the flame temperature 7§

The radiative flux from black surface 7incident on surface j may be expressed
generally as (Modest 2003)

[ x5 €086, c0s0,
4, = € TdAidAiji,ndn (2)
0

A A

Equation (2) is a triple integration over wavenumber (1), the area of the
emitting surface (4;), and the incident surface (4;). The double integration
over area is required to track the radiant emission from a location on surface
¢ that arrives at all possible locations on surface j. This tracking must be
done for all points of radiation emission on surface 7. The geometric term
cos 6, cos 0, / ms” accounts for the varying field of view for differential elements
on surface zand surface 7, separated by a distance s. Ej;;, is the spectral black-
body emission from surface Z, described by the Planck blackbody radiation
spectral distribution at the temperature of surface 7. The exponential term
e ™ in equation (2) accounts for absorption of radiation by the intervening
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medium of spectral absorption coefficient K. Integrating over the spectrum
as in the development of the classical weighted-sum-of-gray-gases model
(Modest 2003), it can be shown that the radiative flux emitted by surface ¢
which is incident on surface jis

=

qi; :J (sisj)n Eb,-,ndn (3)
0
where (yis f)u is the spectral volumetric exchange factor, expressed as
s €080.cos0.
(8:5,), = J J e ————LdAdA, (4)
g s
A A,

The dependence of both the volumetric exchange factor defined in equa-
tion (4), and the total radiant flux, equation (3), on wavenumber is evident.
Because of the complex spectral variation in the absorption coefticient of
water vapor, the Spectral Line Weighted-sum-of-gray-gases (SLW) model
(Denison and Webb 1993a,b) was used to account for its spectral absorption
characteristics. The SLW model has been shown to yield accuracy approach-
ing that of computationally intensive line-by-line integrations for a small
fraction of the computational cost. Rather than calculate the absorption of
flame radiation by integrating on a line-by-line basis over the hundreds of
thousands of lines using the Beer-Lambert Law, the SLW model specifies
several discrete values of the absorption coetficient x; (called gray gas ab-
sorption coetficients), determines the total radiation source spectral content
corresponding to each discrete value of x;, (characterized by gray gas weights
wy), and sums (or integrates) the total radiation from a blackbody source over
the total number K of discrete gray gas absorption coefficients specified.
The integration over a few carefully chosen values of the gray gas absorption
coefficient thus takes the place of spectral integration over wavelength in the
traditional line-by-line method.

The integration of equation (4) is used to evaluate the radiant flux from
one finite area A4, to another A;. As shown in figure 2, g;and g;are the angles
between the normal vector to each surface and the line joining the differen-
tial elements on surfaces 7 and j, respectively, and s is the distance between
the two endpoints of the joining line. In order to determine the variation
of local incident flux along the fuel bed, the fuel was divided into small but
finite spatial strips running parallel to the shared flame/fuel edge, as shown
in figure 2. The incident flux on the fuel was then calculated according to
equation (4) for each strip.

Invoking the Spectral Line Weighted-sum-of-gray-gases model, the total
(spectrally integrated) radiative flux leaving the planar flame surface and ar-
riving at an arbitrary spatial strip 7 along the fuel bed may be shown to be
the sum of radiative contributions from all gray gases:

K
Eb,ﬂameZ(Sﬂamesfuel,j)k wk <5>

k
where qgamepuerj is the total (spectrally integrated) incident radiation flux
emitted by the flame that arrives at (is incident on) strip jalong the fuel bed,
Ey, f1am. 18 the total blackbody radiation flux emitted by the flame at tempera-
ture Ty (S gameS fuer, j)k is the volumetric exchange factor for radiant transfer
from the flame to spatial strip j corresponding to gray gas coefficient x;, and
wy is the gray gas weight associated with each gray gas absorption coefticient
Kr. Once the discrete gray gas absorption coefficients x; are specitied, the
corresponding gray gas weights wy are determined by evaluating the area

qﬂame—)fuel,j =
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Figure 2—Detailed illustration of geometry and nomenclature for
determination of volumetric exchange factor and local incident flux.

under the Planck spectral blackbody radiation distribution Ej, g,y Where the
gray gas absorption coefficient prevails for the gas specie in question (water

vapor in this case) (Denison and Webb 1993a). The gray gas weights sum
to unity, Y., =1. Increasing the number of gray gases employed improves

the accuracy of the predictions. In this study, K = 20 gray gases were used
in equation (5). Further increases in the number of gray gases yielded no
appreciable change in the solution.

Because the closed-form integration of equation (4) to evaluate the volu-
metric exchange factor for each gray gas, (S gameS uer.; ), » 18 generally not possible
for general cases involving radiation attenuation in the intervening medium,
the expression was evaluated using numerical integration. Referring again to
figure 2, the approach followed here tracks radiation emitted from specified
locations along the planar flame to destination strip j along the fuel bed. A
reduction of two-dimensional flame and fuel surfaces (shown in fig. 2) to
the one-dimensional variation in incident flux along the fuel suggested in
figure 1 is not forthcoming in the integration of equation (4). Consequently,
two-dimensional flame and fuel bed surfaces were used in the numerical in-
tegration as shown. The lateral extent of the flame and fuel surfaces as then
sequentially increased in exploratory simulations to determine the dimension
large enough to yield the one-dimensional variation in radiative flux along
the fuel bed illustrated in tigure 1. The lateral dimension required to achieve
predictions independent of end effects was 20 times the flame height for
all configurations. The surfaces of both flame and fuel were discretized in
two directions for numerical evaluation of the integrals in equation (4). The
multiple spatial strips along the fuel bed were clustered near the base of the
flame in order to accurately resolve the steep gradient of incident radiant flux
with position along the fuel. Each strip j was subsequently discretized into
smaller differential elements used to evaluate the integrals in equation (4). The
numerical integration procedure sweeps through differential area elements
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on the fuel bed and on each strip of the flame, evaluating the local angles 6,
and 0; for each of the elements and the corresponding distance s separating
the two differential elements in question. The solution thus determines the
fraction of radiation emitted by a given element on the flame that is incident
on its destination element along the fuel after attenuation by the water vapor
in the intervening medium. This accounting must be done for all elements
on the flame. The double integration must be performed for the volumetric
exchange factor corresponding to each gray gas. Thereafter, the summation
over all K gray gases in equation (4) is carried out to determine the total
radiative flux.

The volumetric exchange factor (s ftame'S fuel, j) , presented above is identical to
the classical configuration factor F;; (used for predicting radiative exchange
between diffuse surfaces in the absence of a radiatively participating interven-
ing medium), with the exception of the exponential absorption term, e "*".
Analytical expressions for the radiative configuration factor F; ; for commonly
encountered surface-to-surface exchange configurations are tabulated in the
literature (Siegel and Howell 2002). The accuracy of the evaluation of the
volumetric exchange factor can therefore be verified by comparing the numeri-
cal integration of equation (4) for the transparent intervening medium case
(x; — 0) to published analytical expressions for the radiation configuration
factor between surfaces with adjoining edges and included angle @. Figure 3a
illustrates the error between the numerically evaluated volumetric exchange
factor (s tame'S fuel., j) , for i, = 0 and the corresponding classical radiation con-
tiguration factor F;; (Siegel and Howell 2002) for radiative transport from the
entire flame surface to a 10-cm long element at the base of the fuel bed as a
function of number of points used in the numerical integration. Both ¢ = 60
and 90 degree flame configurations for a flame length H = 1 m are shown.
Radiative exchange between the flame and the small segment at the base was
selected for this validation exercise because it is the most rigorous accuracy

Figure 3—(a) Error between the volumetric exchange factor for x, — 0
(for K = 1) and the corresponding classical radiation configuration factor,
and (b) variation in calculated volumetric exchange factor with number of
integration points.
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test of the numerical integration. It is for this configuration that the numeri-
cal evaluation of the exchange and configuration factors incurs the greatest
error. As expected, figure 3a shows that the error decreases as the number of
integration points increases. The difference between numerical integration and
analytical result is less than 1 percent for a surface discretization employing
more than 10! integration points for both flame angle configurations. This
favorable comparison for the limiting case x; — 0 demonstrates the accuracy
of the numerical integration of equation (4), if only for the transparent in-
tervening medium case.

While the data of figure 3a constitute evidence that the numerical inte-
gration is accurate for the transparent-medium scenario, there is still some
uncertainty that with the inclusion of the transmission term e | the solu-
tion may not be convergent. Therefore, a study was undertaken to demonstrate
that a convergent solution, independent of the number of points in the nu-
merical integration, was achieved for the case of finite attenuation (x;# 0).
Figure 3b illustrates the variation in calculated volumetric exchange factor
(s ame’S fuel. J)k between the flame and a fuel bed surface strip near the base of
the flame for a single gray gas (K = 1) of gray gas absorption coefficient K; =
5 m~!, with the number of points in the numerical integration for both the
normally oriented and angled flame configurations. This value of the gray
gas absorption coetficient used in the exercise is in the mid-range of the coef-
ficients used in the simulations reported hereafter in the results. The figure
reveals that the value of (S e e, j) , returned by the numerical integration
is unchanging beyond 10! integration points for both flame angles studied.
Further, to ensure that this choice produced a solution free of round-off error
in addition to a solution independent of the number of integration points, all
variables associated with the numerical integration were increased in computer
precision to confirm that the answer remained the same. It was found that
increasing the computer precision (to the so-called “long double” precision)
yielded no change in eight significant figures over the double precision results
used in all predictions shown hereafter. The results suggest a convergent so-
lution, lending confidence in the accuracy of the volumetric exchange factor
for finite gray gas absorption coefticient.

Based on the results of the validation exercise illustrated in figure 3, 101!
integration points were used in all simulations reported here. The prediction
of incident flux variation along the fuel bed for a given set of conditions was
computationally intensive. The calculation of the volumetric exchange factor
for each gray gas for all strips on the fuel bed required approximately 12 hours
of computation time. This computation was performed for each of the 20 gray
gases. In practice, (S fame fuel j ) , Was evaluated for all gray gases simultaneously
using parallel computing, after which the summation of equation (5) was
performed to determine the local radiant flux incident on the fuel.

Results And Discussion

Simulations were conducted for two flame heights, H =1 and 10 m, with
corresponding fuel bed lengths of L = 10 and 100 m, respectively. Included
flame angles ¢ of 60 and 90 degrees were explored. Two flame temperatures
were investigated, Ty= 1000 and 1500 K, bounding the reasonable nominal
range of flame temperatures in wildland fires (Butler and others 2004). All
simulations were conducted with and without environmental water vapor in
the intervening medium between flame and fuel bed. For those predictions
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including water vapor, a uniform mole fraction of 3.5 percent H,O was im-
posed, corresponding approximately to a relative humidity of 100 percent at
a temperature of 300 K. This represents the upper bound on the influence
of environmental water vapor on radiation attenuation in wildland fires.
Figure 4 illustrates the variation in predicted local incident radiant flux
with position along the fuel bed for a 1 m long flame (H = 1 m) under nor-
mal flame conditions (¢ = 90 deg) for a flame temperature Ty= 1000 K. Two
cases are shown, with and without the effect of radiation attenuation by 3.5
percent environmental water vapor. The trends for both cases are qualitatively
similar. As expected, the highest flux incident on the fuel bed is at the base
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Figure 4—Predicted local incident radiant flux along the fuel bed
for the cases with and without water vapor absorption, H=1m, L =
10 m, ¢ =90 deg, and T,=1000 K.

of the flame, where the flame is viewed most intensely by the fuel bed. The
local radiant flux drops dramatically with increasing distance along the fuel
bed. As expected, the influence of water vapor is to attenuate the radiation
incident on the fuel bed. At the base of the flame where the radiant flux is
the highest, the environmental water vapor reduces the flux incident on the
fuel bed by approximately 9 percent. Also plotted in figure 4 is the difference
in local incident radiant flux due to water vapor, expressed as a local percent-
age difference relative to the otherwise identical case with no absorption.
The fractional influence of water vapor is lowest near the base of the flame
(9 percent), and increases with increasing distance along the fuel bed. This
may be explained by the increasing absorbing path length through which
emission from the flame must pass for fuel bed locations farther from the
flame base. It should be recognized that although the fractional influence
is higher farther from the flame, the incident flux decreases rapidly in this
direction. Thus, the incident flux is lowest in regions where the percentage
influence is highest. The data of figure 4 are used as benchmark against which
the parametric effect of varying flame temperature, flame height, and flame
angle will be explored in sections to follow.

The effect of varying flame temperature is illustrated in figure 5 for the 1 m,
normal flame configuration (¢ = 90 deg). Predictions for two flame tempera-
tures are presented, Ty= 1000 and 1500 K. As expected, the magnitude of
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Figure 5—Effect of flame temperature on local incident radiant flux along the
fuel bed for H=1m, L =10 m, and ¢ = 90 deg.

the incident flux is considerably higher for the hotter flame. The predictions
reveal that the incident radiation at the base of the 1500 K flame is attenu-
ated by water vapor an amount 13 percent relative to the case with no H,O,
compared to 9 percent for the 1000 K flame. The greater influence of water
vapor at higher Tyis due to the fact that the spectral emission from the hotter
flame is concentrated more heavily in the spectral regions corresponding to the
two primary infrared absorption bands of water vapor. It may be concluded
that a hotter flame scenario results in greater attenuation by environmental
water vapor than is experienced by a relatively cooler flame.

The effect of flame length is shown in figure 6, where local incident flux
predictions for H = 1 and 10 m (with L = 10 and 100 m, respectively) are
plotted for the normal flame configuration with Ty= 1000 K. The differences

Figure 6—Effect of flame length on local incident radiant flux along the fuel
bed for ¢ =90 deg and T;= 1000 K.
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in flux magnitude near the base of the flame are not significant for the two
flame length simulations. This is not surprising, since the region near the
flame base “sees” little of the flame beyond the 1 m length, and is therefore
exposed to nearly the same radiative environment in both cases. Farther
from the flame base along the fuel bed, however, the longer flame yields
higher incident flux magnitudes produced by the effect of the additional
flame length for H = 10 m. It appears that attenuation of radiation by water
vapor is more significant for the longer flame. This may be explained by the
fact that radiation from the longer flame must, on average, traverse greater
distance of absorbing medium before reaching the fuel bed.

Figure 7 illustrates the influence of flame angle on the incident radiant flux
for the 1 m flame, T;= 1000 K. Relative to the normal flame configuration
(0 = 90 deg), the radiative flux is substantially higher for the angled flame.
As the flame angle decreases from ¢ = 90 degees, it occupies a greater field of
view for all locations along the fuel bed. In other words, the fuel bed “sees”
the flame more prominently for angled flame conditions, resulting in high
incident radiant flux. While not evident in the figure, the fractional decrease
in incident flux due to absorption by water vapor is reduced for the angled
tlame. Whereas the reduction in incident flux at the base of the flame for the
¢ = 90 degee case was 9 percent, the flux is reduced there by only 5 percent
for the ¢ = 60 degee case. Again, this may be explained by the fact that the
average path length for radiation between flame and fuel bed is smaller for ¢
< 90 degees. Consequently, there is less attenuation by water vapor.

The local influence of flame radiation absorption by water vapor for the
cases presented in the foregoing sections is summarized in figure 8. As was
done in figure 4, the effect of absorption by water vapor is expressed in figure 8
as a local percentage difference relative to the otherwise identical case with
no absorption. To facilitate the presentation of data for both flame lengths
studied, the data are plotted as a function of normalized position along the
fuel bed, x/L, where x is the coordinate along the fuel bed measured from
the base of the flame. For all cases the fractional influence is lowest near the

Figure 7—Effect of flame angle on local incident radiant flux along the fuel
bed for H=1m, L =10 m, and T;=1000 K.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Frankman, Webb, and Butler

138



Influence of Radiation Absorption by Environmental Water Vapor on Radiation Transfer in Wildland Fires

Figure 8—Difference in local incident radiant flux due to water vapor absorption
as a function of normalized position along the fuel bed for all cases studied.

base of the flame, and increases with increasing distance along the fuel bed.
It should be recognized, however, that although the fractional influence is
higher farther from the flame, figures 4 through 7 indicate that the local
incident flux decreases rapidly in this direction. Thus, the flux is lowest in
regions where the percentage influence is highest. It is again observed that
the relative effect of water vapor absorption is greater for increasing flame
temperature, flame length, and inclination angle. As outlined previously,
this is explained by the greater average path-length through which the flame
radiation must pass before arriving at the fuel bed for these scenarios.

The foregoing sections have presented the effect of absorption by environ-
mental water vapor on the Jocal radiative flux incident on the fuel bed. Of
interest is the aggregate effect of radiation absorption by water vapor on the
overall heat transfer to the fuel, found by summing the local incident flux
spatially over the entire fuel bed area:

Qﬂame—)fuel = zqﬂame—n‘uel,jAj (6)
J

Here, © flume— fuel is the total radiant heat transfer (as opposed to local heat
flux) emitted by the flame that is incident on the entire fuel bed. The results of
the calculation of equation (6) are found in table 1 for all of the cases explored,
again expressed as a percentage difference relative to an otherwise identical
case with no H,O absorption. The general trends illustrated by figure 8 are
confirmed by the tabulated results. For the range of parameters investigated
here, the attenuation of flame radiation by environmental water vapor affects
the total heat transfer to the fuel bed by an amount ranging from 11.9 to
26.7 percent. As observed and explained previously, the overall influence of
environmental water vapor is less important for lower-temperature flames and
for angled flames. While its effect is modest (but perhaps nonnegligible) for
small flames, it can become quite significant for larger flames.
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Table 1—Overall reduction in total radiative heat transfer incident on the fuel bed due
to absorption by environmental water vapor.

Flame length ¢ =90 deg ¢=90 deg ¢ =60 deg

T,=1000 K T,=1500 K T,=1000 K

H=1m (L=10m): 13.5 percent 16.7 percent 11.9 percent

H=10m (L =100 m): 26.7 percent 25.1 percent
Conclusions

Predictions have been made for radiative transfer from black, isothermal,
planar flame to a black fuel bed maintained at 300 K. The effect of flame
inclination, flame temperature, and flame length were explored for cases with
and without absorption by environmental water vapor in the intervening air
(at 300 K). From these simulations one can see that, depending on the con-
ditions, water vapor has a modest but nonnegligible effect on the radiative
transfer from flame to fuel. The effect is more pronounced for larger flames
at higher flame temperatures. The influence of water vapor on attenuation
of radiation is reduced for angled flames.
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Fire Behavior Modeling to Assess Net
Benefits of Forest Treatments on Fire Hazard
Mitigation and Bioenergy Production in
Northeastern California

David J. Ganz?, David S. Saah?, Klaus Barber3, and Mark Nechodom*

Abstract—The fire behavior modeling described here, conducted as part of the
Biomass to Energy (B2E) life cycle assessment, is funded by the California Energy
Commission to evaluate the potential net benefits associated with treating and uti-
lizing forest biomass. The B2E project facilitates economic, environmental, energy,
and effectiveness assessments of the potential public benefits associated with: (1)
various options for treatment, disposition, and utilization of forest biomass and (2)
energy production from biomass produced by forest remediation activities. The
study models forest conditions, fire behavior and fuel changes over a 40-year pe-
riod, under three fuel treatment scenarios: no treatment; harvest and thinning on
industrial private lands; and a range of prescriptions on industrial private and public
multiple use ownerships. Effects of three fuel treatment scenarios are evaluated on
fuel treatment effectiveness, economic feasibility, energy production supported,
ecosystem impacts, and the location and capacity of modeled biomass facilities. The
B2E project is novel in its scale of analysis, modeling the landscape effects of fire and
treatments on 2.7 million acres of forest and brushland in the northern Sierra Ne-
vada. This landscape represents high-hazard fuel areas, a broad range of ownerships,
diverse habitats, complex infrastructure, and other values at risk. With 50 percent
public multiple use and 17 percent industrial private lands, this landscape provides
a unique opportunity to evaluate the effectiveness of Strategically Placed Area Treat-
ments (SPLATs) and compare them with industrial private thinning and harvest. With
average pretreatment biomass levels of 79 bone-dry tons (bdts) per acre, the private
treatments removed an average of 31 bdts/acre while SPLATs removed an average of
24 bdts/acre. Wildfire modeling of these treatments showed a 6 percent reduction
in the number of acres burned from private treatments and a 22 percent reduction
from both private and SPLATs on public lands. While the ownerships, forest type,
density, and slope dictated the type of treatment prescriptions, the spatial arrange-
ment of treatments has a greater impact on their ability to change fire intensity and
extent than the prescription applied.

Introduction

California’s wildlands and forests have accumulated an excess of small di-
ameter woody material, or biomass. Fire suppression over the past century,
combined with intensive forest management and a generally warmer and
wetter climate, have led to increasingly dense vegetation. When wildfires
occur, the heavy accumulation of biomass often makes those fires larger and
more severe. The increase in forest biomass threatens public health and safety,
watersheds, and wildlife habitat with unacceptable losses to wildfire. Public
land management agencies and local landowners are focusing their efforts
on thinning forests to reduce wildfire risks and to make them more resilient
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to insects and diseases. These forest thinnings produce significant volumes
of biomass as a waste product. Because this material currently has little com-
mercial value, most agencies and landowners are faced with the expense of
disposal by burning, chipping, and spreading, or hauling to a remote disposal
site. Using forest biomass to generate electrical power is another disposal op-
tion. However, at this time, the costs of removing forest biomass to generate
electrical power are generally higher than the costs of generating electricity
from traditional sources, such as natural gas.

The social and environmental benetits of using forest biomass to generate
electrical power are potentially substantial. In 1999, a major study conser-
vatively placed the value of environmental benetits associated with biomass
energy production in the United States at 11.4 cents per kilowatt-hour over
and above the retail value of the energy generated (Morris 1999). In this
study, the use of biomass from in-forest treatments is the least developed
analysis, due in large measure to a lack of data and other analytical studies.
While many studies have concluded that overall benefits of biomass energy
production substantially outweigh costs, researchers face considerable chal-
lenges in quantifying the relevant economic values, particularly the benefits.
A more accurate accounting of costs and benefits for forest biomass-to-en-
ergy strategies is needed to develop coherent policies that link forest health
management, fuel loading reduction, and energy production.

Current inventory information indicates that in-forest fuels reduction may
provide one of the largest sources of biomass fuel for power production in
California. Removal of excess biomass from California’s wildland areas to
achieve public safety and environmental benefits could theoretically produce
more than 30 million bone-dry tons (bdt) of biomass annually, of which ap-
proximately 18 million bdt would come from commercial and noncommercial
forest management (CEC 1992; Shelly and others 1998; Kadam and others
1999). Assuming that this volume of biomass could be environmentally and
economically available, it would comprise nearly eight times the biomass
volume from all sources currently consumed for biomass power production
in California (Morris 2002). The potential for power production would be
substantial: 30 million bdt could produce more than 3,000 megawatts of
power. Current biomass power production in California stands at about 650
megawatts annually, with a total capacity of approximately 750 megawatts.
Biomass energy contributes 15 percent of the renewable power currently
produced in the State, but has the potential to provide many times more
(Morris 2002).

Life Cycle Assessment Approach

One approach used to identify and quantify the costs and benefits of
biomass energy production is through a life cycle assessment. A life cycle as-
sessment, or LCA, models the environmental impacts and related economic
values associated with a product, process, or activity by identifying energy and
materials used and wastes released to the environment. Decisionmakers can
use LCA models to evaluate opportunities to reduce negative environmental
impacts and achieve economic efficiencies. LCA is a systematic analytical
method used to quantify the benefits and drawbacks associated with the en-
tire life cycle of a product. In LCA, all stages of a product’s life are analyzed,
from the extraction of raw materials needed to make the product through
final product distribution. An LCA is ideal for comparing new technologies
with existing technologies to identify overall costs and benefits in terms of
economic, environmental, and energy effects.
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The Pacific Southwest Research Station of the U.S. Department of Agri-
culture, Forest Service is working with the California Energy Commission’s
Public Interest Energy Research Program; the University of California at
Davis; energy, forestry, and environmental consultants; and several State and
Federal agencies to construct a cradle-to-grave forest biomass LCA model.
The model, called the Biomass to Energy (B2E) LCA model, will be used to
identify and analyze social, economic, and environmental costs and benefits
of using forest biomass to generate electrical power.

Study Objectives

The objective for the Biomass LCA Project is to develop a comprehensive
economic, environmental, and energy LCA model that can be used to evaluate
the potential net public benefits associated with treating and utilizing forest
biomass. This computer-based model will be designed to facilitate economic,
environmental, energy, and effectiveness assessments for the potential public
benefits associated with (1) various options for treating, disposing, and uti-
lizing forest biomass, and (2) electricity production from forest remediation
biomass

The model will require synthesis of existing studies and additional research
to populate individual modules. A wide range of research and peer-reviewed
data will be incorporated into the model, such as wildlife habitat impacts; costs
of vegetation management, collection, processing, and transport of biomass
materials; air and water quality impacts and benefits; changes in wildland
fire behavior and impacts; and so forth. Model users will be able to game out
different options (or scenarios) within the various modules, and to change
modeling assumptions such as forest remediation prescriptions, transportation
distances, types of equipment used, biomass generating technologies, and so
forth. Ultimately, the model will be used to explore opportunities for convert-
ing forest biomass to electricity, based on economic viability, environmental
impacts, and energy etficiency. It will also allow policymakers to evaluate the
effectiveness of alternative forest biomass management policies in meeting
public goals, stakeholder needs, and government regulations.

Study Site Selection

One important risk in complex environmental modeling concerns the
degree of generality one assumes about the impacts of the unit processes
within the model. To increase the accuracy of the modeling assumptions
and impacts, the LCA project team will select specific geographic locations
that correspond to the kinds of forest remediation needs in California. Each
location will represent a different landscape archetype. The team will draw
data from these selected areas to resolve fuzziness in the model, test assump-
tions, and provide opportunities to “ground truth” the model. Selection of
the number and kinds of landscape archetypes was a key challenge early on in
the project. Possible criteria for selecting areas include the following: (1) veg-
etation condition, (2) human population density, (3) sensitive ecological
systems (habitats), and (4) existing infrastructure-related opportunities (for
example, roads to provide access to treatment areas and transport materials
from treatment sites) (table 1).
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Table 1—B2E landscape archetype selection criteria.

Criterion Specifics

High-hazard Fuel FRCCS3 fuel loading over a substantial
portion of the landscape

Ownership Mix Must have a reasonable mix of Public

Multiple Use (PMU), Public Conservation
and Recreation (PCR), Industrial Private
Forestry (IPF), Non-industrial Private
Forests (NIPF)

Human Settlement & Assets Must have substantial areas of WUI
Capital Assets A reasonable number of key infrstructure
assets, such as dams, power line
corridors, etc.

TES/SSC habitat Habitat at risk of wildfire for several
species of concern
Data Quality Data available in several categories

required by the model (e.g., private land
use, WUI described, habitat (WHR)
mapped, Fuel loading mapped, etc.)
Landowner/Agency Interest Demonstrated interest in working with the
B2E Project from public agencies,
communities, environmental NGOs and
private sector industries

Current Management Baseline conditions, fire histories and
current vegetation management
prescriptions must be described and
ideally mapped

Geographic Scope Must be of sufficient size to measure
changes in large-scale impacts, such as
carbon cycling, habitat change across
populations of T&E species or cumulative
watershed effects

Representative Ecoregion Must represent landscape characteristics
of diverse forest/chaparral dominated
ecoregions in California

The B2E LCA Beta model, selected as a landscape archetype using
the criteria described above, is novel in its scale of analysis, modeling the
landscape effects of fire and treatments on 2.7 million acres of forest and
brushland in the northern Sierra Nevada (fig. 1). The Beta landscape was
originally chosen to represent high-hazard fuel areas with a reasonable mix
of ownerships encompassing a broad range of infrastructure and other values
at risk. This landscape represents high-hazard fuel areas, a broad range of
ownerships, diverse habitats, complex infrastructure, and other values at risk.
With 50 percent public multiple use and 17 percent industrial private lands,
this landscape provides a unique opportunity to evaluate the effectiveness
of Strategically Placed Area Treatments (SPLATSs) and compare them with
industrial private thinning and harvest.

The Beta landscape has more than 240 vegetation strata, or types of veg-
ctative assemblages, ranging from lower elevation scrub and manzanita (for
example, around Oroville Dam on the lower west side), to midelevation mixed
conifer, to eastside pine and western juniper. Many of these vegetation types
are in overstocked condition, with a Fire Regime Condition Class (FRCC)
rating of 2 and 3.
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Figure 1—Location and features of B2E Beta landscape.

Fire Modeling Strategy and Assumptions

The Biomass to Energy (B2E) Team has constructed a comprehensive
forest biomass-to-electricity model, which has identified and analyzed the
economic and environmental costs and benefits of using forest biomass to
generate electrical power while changing fire behavior at the landscape level.
Recognizing the urgent need for reducing “catastrophic” fires at a landscape
level, the B2E Team identified a modeling strategy for depicting fire behavior
changes on the landscape as a result of emerging forest remediation treatment
opportunities. This modeling strategy depends on a series of assumptions,
which will be described in the following section.

Fundamental to the assumptions of the B2E treatments is the concept of
SPLATs as described by the research and fire behavior modeling of Mark
Finney of the Missoula Fire Lab in the Rocky Mountain Research Sta-
tion, USDA Forest Service (Finney 2001). Finney’s research on optimized
treatments reveals that how you spatially arrange fuel treatments across the
landscape is much more important than how much of the area is treated.
Using the fire behavior modeling software FARSITE and FlamMap, Finney
and his colleagues at the Missoula Fire Lab have shown that treatments on
only 20 to 30 percent of the landscape can be effective in reducing the threat
of crown fires and other severe fire behavior if the spatial arrangement of the
treatments interrupts the fire’s rate of spread (fig. 2).
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Untreated Random Strips Strategic (SPLAT)
e W

Figure 2—The effects of various fuel treatment patterns on fire size (adapted from
Finney 2001). Left to right: homogenous fuel conditions (untreated), random treatments,
complete overlap of parallel strip treatments, and strategic, slanted overlapped
treatments.

For this study, fire behavior was summarized into three classes of severity
to distinguish and report changes in wildfire effects across the B2E landscape
(fig. 3). Burned areas were classified based on spatially explicit FlamMap
(Finney and others 2006) model results of fireline intensity and the crown-
ing behavior of the fires. The effects of wildland fire behavior on vegetation
were tracked in the vegetation portion of the larger B2E-LCA project (do-
main), and overseen by the USDA Forest Service Region 5’s Stewardship
and Fireshed Assessment (SFA) Team. The severity of wildfire was assigned
to three classes (nonlethal, mixed lethal, or lethal effects) depending on its
flame length and fire type (ground fire, passive crowing fire, or active crowing
fire). Fire severity determines the numbers of trees killed and the quantity
of vegetation consumed by fire. Simulations were performed on a 10-year
temporal sequence for 40 years with a series of fires taking place immediately
at the beginning of each decade in each fireshed.

Fire Severity Fire Type (Crown Fire Activity)
Classes Passive Crowning Active Crownin
% |o.00-3.99
2
~ 14.00-7.99
i =
QD
E D [8.00-11.99
T
o a [12.00+

Figure 3—Classes of fire severity used in B2E fire modeling (Stewardship and Fireshed
Assessment Team): (N) — Nonlethal, (X) — Mixed-lethal, (L) — Lethal.
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The modeling strategy was to measure and treat changes in wildfire effects
as expected value outcomes, reflecting average outcomes over long periods
of 10 years or more. The team averaged probabilities of wildfire occurrence
across space and time. The 10-year intervals over a 40-year timeframe for the
fire modeling effort have been selected because this timeframe fits well with
the economics that drive timber harvest (single entry at 20-year intervals
for uneven aged management) as well as the life cycle of the technology be-
ing evaluated (biomass conversion plants are likely to become obsolete and
depreciate after 20 years).

Moditying landscape-scale fire behavior when only a portion of the land-
scape can be realistically treated requires attention to layout. Mark Finney’s
research indicates that fire spread rates can be reduced, even outside of
treated area, if a fire is forced to flank treated areas where fuels have been
reduced. However, two criteria must be met for the strategy to be effective:
(1) the pattern of treatments must be laid out in a manner that interrupts
fire spread, and (2) prescriptions within the treatments must be designed to
modity fire behavior.

Of course, forest management has to be conducted with multiple objec-
tives in mind. The impact of fuel treatments on wildlife habitat, threatened
and endangered species, and recreational opportunities are essential consid-
erations. In addition, forest managers often have an opportunity to generate
revenue through timber sales to cover or offset the costs of management
activities. This means that optimal pattern for preventing wildfires is not
a realistic option. The treatments are adjusted to protect sensitive wildlife
habitat, reduce negative watershed effects, shape recreational opportunities,
and capture timber volume to help pay for treating more areas.

Methods

This study was able to track the contribution of private and public land
treatments toward modifying large-scale fire behavior by comparing the dit-
ference in fire behavior between three management scenarios:

o Scemario I —No treatment: This scenario assumes no treatments on private
or public lands, thereby providing a reference for the interaction of the
environment and fire. Vegetation is grown across the beta landscape
over the 40-year period, and the resulting fire effects are modeled. The
scenario assumes no salvage harvest or reforestation after wildfires.
When compared to scenario 2 (below), the no treatment scenario allows
the team to track the contribution of private land treatments (including
salvage) toward modifying large-scale fire behavior.

o Scenario 2—Industrial Private Forests (IPF) only: This scenario assumes
treatments on private lands only; no treatments are assumed for public
lands. On public lands, vegetation is grown from the current date and
only fire effects are tracked, much as in scenario 1. It is assumed that
the mix of IPF ownership managed under even aged and uneven aged
management is 50-50 percent.

o Scenario 3—1PF and Public Multiple Use (PMU) combined: This scenario
assumes the overriding goal is to achieve fire behavior modification at a
landscape scale. Private lands are treated as under the same prescriptions
as scenario 1 (IPF only), and PMU lands are treated using a variety of
strategic approaches (defensible fuels profile zones and SPLATS).
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Fire modeling outputs included the number of acres in three classes of fire
severity, the number of burned acres with crown fire behavior, and flame
lengths less than and greater than 4 feet. Historical fire occurrence was used
to locate ignitions. Discrete ignition points at locations across the landscape
were chosen recognizing that demographics, human activities, and climatic
conditions will vary with time (fig. 4). This study used predetermined igni-
tions per decade instead of a random generator. Randomization of ignition
locations did not yield the “catastrophic” events needed to measure differ-
ences between the three main treatment scenarios. While purely a means to
the end, the rule sets generated for performing these three treatments across
2.7 million acres (table 2) have received attention for similar modeling ven-
tures in California.

Results

With a no treatment weighted average biomass levels of 79 bone-dry tons
(bdts) per acre, the private treatments removed an average of 31 bdts/acre
while SPLATSs removed an average of 24 bdts/acre (table 3). Downstream
models are evaluating the effects of these three fuel treatment scenarios on
economic feasibility, energy production supported, ecosystem impacts and
the location and capacity of modeled biomass facilities. For the purposes of

Ignition Decade 1

Ignition Decade 2
Ignition Decade 3
Ignition Decade 4
Fire History

B2E Study Area

T \iles
0 12.5 25 50 75 100

Figure 4—B2E Beta landscape fire history and ignition placement by decade.
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Table 2—Treatment allocation rule base and logic.

Ganz, Saah, Barber, and Nechodom

Mgnt. Lands Treatment  Treatment Regime
Regime Applied to: Cycle Unit Size Code orID Per-1 Per-2 Per-3 Per-4 Rx Desc Salvage
Wlldland Public . n/a n/a n/a n/a n/a n/a n/a no
Fire Use Conservation
Rx lere Public-MU 20-yrs 140-acres 31 Rx Fire . Rx Fire . o
[initial >50% 32 Rx Fire Rx Fire
Initial Maint - thin for
150-acre ave. 21 | Fuel | Fuel fuels-
SPLAT nteg.Fue nteg.Fuels retain 40%
; s Treat Treat
[Finney cc
Public-MU Herring Bone Initial Maint -
20-yrs Psattern] 22 Integ.Fuels Integ.Fuels yes
<50%
Treat Treat
i EZPZ:dalSJnder Initial Maint - ;EIenlsfor
Re_St”CtEd PP 23 Integ.Fuel Integ.Fuels
Thin QLG [1/4mi retain 40%
s Treat Treat
fb] cc
Initial Maint - ;E'enlsf‘”
treated n/a Integ.Fuel Integ.Fuels
along with s Treat Treat retain 40%
SMZ-IFL[1] . 9 300-ft perin. cc yes
interesect
unit Initial Maint -
n/a Integ.Fuels Integ.Fuels
Treat Treat
Thin for
IFL [1] all Selective Selective product
11 [~5mbf/ac]
Slopes and Harvest Harvest
20-yrs 140-acres & stand yes
IFL[2] w/SLp vigor
>50% only i i 9
Unevn-aged Selective Selective
12
Harvest Harvest
1 Selective Selective
All NIFL Sip Harvest Harvest
o 20-yrs 20-acres - - no
<50% 12 Selective Selective
Harvest Harvest
Regn
1 Regen PCT ComThin  Harvest-
Harvest
Clearcut
IFL[2] sl
[2] slp 2.7 Regen PCT
<50%, 70-years 20-acres Harvest yes
mature K Regen comthin to
Even-aged
g 3,6 ComThin Harvest PCT a Ave. BA
45 ComThin Regen
Harvest
IFL[2] percom
Plantations, 70-years as mapped 8 PCT ComThin thin to 150- no
<15yrs 160 tr/ac
No all others n/a n/a 1-4 n/a n/a n/a n/a no
Treatment
PMU Public Multiple Use NIFL ~ Non Industrial Forested Lands
PCR Public Conservation-Recreation NON  Others, Non Forested Lands, Urban
IFL_U Industrial Forest Lands [1, 2] SMZ  Streamside Management Zone.

this study, by comparing the difference in fire behavior between three man-
agement scenarios over the 40-year management trajectory, we can evaluate
the contribution of private and public land treatments toward modifying
large-scale fire behavior.

While the ownerships, forest type, density, and slope dictated the type of
treatment prescriptions, we found that the spatial arrangement of treatments
has a greater impact on their ability to change fire intensity and extent than
the prescription applied. While we recognize that the optimal pattern for
preventing catastrophic wildfires (or reducing their impacts) is not always a
realistic option, we have modeled scenarios 2 and 3 with the necessary adjust-
ments to protect sensitive wildlife habitat, reduce negative watershed eftfects,
shape recreational opportunities, and capture timber volume under industrial
private forest ownerships (that are both realistic in turns of net revenues and
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Table 3—B2E pretreatment inventory and amounts of
biomass removed by scenario and year (in BDTs/

acre)
Scenario Year Inventory Treatment
1: No 2006 64
treatment 2016 73
2026 80
2036 86
2046 91
Average 79
2: Industrial 2006 64 30
Private 2016 69 35
Forests (IPF) 2026 73 28
only 2036 76 31
2046 79
Average 72 31
3: (IPF) & 2006 64 28
Public 2016 67 34
Multiple Use 2026 70 23
(PMU) 2036 73 26
2046 75
Average 70 28
3b: (PMU) - 2006 64 26
SPLATS 2016 66 34
2026 67 17
2036 70 20
2046 72
Average 68 24

yet protects their proprietary information). Many of these assumptions are
depicted in the treatment allocation rule sets and logic described above.
Quantifying effectiveness of fire mitigation treatments is a challenge as
there is no accepted system of measurement. Evaluations of fire hazard miti-
gation programs tend to focus primarily on the number of acres treated and
treatment costs associated with mitigation without adequately assessing the
benefits of these treatments. These programs also tend to focus on monitor-
ing the total number of acres burned from 1 year to the next to determine
efficacy of certain fire mitigation strategies (for instance, comparing DFPZs
and/or SPLATs with traditional fuel break systems). Wildfire behavior model-
ing, especially with FlamMap, lends itself well to landscape comparisons (for
example, pre- and posttreatment effectiveness) and for identifying hazardous
fuel and topographic combinations, thus aiding in treatment prioritization
and landscape-level assessments such as the B2E Beta model. The B2E Beta
wildfire behavior modeling of these three treatment scenarios showed a
6 percent reduction in the number of acres burned from private treatments
and a 16 percent reduction from SPLATs on public lands (table 4). Scenario
3 had the overall greatest effect on the number of acres burned (that is, fire
perimeters) with a 22 percent reduction from the no treatment scenario. For
scenario 2, decade 2 had the greatest impact on reducing the fire perimeter
with a 19 percent reduction in total acres (table 4). We expected to see a
similar trend for reducing fire perimeters across all four decades but recognize
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Table 4—Summary of B2E Beta Model burned acres by scenario and year.

2: Industrial
1: No Private 3: (IPF) &
Year treatment Forests (IPF)  3b: (PMU) (PMU)
2006 92,684 92,168 81,004 80,487
2016 60,153 48,616 51,383 39,846
2026 69,953 65,241 49,097 44,385
2036 76,543 75,758 68,582 67,796
Total Acreage 299,334 281,782 250,066 232,514
% Change from
No TMT 0% —6% -16% —22%

that differences existed due to modeling assumption and fire placements.
These heightened effects for decade 2 were attributed to the location of the
ignitions, higher proportion of private industrial ownership, and the topog-
raphy within the fire perimeters.

As expected, scenario 1 generated the most acres burned with an average
of 74,833 acres. While not all fires will achieve the same size, the burned
acreage per decade averaged 67,802 acres for all three scenarios. Ignoring the
small fires, the B2E Beta landscape’s fire history on record (past 80 years)
averaged around 65,000 burned acres per decade. The wildfire behavior
modeling efforts for this B2E LCA Beta model have tried to mimic the fire
history on record burning 65,000 acres in a variety of fire size and intensi-
ties with acres in each severity class approaching 30 percent based on work
by Miller and Fittes (20006).

Evaluations of fire hazard mitigation programs tend to focus primarily on
changes in the number of acres burned (since those are easiest to monitor).
A modeling venture such as the B2E LCA Beta model allows us to evaluate
the contribution of private and public land treatments toward modifying
large-scale fire behavior using intensity as the change metric. Across all
scenarios, 30.8 percent of the acres burned were characterized as nonlethal;
that is, surface fires with flame lengths between 1 and 4 feet (table 5). The
percentages of fire severity classes from the B2E wildfire modeling effort cor-
respond well with Forest Service severity monitoring for the Sierra Nevada
(Miller and Fites 2006).

These fire severity classes are important to the B2E LCA Beta modeling
project because many of the downstream models are evaluating the effects
of these three fuel treatment scenarios based upon these three classes. For

Table 5—Summary of B2E Beta Model severity class acres by scenario.

Scenario Summary
Fire Severity Class 1 2 3 Total %
N - nonlethal 81,471 82,160 86,586 250,216 31%
X - mixed lethal 136,887 125,156 98,560 360,603 44%
L - lethal 80,976 74,465 47,368 202,809 25%
Grand Total 299,334 281,782 232,514 813,629 100%
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instance, fire consumption rates for canopy fuels and resultant wildfire
emissions for green house gases are all modeled and calibrated to these fire
severity classes.

As expected with the higher total number of acres burned, the percentages
of acres with lethal and mixed-lethal fire severity classes were also highest in
decade 2 (table 6). All three fire severity classes were favorably affected by
applying both the private and public treatments over the four decades. Only
decade 3 showed a decrease in the number of acres in the nonlethal severity
class (3,880 acres) but that is due to the dramatic drop in total acres burned
from implementing both public and private treatments in this particular
decade with a positive change of 25,568 acres or 36.5 percent from the non-
treated scenario 1 (table 4).

Table 6—B2E Beta Model severity class acres by
scenario by year.

Fire Severity Classes
Scenario Decade N X L

1 1 36,579 33,176 22,929
2 19,447 20,947 19,759
3 19,296 31,691 18,965
4 6,148 51,072 19,324
2 1 37,953 30,592 23,623
2 21,491 13,208 13,917
3 14,312 32,791 18,138
4 8,404 48,566 18,787
3 1 37,889 24,740 17,858
2 19,914 15,452 4,480
3 15,417 18,496 10,472
4 13,366 39,873 14,557

Despite a 6 percent positive effect on the number of acres burned, applying
private treatments alone does not always result in a favorable effect on chang-
ing the fire severity. Decade 1’s lethal severity class increased by 694 acres
and decade 3’s mixed lethal increased by 1,100 acres (albeit 827 acres of these
can be attributed to a decrease in severity from lethal to mixed-lethal classes).
Crown fire behavior in even-aged managed stand, especially during early
stages of plantation development, can explain for these two increases in fire
severity classes (out of 12 represented in table 6). Overall, the majority of the
acres modeled in this effort demonstrated favorable impacts of implementing
industrial private forest treatments with a decrease of 7 percent in the lethal
severity class across the entire B2E Beta landscape.

Conclusions

Assuming that collection, processing, and transportation are economically
viable, the conversion of forest biomass to useful energy becomes a critical
economic and environmental issue. The B2E LCA Team has constructed
a comprehensive forest biomass-to-electricity model, which has identified
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and analyzed the economic and environmental costs and benefits of using
forest biomass to generate electrical power while changing fire behavior at
the landscape level. The B2E wildfire behavior modeling of three treatment
scenarios showed reductions in the number of acres burned and changes in
intensity classes. Whether compared for the entire B2E Beta landscape or
within perimeters of the 67,800 acres burned per decade, treatments applied
to both public and private lands changed fire behavior and growth. The B2E
wildfire modeling venture has demonstrated that treating public multiple
use lands with SPLATS, albeit not nearly as strategically applied as originally
intended by its designers, contributes more (percentage wise) than private
sector treatments for modifying landscape-scale fire behavior. The goal of
such modeling efforts is not to differentiate between public and private sec-
tor treatments, but rather, to improve our understanding of implementing
forest treatments across ownerships to prevent catastrophic wildfires (or at
least reduce their impacts). The next steps for improving the B2E wildfire
modeling component of this B2E project will be to move to another landscape
archetype using the criteria described in this paper and design a growth model
for brush types that will complement the vegetation growth simulations over
a 40-year timeframe.

The California Biomass to Energy project and other similar projects will
help provide information about potential economic, energy, and environ-
mental tradeoffs associated with various options for managing forest biomass
and using forest biomass material to produce renewable energy. The results,
findings, and conclusions of these efforts will help government organizations
establish policies, legislation, incentives, and funding initiatives relative to
biomass power, as well as assist private, academic, and government organi-
zations in setting priorities and establishing plans for forest research and
development programs.

Discussion

A primary assumption of the B2E fire behavior modeling approach is that
SPLATs, as both a theoretical and an applied approach, will indeed fragment
the fire-prone environment of the Beta landscape for the desired effect of
reducing fire behavior, growth and /or severity. The modeled outcomes dem-
onstrated in our results show a favorable effect from the spatial arrangement
of treatments, but it is obvious that policymakers will need more empirical
data to justify greater application of SPLATs on public lands. Recognizing
this need, the USDA Forest Service and the Joint Fire Science Program have
funded several empirical studies that are designed to demonstrate landscapes
that have been treated for fuels with SPLATs, DFPZs, and other strategic
approaches that can effectively change the behavior of wildfires. One such
study currently producing empirical results is being performed at the Sagehen
Experimental Forest by Dr. Scott Stephens and Dr. John Battles from the
University of California at Berkeley (Saah and others 2006). Other studies
have begun to report the efficacy of earlier treatments in reducing the etfects
of wildfires (for example, see Fulé and others 2001a,b; Finney and others
2005). In 2002, the Cone Fire on the Blacks Mountain Experimental For-
est and funding from the Joint Fire Science Program provided Skinner and
others (2004) with the opportunity to document changes in fire behavior on
a landscape where fuels treatments had been conducted. Skinner and others
(2004) stated, “In the case of both treatments the fire dropped quickly out
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of the crowns to become either a surface fire or die out upon entering the
treated areas. The rapidity of apparent change from a high-intensity crown
fire to a much lower-intensity surface fire may have significant implications
for management of wildland /urban interface zones as well as wildlands in
general.”

As Mark Finney’s research indicates, modifying landscape-scale fire behav-
ior when only a portion of the landscape can be realistically treated requires
attention to layout. We agree that the spatial arrangement of treatments is
critical. On the B2E Beta landscape we noticed that strategic placement had
a greater impact on fire intensity and extent compared to treatments them-
selves (dictated by ownership, forest type, density, and slope). Fire severity,
as defined by the three classes, decreased by both private and public forest
remediation treatments with a greater effect on public multiple-use lands.
We were not surprised to find that the mass SPLAT implementation on
public lands had a greater eftect on fire behavior than the treating of private
lands for commercial timber values. The downstream models utilizing these
modeling outputs for further analysis are undoubtedly going to question the
large-scale implementation and lack of strategic direction when SPLATSs were
applied to the B2E landscape. In our B2E LCA model, all stages of'a product’s
life are analyzed, from the extraction of raw materials needed to make the
product through final product distribution. In this LCA, biomass is the raw
material (considered here as a waste product) and energy is the desired final
product. The mass application of SPLATSs on public lands to generate this
raw material while positively reducing fire behavior, growth and /or severity
(and subsequently reducing the emissions that would have been emitted by
these fires), will either tip the balance for generating renewable energy from
this waste product or drive up the costs of removing forest biomass due to
the need for strategic planning and treatment implementation.
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Combining Turbulent Kinetic Energy
and Haines Index Predictions for
Fire-Weather Assessments

Warren E. Heilman' and Xindi Bian'

Abstract—The 24- to 72-hour fire-weather predictions for different regions of the
United States are now readily available from the regional Fire Consortia for Advanced
Modeling of Meteorology and Smoke (FCAMMS) that were established as part of the
U.S. National Fire Plan. These predictions are based on daily real-time MM5 model
simulations of atmospheric conditions and fire-weather indices over specific model-
ing domains. Included in the suite of fire-weather indices provided by the FCAMMS
is the well-known Haines Index (HI), an operational “mesoscale-type” index that
characterizes the atmospheric risk of extreme fire behavior based solely on stability
and moisture conditions in the lower to middle troposphere. However, there are other
atmospheric variables that also influence the risk of extreme fire behavior, especially
those that characterize conditions in the atmospheric boundary layer where small-scale
fire-atmosphere interactions are so important. One of those variables is atmospheric
turbulence (that is, wind gustiness), as measured by turbulent kinetic energy (TKE).
TKE can be classified as a “boundary-layer-type” index, with its generation and dis-
sipation dependent on wind shear and buoyancy conditions near the surface. Like
the Hl, predictions of TKE are available from the daily FCAMMS MM5 model simula-
tions. This study examines the utility of combining the HI with TKE to assess potential
atmospheric risk of extreme fire behavior. Output from the FCAMMS - Eastern Area
Modeling Consortium (EAMC) MM5 simulations of fire-weather conditions over the
western Great Lakes region is used to identify regional patterns of HI and TKE on a
daily basis. A comparison of the patterns of the two indices allows for an assessment of
whether large HI values typically occur with large near-surface TKE values, a potentially
dangerous fire-weather condition.

Introduction

The regional Fire Consortia for Advanced Modeling of Meteorology and
Smoke (FCAMMS) (http://www.fs.fed.us/fcamms), established by the
U.S. National Fire Plan (USDA Forest Service 2002), are providing daily
24- to 72-hour real-time fire-weather predictions for different regions of the
United States as part of their research programs focused on developing new
and improved tools for predicting fire-fuel-atmosphere interactions. These
predictions are based on simulations performed with the Fifth Generation
Penn State University (PSU)/National Center for Atmospheric Research
(NCAR) Mesoscale Model (MM5) over specific modeling domains set up to
cover the conterminous United States. The well-known Haines Index (HI)
(Haines 1988) is one of many fire-weather indices routinely provided by the
FCAMMS as part of their fire-weather predictions. As an operational index
for fire-weather forecasting, the HI can be considered a mesoscale-type index
that characterizes the stability and moisture conditions in the lower to middle
troposphere. Its value is meant to provide an indication of the atmospheric
risk of extreme fire behavior due solely to these atmospheric conditions.
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While the HI has proven to be a valuable tool for fire-weather forecasters
in some regions of the United States, there are other atmospheric properties
and processes that can affect the severity of fires, especially those properties
and processes that characterize the atmospheric boundary layer where small-
scale fire-atmosphere interactions are so important. Atmospheric turbulence,
or wind gustiness, is one of those properties. Wind gusts are a reflection of
turbulent eddies imbedded within the general circulation of air flow, with
the energy associated with these eddies defined as turbulent kinetic energy
(TKE). The generation and dissipation of turbulent eddies and TKE in the
atmosphere are dependent on wind shear and buoyancy conditions. Strong
vertical wind shears and unstable temperature lapse rates tend to increase
atmospheric turbulence, while stable temperature lapse rates tend to dissipate
turbulence. Predictions of TKE in the atmospheric boundary layer using the
higher order level 2.5 closure from the Mellor-Yamada turbulence hierarchy
(Mellor and Yamada 1974, 1982; Gerrity and others 1994) are available
from the daily FCAMMS MMJ5 model simulations. However, unlike the HI
predictions from the FCAMMS, TKE predictions have not been used in the
past for characterizing atmospheric risk of extreme fire behavior.

The FCAMMS—Eastern Area Modeling Consortium (EAMC) has been
investigating the utility of combining the mesoscale-type HI with TKE, a
boundary-layer type index, for assessing the atmospheric potential for extreme
fire behavior. For example, Heilman and others (2003) reported some initial
results from an analysis of regional patterns of HI and TKE over the North-
eastern United States based on daily EAMC MMS5 fire-weather simulations
covering the period 1 March 2003 to 18 July 2003. While the analyses were
limited to the Northeast and covered a short period of time, they provided
some important insight into where high HI and high TKE values typically
occur in this region of the nation. The analyses also demonstrated that com-
bining the HI and TKE via a simple product of the two indices may have some
utility in predicting where both lower to middle tropospheric conditions and
boundary layer conditions are especially conducive to extreme fire behavior,
as shown by an application of this “combined” index to the Double Trouble
State Park wildfire in New Jersey on 2 June 2002.

As a follow-up to the Heilman and others (2003) investigation, this paper
describes a more comprehensive analysis of seasonal HI and TKE patterns
over the western Great Lakes region of the United States derived from
EAMC MMS5 daily fire-weather simulations for year 2006. Comparisons of
seasonal patterns of HI and TKE patterns along with analyses of the relative
significance of wind shear and buoyancy effects in the atmospheric bound-
ary layer in contributing to high TKE values when high HI values are also
present provide new insight into the atmospheric dynamics that contribute
to extreme fire behavior.

Haines Index Description

The well-known HI (Haines 1988) is a simple index that provides a mea-
sure of the lower to middle tropospheric instability and dryness. The index
characterizes the stability and moisture content of specific atmospheric layers,
depending on the elevation above sea level of the underlying terrain. The
index is defined as

A B
HI = (Tyy - Tya) + (T, = Toy) M
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where T;,; is the temperature (°C) at pressure level pl, Ty, is the temperature
(°C) at pressure level p2, and T, and Ty, are the temperature (°C) and dew-
point temperature (°C), respectively, at one of the pressure levels. The pressure
levels, pl and p2, are set at 950 mb and 850 mb, respectively, for low terrain
elevations; 850 mb and 700 mb, respectively, for mid terrain elevations; and
700 mb and 500 mb, respectively, for high terrain elevations. The defined low,
mid, and high terrain elevation regions for the United States can be found
in Haines (1988). For the HI calculations performed in this study, both the
low and mid terrain elevation designations are used.

Haines (1988) defined specific temperature lapse rate and dew-point
depression thresholds for the low, mid, and high terrain elevation designations.
Integer values of 1, 2, or 3 are assigned to the lapse rate (A) and dew-point
depression (B) components of the HI, as shown in equation 1, depending on
the actual values of the lapse rates and dew-point depressions in comparison
to the defined thresholds. The two integers are added to create an index
varying from 2 to 6, with the following adjective definitions for the potential
for large plume dominated fires:

(A+B)=2or3 [very low]
(A+B)=4 [low]
(A+B)=5 [moderate|
(A+B)=6 [high].

The lower to middle tropospheric temperature and dew-point temperature
data required for calculating the HI typically come from radiosonde observa-
tions at 0000 UTC and 1200 UTC or from numerical weather prediction
models that can provide output data specific to any time of the day. Haines
Index observations or predictions are often presented in the form of maps
that allow for a spatial analysis of regional patterns of the index. The HI can
be classified as a mesoscale-type index because it attempts to capture the
stability and moisture conditions of atmospheric layers that extend above the
atmospheric boundary layer. As a mesoscale-type index, it can be useful for
describing the atmospheric risk for extreme fire behavior over relatively large
spatial areas. When fire plumes penetrate atmospheric layers characterized by
high HI values, the potential exists for increased lofting of the plume and
the downward transport of high-momentum, dry air from these layers to the
surface, a potentially dangerous wildfire scenario.

Turbulent Kinetic Energy Description

While stability and moisture conditions in atmospheric layers above the
boundary layer can influence fire behavior, turbulent atmospheric circulations
(that is, wind gusts) within the boundary layer can also create an environ-
ment conducive to extreme fire behavior. Wind gusts are manifestations of
turbulent eddies generated by wind shear and buoyancy effects, which can be
large in the boundary layer. The amount of energy in these turbulent eddies
is defined as turbulent kinetic energy, and is given by 0.5q> where

g =u+v>+w"” (2)
and u'*, 12 ,and w'? are the variances of the departure (turbulent) velocities
in the horizontal x, horizontal y, and vertical z directions, respectively. Large
vertical wind shears under thermally unstable (convective) conditions lead to
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a highly energetic turbulence regime (that is, large TKE values), whereas a
thermally stable environment will tend to suppress any turbulence generated
through mechanical wind shears and produce more laminar-type flows (low
TKE values). Irrespective of the enhanced atmospheric turbulence gener-
ated by buoyancy and wind shears associated with a fire, an already highly
turbulent atmospheric boundary layer can contribute to even more erratic
fire behavior through interactions between the fire-induced and ambient
boundary-layer turbulence regimes.

Simulations and predictions of TKE are possible in many of the current
research and operational atmospheric mesoscale and boundary layer numeri-
cal models, including MM5. Turbulent kinetic energy can be simulated and
predicted using the level 2.5 closure scheme from Mellor and Yamada (1974,
1982) given by

2 2 2
iq_+v.v‘1__31(iq— =P +P, —¢ (3)
or| 2 2 dz| ‘ozl 2

where the terms on the left side of the equation represent the local time rate
of change of TKE, the advection of TKE by the three-dimensional mean
wind V, and the vertical ditfusion of TKE (parameterized in terms of diffu-
sion coefficient K ). The terms on the right side of the equation represent the
production of TKE through vertical wind shear effects (P;), the production
or dissipation of TKE through buoyancy effects (P}), and the nonbuoyant
dissipation of TKE (¢) via the breakdown of turbulent eddies into smaller
and smaller sizes. The production (Pg) of TKE through vertical wind shear
effects is given by

PS=—u'w'a—u—v'w'a—v (4)

0z 0z

and the buoyant production or dissipation (P},) of TKE is given by

P=20"w 5

=0 % (5)
where g is the acceleration due to gravity, # and v are the horizontal com-
ponents of the mean wind, 6, is the virtual potential temperature, and u'w',
P! ,and @ 'w'are the vertical turbulent fluxes of momentum and heat. The
MMS5 mesoscale model used in this study includes the Mellor and Yamada
(1974, 1982) TKE formulation and is described in more detail by Gerrity
and others (1994).

Unlike the HI, which can be easily computed from radiosonde observa-
tions or numerical model output, TKE as a potential fire-weather index has
not been used extensively because it is fairly complex and is rarely, if ever,
included in the suite of fire-weather variables made available to fire managers.
However, the increasing availability and delivery ot TKE predictions from
research and development groups such as the FCAMMS have now made it
possible to assess the feasibility of using TKE in some fashion as a potential
fire-weather index.

Analyses of HI and TKE Patterns

The analyses presented here are built upon daily 48-hour real-time EAMC
MM5 simulations (0000 UTC initialization) over a 4-km grid spacing domain
covering the western Great Lakes region for the period of 1 January 2006
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through 31 December 2006. Simulated patterns of the mid-afternoon frequency
of occurrence of different HI and near-surface TKE values were analyzed as
a first step in determining: (1) how frequently high HI values (5 or 6) occur
concurrently with significant near-surface atmospheric turbulence in this region;
(2) whether there are preferred locations where high HI and high near-surface
turbulence tend to occur in this region; and (3) whether there is a seasonal
dependence on those occurrence patterns.

Figure 1 shows the simulated frequency of occurrence of HI values equal
to 5 or 6 (moderate or high atmospheric risk of large plume dominated fires)
at 2000 UTC during the January-February-March (JFM), April-May-June
(AM]J), July-August-September (JAS), and October-November-December
(OND) periods in 2006. During the JEM period, mid-afternoon high HI
values were most common over northern Iowa, southern Minnesota, west-
ern and southern Wisconsin, and central Michigan. The highest frequencies
occurred over northeastern Iowa, with 25 to 30 percent of the days during
this 3-month period characterized by HI values equal to 5 or 6 at 2000 UTC.
During the spring and summer periods (AM] and JAS), high HI values at
2000 UTC were more frequent and widespread in this region. HI values of
5 or 6 occurred more than 20 percent of the time at 2000 UTC over most
of Minnesota, Iowa, southern Wisconsin, northern Illinois, and northern,
western, and eastern Michigan. The autumn period (OND) was characterized

Figure 1—Simulated frequency (percent) of HI values equal to 5 or 6 at 2000 UTC for the periods (a) JFM,
(b) AMJ, (c) JAS, and (d) OND in 2006.
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by maximum frequencies of high HI occurrence at 2000 UTC exceeding
30 percent over large parts of Minnesota and Iowa, and minimum frequencies
over much of northern Michigan. Overall, the simulated patterns of high HI
occurrence over the western Great Lakes region in 2006 suggest that mid-
afternoon lower to middle tropospheric stability and moisture conditions
were more frequently conducive to extreme fire behavior over the western
sections of the region than elsewhere during all seasons.

The simulated frequencies of occurrence of near-surface TKE values exceed-
ing 3 m2s2 (significant turbulence) at 2000 UTC over the same four 3-month
periods in 2006 are shown in figure 2. The percentage of days when near-surface
turbulence was significant during the winter months (JEM) in 2006 was low
over the western sections of the Great Lakes region. Only the upper peninsula
and northern part of the lower peninsula of Michigan and along the shores of
Lake Superior had relatively frequent occurrences of significant near-surface
turbulence, generated primarily by mechanical wind shear eftects. The increased
stability of the atmospheric boundary layer during the winter months reduces
the buoyancy contribution to TKE production. The spring months (AM]) were
characterized by increases in occurrence of high near-surface turbulence over
the upper peninsula and northern sections of the lower peninsula of Michigan,
northern Wisconsin, and large areas of Minnesota and Iowa. More than 30 per-
cent of the days in some of these areas had near-surface TKE values exceeding
3 m?s72 at 2000 UTC. Overall frequencies of occurrence of high near-surface

E— x.
o 2 4 & B 10 12 4 16 1@ 2 ] 24 & 8 10 1z 14 16 @ 2 2B M

Figure 2—Same as figure 1 except for simulated frequency (percent) of near-surface TKE values greater than or
equal to 3 m2s2,
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turbulence were lower during the summer (JAS) and autumn (OND) periods
over the western Great Lakes region in comparison to the maximum frequen-
cies observed during the spring months.

A comparison of the HI and TKE frequency of occurrence maps in
figures 1 and 2, respectively, reveals that large HI values in 2006 often did
not occur in the same areas where large near-surface TKE values occurred.
In fact, episodes of concurrent high HI and near-surface TKE values were
infrequent. This suggests that combining the HI and near-surface TKE in
some fashion could produce a highly discriminatory index that captures those
relatively rare events when both the atmospheric mesoscale environment, as
quantified by the HI, and the atmospheric boundary-layer environment, as
quantified by near-surface TKE, are highly conducive to extreme fire behav-
ior. One possible way of combining the indices is to simply take the product
of the two indices. Figure 3 shows the simulated frequency of occurrence at
2000 UTC of episodes where HI x TKE > 15, a threshold meant to roughly
capture those cases when the HI and TKE values are greater than or equal to
5 and 3 m?s72, respectively. Over much of the western Great Lakes region, the
occurrence of concurrent high values of HI and near-surface TKE in 2006
was relatively rare. It was only during the spring season (AM]) that frequen-
cies of occurrence above about 10 percent were common over large sections
of Minnesota, Wisconsin, and Michigan. Frequencies above 20 percent also

Figure 3—Same as figure 1 except for simulated frequency (percent) of the product of the HI and near-surface
TKE exceeding 15 (HI x TKE > 15).
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characterized the local urban areas of Minneapolis, Chicago, Milwaukee, and
Detroit during the spring. During the summer months (JAS), the highest
frequencies (~10 to 15 percent) occurred over northern Minnesota and these
same urban areas. Frequencies in the fall were generally less than 10 percent
everywhere except along the southern shore of Lake Superior.

Fire Case Studies

In order to test the feasibility of combining the Haines Index and TKE for
assessing the atmospheric mesoscale and boundary layer risk of extreme fire
behavior, preliminary analyses were carried out to determine the behavior of the
product of HI and near-surface TKE values during actual wildland fire events
in the western Great Lakes region in 2006. Twenty-one wildland fire cases in
the western Great Lakes region were identified in 2006, ranging from 100 to
nearly 32,000 acres in size. For each wildland fire case, the HI, near-surface
TKE, and the product of the HI and TKE were computed each hour for the
entire duration of the fire at locations corresponding to each wildland fire event
(based on archived, real-time hourly output from the EAMC MM5 daily fire-
weather simulations over the western Great Lakes region). Results from those
simulations are shown in table 1. The five largest fires all had occurrences of
maximum HI x TKE values greater than 15, with the largest value (32.196)
observed during the Cavity Lake Fire in the Boundary Waters Canoe Area of
northern Minnesota. Significant near-surface turbulence (TKE > 3 m?s~2) was
simulated during these fires, with HI values ranging from 4 to 6 at the time

Table 1—Maximum values of the product of the Haines Index (HI) and near surface turbulent

kinetic energy (TKE), and the dates, times, and Richardson number (Ri) values when the HI
x TKE maximum values occurred during selected wildland fire episodes in the western Great
Lakes region in 2006. Values of maximum HI x TKE exceeding the threshold of 15 are shown
in bold.

. Start | End Max. Date:time (UTC) . Acres

Firename | gote | date | 1| T®F | H+TKE | of max HIXxTKE | ®' | burned
Cavity Lake 7/14 9/1 6 |5.366| 32.196 07/17: 0200 -0.314 | 31,830
Peatland 10/6 | 10/8 | 4 |8.214| 32.856 10/08: 1900 -0.018 | 6,625
East Zone Cmp. | 9/8 | 10/1 | 5 |6.282| 31.410 09/22: 2300 -0.005 | 5,898
Red Lake 16 4/6 4/7 4 15253 | 21.012 04/06: 2300 -0.028 3,650
Turtle Lake 7/13 | 8/3 | 4 |4.651| 18.604 07/16: 0300 -0.012 | 2,085
Grain Bin 4/26 | 4/27 | 5 |2.519| 12.595 04/26: 2000 -0.280 1,496
20 Mile 4/26 | 4/27 | 5 [2.519| 12.595 04/26: 2000 -0.280 1,456
Cederbend 11721 [ 11/22| 5 | 1.232| 6.160 11/23: 0600 0.036 727
Trail 4/10 | 4/11 | 6 |3.068 | 18.408 04/11: 2300 -0.012 676
Richardville 4/22 | 4/23 | 5 |2.214| 11.070 04/24: 0000 -0.124 640
Red Lake 197 4/16 | 4/16 | 5 | 1.815| 9.075 04/16: 1900 -0.281 550
Black River 4/16 | 4/17 | 5 10.620 | 3.100 04/17: 0300 -0.140 500
Easter Sunday 4/16 | 4/17 | 6 | 1.565| 9.390 04/16: 2000 -0.026 348
Parkers Prairie 4/9 | 411 | 4 | 1.798 | 17.192 04/09: 2000 -0.028 326
Sharptail Burn | 4/17 | 4/18 | 4 |3.222| 12.888 04/17: 2000 -0.280 317
219 7/19 | 7124 | 5 |5.735| 28.675 07/19: 1900 -0.078 240
Shack 4/6 4/7 | 3 |4.655| 13.965 04/07: 0000 -0.012 200
Clementson 9/4 | 9/12 | 5 | 1.817| 9.085 09/05: 1900 -6.807 149
Hammer 11/9 | 11/10 | 5 |2.131| 10.655 11/09: 0700 -0.002 115
Keystone 8/3 8/5 | 4 10.565| 2.260 08/05: 0700 -0.184 106
Wobble Grade | 7/12 | 7/13 | 6 | 1.418 | 8.508 07/12: 2000 -2.992 100
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when maximum HI x TKE values were simulated. Fourteen of the 21 fire cases
included in this study had simulated maximum HI x TKE values less than 15.
Most of the maximum HI x TKE values during the analyzed fires occurred
in the local afternoon or evening hours.

The application of a combined HI and near-surface TKE for spatially
pinpointing where atmospheric mesoscale and boundary layer conditions
are both highly conducive to extreme fire behavior was tested for the Cavity
Lake Fire that burned nearly 32,000 acres from 14 July to 1 September
2006. Figure 4 shows the simulated patterns of HI, near-surface TKE, and
HI x TKE values at 0200 UTC on 17 July 2006 (9:00 pm CDT on 16 July
20006). Most of the western Great Lakes region had HI values of 5 or 6 at
this time, with large areas of HI = 6 covering parts of Minnesota, Wiscon-
sin, and Michigan (fig. 4a), including the Boundary Waters Canoe Area of
northern Minnesota. Significant near-surface turbulence (TKE > 3 m?2s72)
also occurred in the region at this time, but was confined to much smaller
areas located over northern Minnesota, southwestern Minnesota, northern
Wisconsin, and parts of northern and western Michigan (fig. 4b). Figure 4c
shows the spatial pattern of the product of the HI and near-surface TKE
across the region, and clearly indicates that the mesoscale and bound-
ary-layer conditions were highly conducive to extreme fire behavior in the
BWCA of Minnesota where the Cavity Lake Fire was spreading rapidly at
the time (McDaniel 2006). Values of HI x TKE exceeded 20 over much of
the arrowhead region of northern Minnesota.

The product of the HI and near-surface TKE presented here represents
a simple means of combining the two indices for capturing the concurrent
atmospheric mesoscale and boundary layer risk of extreme fire behavior. The
preliminary analyses of case studies carried out in this study suggest that
computing the product may provide a useful tool for predicting when and
where the stability/moisture conditions in the lower and middle troposphere
and atmospheric boundary-layer turbulence could all contribute to extreme
fire behavior at the same time, a relatively rare but dangerous situation.

Haines Index and Turbulence Dynamics

Beyond the spatial and temporal variability patterns of the HI and near-surface
TKE in the western Great Lakes region, the atmospheric dynamics associated
with concurrent lower tropospheric instability and dryness (as measured by the
HI) and near-surface turbulence (as measured by TKE) are also of interest.
As part of our analyses, we examined how the mid-afternoon production of
near-surface turbulence through wind shear and buoyancy processes (equations
3 through 6) varied with changing HI values during each season in 2006 across
the western Great Lakes region. Figure 5 shows the frequency distribution of
simulated near-surface TKE values at 2000 UTC for all HI classes for the JAM,
AM]J, JAS, and OND periods in 2006. Considering all HI classes (2 through
5), mid-afternoon TKE values between 0 and 1 m?2s~2 were most common across
the western Great Lakes region during the winter (2,530,087 occurrences —53.9
percent; fig. 5a), summer (2,191,371 occurrences — 39.0 percent; fig. 5¢), and
fall (2,781,916 occurrences — 49.0 percent; fig. 5g) seasons. During the spring
season, mid-afternoon TKE values between 1 and 2 m?2s~2 were most common
in the region (1,887,489 occurrences — 34.4 percent; fig. 5¢). The occurrence
of mid-afternoon TKE values greater than 3 m2s2 for all HI classes was a
relatively rare event. The percentages of all model grid points having TKE
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Cavit; Lakéf
Fire

Cavity Lake
Fig_‘

Figure 4 —Simulated patterns of (a) HI, (b) near-surface TKE
(m?s-2), and (c) HI x TKE at 0200 UTC on 17 July 2006. The
location of the Cavity Lake Fire in northern Minnesota is
highlighted with an “x” in each figure.
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Figure 5—Frequency of occurrence (percent) of simulated near-surface TKE values in bins
0-1,1-2, 2-3, 3-4, 4-5, 5-6, and > 6 m?s=2 for all HI classes (2-6) (a, ¢, e, g) and for the high HI
classes (5-6) (b, d, f, h) during the JFM (a and b), AM] (c and d), JAS (e and f), and OND (g
and h) periods in 2006 over the western Great Lakes region. The numbers at the top of each
stacked bar indicate the total number of occurrences of TKE values within each bin, while
the different colors indicate relative TKE occurrence percentages under different Richardson

number (Ri) categories.
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values greater than 3 m2s2 at 2000 UTC in the winter, spring, summer, and
fall seasons were 6.3, 16.2, 7.5, and 8.4 percent, respectively.

When only the high HI classes are considered (HI = 5 or 6), mid-afternoon
TKE values between 0 and 1 m?s~2 were most common during the winter
(JEM) (359,585 occurrences — 59.1 percent; fig. 5b) and autumn (OND)
(542,412 occurrences — 54.9 percent; fig. 5h) seasons in 2006. The spring
(AM]) (377,843 occurrences — 34.2 percent; fig. 5d) and summer (JAS)
(413,660 occurrences — 37.4 percent; fig. 5f) seasons had more occurrences
of mid-afternoon TKE values in the 1-2 m?2s~2 range than any other range.
The occurrence of mid-afternoon TKE values greater than 3 m2s~2 was still a
relatively rare event even when HI values reached 5 or 6 in 2006. The percent-
ages of all model grid points having TKE values at 2000 UTC greater than
3 m?s72 were 5.7, 16.1, 8.6, and 5.4 percent for the winter, spring, summer,
and fall seasons, respectively.

Figure 5 also provides insight into the relative significance of vertical wind
shear and buoyancy in the production and/or dissipation of near-surface
turbulence under low or high HI conditions, as measured by the gradient
Richardson number (Ri):

g 00/0z
0 (U /3z)" +(aV /0z)’

Ri=

(6)

where g is the gravitational constant and 6 is the potential temperature. As
Ri becomes more negative, the production of turbulence through vertical
wind shears becomes less and less important compared to the production of
turbulence through buoyancy. When Ri is less than about —0.03, buoyancy
completely dominates the production of turbulence. For —0.03 < Ri < 0,
both shear and buoyancy effects play a role in the production of turbulence.
Positive values of Ri indicate that buoyancy is acting to suppress turbulence
generated by vertical wind shears, with complete suppression of turbulence
occurring when Ri = 0.25. As shown in figure 5, buoyancy effects domi-
nated the production of TKE (Ri <-0.03) at 2000 UTC during the spring
(fig. 5¢,d) and summer (fig. 5e¢,f) periods regardless of the amount of tur-
bulence (that is, TKE) present or the values of the mesoscale HI. However,
tfor the winter (fig. 5a,b) and fall (fig. 5g,h) periods, there was a significant
drop-oft (increase) in the frequency of occurrence of buoyancy-dominated
(shear-dominated) turbulence regimes as TKE increased. Unlike the other
seasons in 2006, the spring months were characterized by numerous occur-
rences of Ri=0.25 and 0 < Ri < 0.25 when near surface turbulence was weak
(TKE < 2 m?s72) (fig. 5¢,d).

Summary

We have followed up our initial study of HI and TKE behavior in the
Northeastern United States region (Heilman and others 2003) with a new
study that is examining the utility of combining the HI, a mesoscale-type
fire weather index, with near-surface TKE, a boundary-layer-type index, for
assessing the potential atmospheric risk of extreme fire behavior in the western
Great Lakes region. Using the daily, MM5-based fire-weather predictions now
readily available from the EAMC, we identified the 2006 seasonal patterns
of occurrence of high HI, high near-surface TKE, and concurrently high
HI and TKE, expressed as the product of the two indices. Broad areas of the
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western Great Lakes region experienced high mid-afternoon (2000 UTC)
HI values (5 or 6) on more than 20 percent of the days during each season,
with the highest frequencies of occurrence happening in the summer (JAS)
and fall (OND) seasons over Jowa and Minnesota. The high HI occurrence
patterns differ significantly from the frequency of occurrence patterns of
high near-surface TKE (> 3 m?2s72). Episodes of significant, mid-afternoon
near-surface turbulence were most common over the northern sections of
Michigan, Wisconsin, and /or Minnesota, with the highest frequencies of oc-
currence (>30 percent of the days) associated with the spring (AM]) period
in these areas. The contrasting patterns of occurrence for these two indices
during all seasons suggest that episodes of high HI and high near-surface
turbulence at the same time, a potentially dangerous fire-weather condition,
are relatively infrequent in this region of the United States. However, this
infrequency does provide an opportunity for combining the Haines and
TKE indices in some fashion so that the timing and location of these rare
but important events can be anticipated.

In this study, the HI and near-surface TKE values were combined via a
simple product of the two, and seasonal patterns of occurrence of HI x TKE
exceeding 15 across the western Great Lakes region during 2006 were exam-
ined. Like the high near-surface TKE patterns of occurrence, mid-afternoon
(2000 UTC) occurrences of HI x TKE exceeding 15 were most frequent in
the spring over the northern sections of Michigan, Wisconsin, and Minnesota.
The urban areas of Minneapolis, Milwaukee, Chicago, and Detroit also had
occurrence maxima during the spring. Although the occurrence of high HI
and high near-surface TKE at the same time may be relatively rare in this
region, the simulation results from 2006 suggest that when it does happen,
it tends to occur in those areas of the region that are most prone to wildfires
(that is, northern Michigan, northern Wisconsin, and northern Minnesota)
and during the springtime when wildfires in the region are most common.

The application of a new index based on the simple product of predicted
HI and near-surface TKE values to actual western Great Lakes wildland fire
episodes in 2006 suggests that this type of index may be a useful tool for
pinpointing when and where atmospheric stability, moisture, and bound-
ary-layer turbulence may collectively contribute to creating an ambient local
atmospheric environment highly conducive to extreme fire behavior. The
five largest wildlfires in the western Great Lakes region in 2006 occurred in
locations where and during periods when the product of the HI and near-
surface TKE exceeded a threshold (15) indicative of dry, unstable middle
tropospheric layers above a highly turbulent boundary layer. Further testing
of this type of combined index is planned for the western Great Lakes region
and other regions of the United States via the regional modeling activities in
the EAMC and other modeling consortia in the FCAMMS.

The primary mechanism responsible for mid-afternoon turbulence gen-
eration in atmospheric boundary layers over the western Great Lakes region
during the spring and summer seasons in 2006 was buoyancy, regardless of
the level of turbulence present or the value of the mesoscale HI. During the
winter and fall seasons, large TKE values were more frequently associated
with shear-dominated turbulence regimes than buoyancy-dominated regimes.
This suggests that during the springtime wildfire season in the western Great
Lakes region, atmospheric instability within the atmospheric boundary layer
and above is more often than not the primary factor in generating near-sur-
face turbulence that can interact with wildland fires. However, significant
near-surface turbulence generated by ambient vertical wind shears can cer-
tainly create atmospheric environments conducive to erratic fire behavior, as
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shown by the Ri values (-0.03 < Ri < 0) for four of the five largest analyzed
fires in this study and for five of the seven analyzed fires that had maximum
HI x TKE values exceeding the 15 threshold (table 1).

The analyses described here represent the first step in assessing the feasibil-
ity of combining the HI with near-surface TKE for fire-weather predictions
in different regions of the United States. Additional analyses of HI and TKE
behavior for the Northeast and for years prior to 2006 will be carried out
using the historical MM5 output data archive developed by the EAMC as
part of its fire-weather prediction program. With these analyses and our fur-
ther examinations of the dynamic behavior of the HI and near-surface TKE
before and during actual wildland fire events, we hope to not only improve
our understanding of atmospheric mesoscale and boundary-layer interactions
during fire-weather events, but also to determine the potential for combining
these indices in some fashion for enhancing operational forecasts of extreme
fire weather and fire behavior.
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Moisture Dynamics in Masticated Fuelbeds:
A Preliminary Analysis

Jesse Kreye! and J. Morgan Varner!

Abstract— Mastication has become a popular fuels treatment in the Western United
States, but predicting subsequent fire behavior and effects has proven difficult. Fire
behavior and effects in masticated fuelbeds have been more intense and erratic in
comparison with model predictions. While various particle or fuelbed characteristics
in these fuels may contribute to the inaccuracy of model predictions, an increase in
particle surface area to volume ratio by the mastication process may affect moisture
dynamics. The prediction of fuel moisture is critical to predicting fire behavior and
effects in prescribed fire or wildfire scenarios. Moisture dynamics in masticated fuels is
characterized here by analyzing desorption rates in masticated and intact manzanita
and compared with pine and maple dowels under laboratory experiments. Preliminary
analysis shows that desorption rates are similar in masticated and intact manzanita as
well as pine dowels by comparing relative moisture contents throughout desorption
as well as by calculating response times using the timelag concept. These results held
true both at the particle and fuelbed level, although masticated manzanita and pine
dowels were both found to desorb moisture more quickly as individual particles com-
pared to within fuelbeds. Particle density was strongly linked to desorption although
it is not fully explored in terms of its significance as compared with other physical
properties. Physical and chemical differences due to particle weathering and species
differences may play significant roles as well. While this may be some of the first work
to address the effects of mastication on moisture dynamics in forest fuels, future work
should focus on other aspects where fuelbed or particle characteristics in masticated
fuels may influence fire behavior and effects.

Introduction

Mechanical mastication of forest fuels has become a popular method of
reducing fire risk by disrupting the vertical continuity of shrub and small-tree
fuels. While mastication projects are being conducted over large areas in the
Western United States, little is known about the effects of mastication on
subsequent fire behavior. Prescribed fires have occurred within masticated
sites resulting in unexpected fire behavior and effects (Knapp and others
2006). Currently, fire modeling systems are poor at predicting fire behavior
parameters in these types of treatments. Changes in moisture dynamics due
to increases in surface area:volume ratios associated with the fractured na-
ture of masticated fuels may be a primary reason for inaccurate fire behavior
predictions.

Fuel moisture is a primary predictor of fire behavior. Understanding the
response of fuel moisture to changes in environmental conditions is required
to predict daily or seasonal fuel moisture. The adsorption and desorption of
moisture in fuels during a change in environmental conditions occur differ-
ently (Blackmarr 1971) and are referred to as sorption hysteresis. The resulting
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equilibrium moisture content following desorption is higher than the equi-
librium moisture content resulting from the adsorption process across various
environmental conditions (relative humidity and temperature). Desorption
of moisture is critical because it occurs when fuels are drying in response to
decreases in relative humidity and/or increases in ambient air temperature.
The irregular shape of masticated fuel particles, resulting in a higher surface
area to volume ratio, may affect the way in which fuel moisture responds
to diurnal or seasonal changes in environmental conditions. Fuel moisture
values that are input into fire behavior/effects models and fire danger rating
systems (for example, BehavePlus and NFDRS) are often estimated from the
weighing of standard %2 inch ponderosa pine dowels.

To address the deficiencies in prediction of fire behavior in masticated
fuelbeds we evaluated fuel moisture during desorption in mechanically
masticated fuels (Arctostaphylos manzanita ssp. wieslanderi) at the particle
and fuelbed scale and compared them to standard fuels (Pinus ponderosa)
as well as similar density fuels (Acer sp.). Two experiments were conducted
addressing: (1) desorption at the individual particle level and (2) desorption
at the fuelbed level. The results presented here are a preliminary analysis,
and ongoing research is currently investigating site, species, and time since
treatment level difterences.

Methods

Mechanically masticated fuels were collected from a fuelbreak in the Six
Rivers National Forest near the community of Mad River, CA, approximately
50 miles east of the Pacific Ocean. The site was dominated by dense common
manzanita (Arctostaphylos manzanita ssp. wieslanderi) greater than 6 ft tall
prior to treatment. The elevation of the study site is 940 ft with a 6 percent
slope and a NW aspect. Mastication was conducted in December 2004. Within
the site, all woody fuels were collected from the surface down to mineral
soil at four 2 x 2 m plots. Collected fuel was transported to the laboratory
for desorption experiments under controlled conditions. Desorption experi-
ments were conducted on individual fuel particles (experiment 1) as well as
constructed fuelbeds (experiment 2). Desorption rates were analyzed in two
ways: (1) by comparing relative moisture contents over time using analysis of
variance and (2) by estimating response times in terms of the original timelag
concept as developed by Byram (1963).

Experiment 1

Masticated manzanita particles with an average diameter between 6.35 mm
(Y4 inch) and 25.4 mm (1 inch) were selected (n=19) for analysis of moisture
desorption along with 1.27 x 12.7 cm (% inch x 5 inch) standard ponderosa
pine dowels (n=10) for comparison. Masticated particles were measured for
minimum and maximum diameter at two equidistant locations along the
longitudinal axis of the particle. The arithmetic mean of the four measure-
ments was used as average diameter. Specific gravity of masticated fuels and
pine dowels was measured by submersion of individual particles in water and
measuring the resulting buoyant force as recorded on a balance whereby

specific gravity = oven dry weight () / buoyant force (y)
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Masticated manzanita particles and pine dowels were oven dried at 60 °C
for 72 hours, weighed, and submerged in a water bath for 7 days. Follow-
ing the water bath all particles were weighed and subsequently placed in a
temperature and humidity controlled room (4.5 x 3.2 m). Temperature and
humidity were controlled at 28 percent relative humidity (+ 2.7 percent) and
23 °C (= 1.6 °C) by sealing off all ventilation and the use of a Comfort-
Aire® BHD-301 electronic dehumidifier. All particles were placed on racks
to allow desorption of moisture until equilibrium moisture content was
reached. Fuel particles were weighed periodically for 384 hours during the
desorption process. Temperature and relative humidity data were recorded
hourly throughout the experiment.

Moisture content () of fuel particles at time ¢ was calculated by

m; = (fuel weight . — oven dry weight) / oven-dry weight

Fuel moisture content was converted to relative moisture content (Fosberg
1970) for comparing desorption rates and to estimate time lag response
times by

E = (mt—mf)/(mi—mf)

where:
E =relative moisture content
m, = moisture content at time t
mf = final moisture content
mi = initial moisture content

Relative moisture was compared across time periods (t = 0, 10, 24, 50,
100, and 288 hours) between masticated manzanita and pine dowels using
GLM analysis of variance. Relative moisture contents were regressed with
specific gravity as well as average diameter for both fuel types at time periods
(t =10, 24, 50, 100, 288 hours). Specific gravity was regressed with average
diameter as a predictor for both fuel types as well.

The timelag concept developed by Byram (1963) is a common method
of describing moisture responses in fuels resulting from changes in environ-
mental conditions. Relative moisture content (E) is the remaining fraction of
moisture that is evaporable at a specific time during desorption from initial
moisture content to an equilibrium moisture content following a change in
temperate and/or relative humidity. Nelson (1969) described the timelag
parameter as characteristic of physical and chemical processes that follow
an exponential decay function and that E could be described in terms of
response time (T) by

MM ke
m,—m,;
where

K =1 when at t = 0, m,; = m;

¢ = base of natural logarithm

t = time (hours)

T = response time (hours) for which 1/e (.368) of the change between

two steps remains

The logarithmic form of this equation (below) can be differentiated to
calculate the rate of change in relative moisture content and the resulting
slope defined in terms of t since the logarithmic form will be linear under
the theoretical negative exponential function. Response time can then be
calculated by solving this equation for T.
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d 1
—(nE)=—-
dt( ) T

Empirical studies (Anderson 1990; Mutch and Gastineau 1970; Nelson
1969) have shown that moisture response in forest fuels does not follow a
pure negative exponential function. Different techniques have therefore been
used to describe response times (t) throughout desorption and adsorption
processes. While response time may be thought of in terms of the time re-
quired for 63.2 percent (1 — 1/¢) of the total change to occur as moisture
is adsorbed or desorbed from an initial stable state to that of equilibrium at
another stable state, this response time fluctuates throughout the process.
Since moisture response does not follow a pure exponential decay function,
the derivative of'its true function should result in a nonlinear function where
its slope will not be constant. Response time (1) fluctuates throughout the
process because the instantaneous rate of change along the differentiated
logarithmic form of E changes across time (t). The instantaneous rate of
change at a single time (t) can result in the calculation of a constant response
time (T), but may only be true at that particular time point.

It is common to plot E as a function of time (t) on a semilogarithmic axis
and the resulting curves partitioned into separate linear portions. Response
times are then calculated for the separate linear sections. Nelson (1969)
described two timelags, or “response times,” T} and T, which represent the
initial stage of drying and the final stage of drying, respectively, but these
were separated by a curvilinear portion in the middle. Mutch and Gastineau
(1970) found two linear portions occurred in desorption and adsorption
of reindeer lichen. Anderson (1990) studied more than one timelag period
whereby E = 0.63, 0.86, and 0.95, respectively, for the first three timelag
periods. All of these studies have used standard conditions of 80 °F and a
step change from 90 percent RH to 20 percent RH for desorption and the
reverse for adsorption. Qualitative analysis can be conducted by plotting E
over time on a semilogarithmic axis and comparing different fuel types in
terms of response times over various described timelag sections to show the
variation in moisture response of different fuels as Anderson (1990) did with
Douglas-fir needles, lodgepole pine needles, %2 inch square pine sticks, and
lichen. Linton (1962) and Viney and Hatton (1989) described a different use
of the term “timelag” in regard to the lag time of fuel moisture behind that
of a theorized equilibrium moisture content that would occur on a diurnal
cycle of changing temperature and relative humidity under field conditions.
Viney and Hatton (1989) and Viney and Catchpole (1991) therefore sug-
gested using the term “response time” as the time with which 63.2 percent
of evaporable moisture content has been lost between a shift in two stable
conditions, which usually occurs under laboratory experiments. Nonethe-
less the timelag concept and the use of “response times” are widely used
in fire and fuels research and management and can be analyzed through
empirical methods without having detailed information regarding specific
fuel characteristics.

To address this nonlinearity in the research presented here, piecewise
polynomial curve fitting was conducted to separate plots of the natural loga-
rithm of E over desorption time (t) into two linear portions for both fuel
types over 7 days of desorption. Linear-linear piecewise models were used to
partition the curves into two (T} and T,) timelag sections. Response times (T)
were then calculated for each timelag section. A response time for the entire
desorption process (T), whereby 63.2 percent of the evaporable moisture had
in fact been lost, was compared with calculated response times of timelag

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Kreye and Varner

176



Moisture Dynamics in Masticated Fuelbeds: A Preliminary Analysis

sections T; and T, for each fuel type. This response time (T) is not defined
by the differential equation above, but rather by estimating the average time
that 63 percent of the evaporable moisture had in fact been lost within each
fuel type during desorption experiments.

Experiment 2

Twelve fuelbeds were created using masticated manzanita particles from the
Mad River fuel break. Fuels were separated into traditional 1-hour (<6.35 mm
diameter) and 10-hour (6.36 to 25.4 mm diameter) fuel categories. Fuels
greater than 25.4 mm in diameter were excluded from experimentation be-
cause they compose a minor component of fuel loading in masticated sites in
the region (Kane and others 2006). Each fuelbed was constructed of 294 g of
1-hour fuels and 435 g of 10-hour fuels, matching proportions and loading
of masticated fuels on the site (Kane and others 2006). Fuelbed heights were
5 to 7 cm and were created in 26 x 38 cm aluminum baking pans.

Five manzanita particles between 6.36 and 25.4 cm average diameter
(10-hour fuels) were selected within each fuelbed and marked with wire and
metal tags. Two of these manzanita particles were intact while three were
fractured from mastication. Intact particles did not appear to be physically
altered, or fractured, by the mastication process. These five marked particles
were placed at the upper layer of their respective fuelbeds whereby the upper
surface of each was exposed to the atmosphere directly above the fuelbed,
representing the driest portion of the fuelbed.

Pine (Pinus ponderosa) and maple (Acer sp.) dowels were also marked with
wire and tags and added to all fuelbeds. Two pine dowels (12.5 x 127 mm) and
two maple dowels (12.8 x 127 mm) were placed at the upper layer of each fuel
bed to compare moisture dynamics with that of the manzanita particles.

All fuelbeds were submerged in a water bath for 7 days, drained and placed
in the humidity-controlled environment as in experiment 1. Temperature and
humidity were controlled at 31 percent relative humidity (+ 3.4 percent) and
24 °C (= 1.0 °C). Holes were placed in the bottoms of each pan and pans
were elevated on wooden slats to allow excess moisture to drain throughout
desorption. Fuelbeds were allowed to desorb moisture for 336 hours. Fuel-
beds and marked particles were weighed throughout the experiment. Average
diameters of all particles (manzanita, pine dowels, and maple dowels) were
then measured in the same manner as experiment 1. Fuelbeds were oven dried
at 60 °C for 72 hours. Specific gravity for all marked particles was calculated
using the same methods as experiment 1. Fuel moisture content and relative
moisture content values were calculated for marked particles and the fuelbeds
themselves. For fuelbed moisture content, weights of pine and maple dowels
were subtracted at each time point to obtain fuelbed moisture values of the
manzanita particles exclusively.

Specific gravity was compared across fuel types using GLM analysis of
variance (see table 1 in the Results section). Relative moisture content was
compared between the following fuel types: masticated manzanita, intact
manzanita, pine dowels, and maple dowels, at time periods 10, 24, 50, 100,
and 288 hours using GLM analysis of variance. Timelag response times were
calculated using the same methods as experiment 1 for all four fuel types
from individual marked particles. Response times were also calculated for the
12 fuelbeds. Results of timelag response times for both experiments 1 and 2
were combined and reported under experiment 2 results (see table 2 in the
Results section).
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Results

Desorption Experiment 1

Average diameters of masticated manzanita particles (n=19) ranged from
7.84 to 20.44 mm, while diameters of pine dowels (n=10) ranged from
12.34 -12.57 mm. Masticated manzanita particles were significantly higher
in density with a mean specific gravity of 0.69 (£0.011) as compared with
pine dowels with a mean specific gravity of 0.48 (+0.025).

Relative moisture content did not differ significantly between masticated
manzanita fuels and pine dowels (fig. 1) across time periods t = 0, 10, 24,
50, 100, 288 hours (a = 0.05). Variation in relative moisture content ap-
pears to be higher in masticated manzanita than that of pine dowels (fig. 2),
although the Levene’s test rejected homogenous variance between fuel types
at 10 hours of desorption only.

Average diameter and specific gravity were related (r? = 0.427) within mas-
ticated manzanita particles, but not within pine dowels (r? = 0.002; fig. 3).
In masticated manzanita linear regression resulted in a stronger relationship
between relative moisture content and diameter in early stages of desorption
(fig. 4), while relative moisture content had a stronger relationship with spe-
cific gravity in later stages. Relationships of relative moisture content with
both diameter and specific gravity became less strong as particles approached
equilibrium moisture content. In ponderosa pine dowels relative moisture
content was strongly related to specific gravity in early stages also (fig. 5),
but relative moisture content and average diameter was not related at all. It
of course should be noted that variation in diameters of pine dowels was
minuscule and these results were expected.

Means of Relative Moisture Content
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= \ Fuel Type
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Figure 1—Relative moisture content in standard 10-hour

pine dowels and masticated manzanita fuel particles at
throughout desorption.
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Figure 2—Variation in relative moisture content at 10, 24, 50, 100, and 288 hours of desorption in masticated

manzanita fuel particles and standard 10-hour pine dowels.
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Figure 4—The relationship of relative moisture content with specific gravity and diameter at 0,
10, 24, 50, 100, and 288 hours of desorption in masticated manzanita. Results are from linear

regression.
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Pine Dowels (Pinus Ponderosa)
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Figure 5—The relationship of relative moisture content with specific gravity and diameter
at0,10,24,50,100, and 288 hours of desorption in standard pine dowels. Results are from

linear regression.
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Desorption Experiment 2

Specific gravity differed significantly (p<0.001) between pine dowels and
all other fuel types (intact masticated, masticated, and maple dowels) used in
the fuelbed experiments. Masticated manzanita was higher in specific gravity
(0.70) than maple dowels (0.65), although the difference was not substantial.
Intact manzanita did not differ from either masticated manzanita or maple
dowels (table 1).

Table 1—Specific gravity of maple dowels, pine dowels,
intact manzanita, and masticated manzanita used in
desorption experiment 2.

Fuel type Specific gravity Std Error
Maple dowel? 0.65 0.011
Pine dowel° 0.47 0.01
Intact manzanita@® 0.68 0.012
Masticated manzanita® 0.70 0.0009
abe No significant difference (p<0.001) between fuel types with

like notation.

Fuelbed relative moisture content differed significantly from all fuel types
marked individually across time periods 10, 24, 50, 100, and 288 hours using
the Tukey-Kramer multiple-comparison test & = 0.05 (fig. 6). Relative mois-
ture content of maple dowels was significantly different from all other fuel
types. Pine dowels and intact manzanita did not differ in regards to relative
moisture content. Relative moisture content of intact manzanita did not differ
from masticated manzanita. It is apparent that desorption in intact manzanita,
masticated manzanita, and pine dowels are fairly similar in comparison to
maple dowels, which desorb more slowly at the fuelbed level.

The development of response times (t) under the timelag concept yielded
similar results as comparing relative moisture contents by fuel type. Linear
portions developed for each fuel type are shown in figure 7. Results include
those from experiments 1 and 2. Response times (t) calculated from slopes
(b) of linear sections, or timelag sections, are shown in table 2 by fuel type.
Intact and masticated manzanita as well as pine and maple dowels all had

Table 2—Response times (t;) for piecewise linear portions and overall response time
(T) where ~63 percent of evaporable moisture was actually lost.

Slope Response time

Fuel type Je b4 b, r2 T T2 T
hours  ----x1072---- ----hours - - - -

Fuelbed 98 -1.41 -2.32 977 71 43 70
Maple dowel? 61 -276 -1.36 .966 36 74 40
Pine dowel@ 36 -5.00 -1.47 .950 20 68 23
Intact manzanita? 39 -5.38 —-1.40 .943 19 71 20
Masticated manzanita? 36 -5.09 -1.52 .940 20 66 20
Pine dowelP 51 -7.94 -0.949 .976 13 105 10
Masticated manzanita® 51 -8.56 -0.687 912 12 146 10

aFuel particles desorbing within fuelbeds (experiment 2).
b Fuel particles desorbing individually (experiment 1).
¢J is the upper limit (hours) of the 1st piecewise linear portion of InE vs. time (hours).

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Kreye and Varner

182



Moisture Dynamics in Masticated Fuelbeds: A Preliminary Analysis Kreye and Varner

Figure 6—Relative moisture contentin fuelbeds, intact manzanita (“intact
masticated”), masticated manzanita, maple dowels, and pine dowels
throughout desorption.
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Figure 7—Fraction of evaporable moisture (£) throughout
desorption developed from linear-linear regression using
piecewise polynomial curve fitting. Response times (t;) are
developed from the inverse of the slope of each linear portion.

USDA Forest Service Proceedings RMRS-P-46CD. 2007. 183



Moisture Dynamics in Masticated Fuelbeds: A Preliminary Analysis

initial timelag sections with shorter response times (t;) than that of later
stages (T,). The transition between t; and T, occurred late in desorption where
80 percent or more of the evaporable moisture has been lost. The increase
in response time in the later stage of desorption indicates a decrease in the
rate of desorption during later stages of drying. Fuelbeds on the other hand
desorbed moisture at a higher rate during the later stage of drying as indicated
by the increase in response time in the second timelag section (t,).

Pine dowels and masticated manzanita dried faster at the individual par-
ticle level (experiment 1) as compared to any of fuels at the fuelbed level
(experiment 2) during the first timelag section (t;). Although initial response
time of masticated manzanita was shorter than pine dowels at the individual
level, 12 hours versus 13 hours, respectively, they appear to have desorbed
moisture fairly similarly. The transition from timelag section T, to T, both
occur at 51 hours. Response time 1, of pine dowels was shorter than that of
masticated manzanita at the individual level.

All fuels initially (t;) desorbed moisture more quickly than do fuelbeds
(fig. 7). Atter 4 days fuelbed desorption appeared to increase, as shown by the
shift of response time from 71 to 43 hours (table 2), which differs from all
other fuel types. Desorption rates decreased during later stages (T,) in all other
fuel types. Of all fuel types, maple dowels had the longest initial response time
(t1) of 36 hours. Pine dowels, intact manzanita, and masticated manzanita
had similar initial response time of 20, 19, and 20 hours, respectively. Later
stages of desorption (t,) are fairly similar between all four fuel types (maple
dowels, pine dowels, intact manzanita, masticated manzanita) with response
times of 74, 68, 71, and 66 hours respectively, although the transition (J)
from timelag section T; to T, was later in maple dowels (table 2). Transition
times (J) are similar between pine dowels, intact manzanita, and masticated
manzanita occurring at 36, 39, and 36 hours, respectively.

The times at which 63 percent of evaporable moisture was actually lost (T)
during desorption were similar to response times calculated for the initial
timelag sections 1, (table 2) for all fuels in both experiments including the
fuelbed.

Discussion

Analyzing moisture dynamics in masticated fuels is important in attempt-
ing to understand observed fire behavior and fire effects within masticated
fuels treatments. Desorption of moisture within fuels addressed here occurs
differently at the individual level as compared with those fuels drying at the
fuelbed level. Also while diameter affects moisture dynamics within forest
fuels, the effect of particle density is shown to affect moisture dynamics.

Comparing relative moisture content over time as well as calculating
response times under the timelag concept reveals no substantial differences
in the way that masticated manzanita desorbs moisture as compared with
intact manzanita or ponderosa pine dowels. The similarity of desorption rates
between manzanita and pine dowels and the difference between manzanita
and maple dowels suggests density and species differences having a role in
moisture dynamics. Because intact manzanita and masticated manzanita do
not appear to differ in desorption rates, the similarity of masticated manzanita
in experiment 1 with that of pine dowels may not necessarily be explained by
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the idea that surface area to volume ratio and density are working against each
other. Although it may be that physical and chemical properties of manzanita
versus ponderosa pine at the species level may be significant in moisture dy-
namics, the fact that the manzanita had weathered for 2 years on site before
moisture experiments had been conducted may be a factor in these results.
Discrepancies in modeling fire behavior in masticated fuels do not lie in an
inability of predicting fuel moisture based on surface area to volume ratios
being altered by the mastication process. It should be noted though that the
effect of surface area to volume (SA:V) ratio in fire danger rating systems
has been in regard to the effect on the heating of fuels ahead of the flaming
front during combustion as moisture is evaporated and the interior portions
of fuel particles increase in temperature to the point of combustion. The dif-
ferences in SA:V ratio between masticated and intact fuels may play a role in
the combustion process and should not be disregarded altogether in terms of
modeling discrepancies in fire behavior prediction in masticated fuels.

The role of density, as analyzed through specific gravity here, plays a role
in desorption rates in these fuels. The role of density in the timelag concept
was addressed by Byram (1963), but the extent of its role might not be fully
understood. While timelag categories have been developed based on fuel
diameter, specific gravity appears to be positively correlated with diameter
and plays a similar role in moisture dynamics. Both increases in diameter
and increases in fuel density result in slower desorption rates. The degree of
effect between diameter and density on moisture dynamics in fuels analyzed
here appears to change temporally whereby diameter and density shift in
their dominance in controlling desorption. Diameter appears to have more
control in early stages of desorption while density becomes more dominant
during later stages. While the preliminary analysis of these data suggests an
insignificant role in the mastication of fuels in regards to moisture dynamics,
these results are from a single site conducted with one species. Future analysis
of experiments with masticated fuels from other sites, different species, and
various times since treatment should increase our understanding of the role
that mastication has on influencing moisture dynamics in these fuels.

The response times and their respective linear portions described here
are from desorption of fuels from initial fuel moisture contents much higher
than fiber saturation, through soaking, to that of equilibrium moisture
contents in an environment of approximately 25 °C and 30 percent RH.
Previous studies referenced here have conducted moisture dynamics experi-
ments under standard conditions of 26.7 °C while shifting relative humidity
from 90 to 20 percent and then from 20 to 90 percent for desorption and
adsorption, respectively, allowing fuels to come to equilibrium at each stage.
Differences in timelag sections developed here and that of previous studies
may be a result of the scale at which desorption is being analyzed. The use
of developing response times for certain portions of desorption curves by
partitioning may be useful in attempting to describe desorption or adsorp-
tion rates in general, but these curves appear to be curvilinear following
logarithmic transformation and more precise modeling may be useful in
further understanding how various factors affect moisture dynamics in forest
fuels. Further research regarding other particle and fuelbed characteristics
of masticated fuels is needed to explore the questions regarding the inability
of current fire modeling systems to accurately predict fire behavior and fire
effects in these types of treatments.
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Relationships Between Prefire Composition,
Fire Impact, and Postfire Legacies in the
Boreal Forest of Eastern Canada

Alain Leduc?, Yves Bergeron?, and Sylvie Gauthier3

Abstract— Canadian mixedwood forests have a high compositional and structural diver-
sity. Itincludes both hardwood (aspen, balsam poplar, and white birch) and softwood
(balsam fir, white spruce, black spruce, larch, and white cedar) species that can form
pure stands or mixed stands. This heterogeneity results in a variety of vertical struc-
tural strata that can potentially interact with fire behaviour. Fourteen fire impact maps
including information on preburn stand composition and structure were gathered in a
Geographical Information System. The relative influence of prefire forest composition,
stand density, and surficial deposits on postfire forest cover attributes (such as variation
in proportion of green/red/charred trees) was analyzed using contingency tables. Many
attributes of postfire forests (fire legacy) can be related to preburn forest composition
and structure. Highest fire impact was observed in coniferous stands. At the other
end of the spectrum, aspen stands and wetlands contributed to most of the fire skips.
Within coniferous stands, there was a difference between species with regard to their
susceptibility to windthrow following fire. Jack pine stands had less severe windthrow
allowing for an abundance of snags, whereas windthrow is common in balsam fir
stands. Impacts vary with regard to fire severity, suggesting that observed differences
between stand types may be less important when fires are very intense. These results
have consequences on the maintenance of the diversity of the forest mosaics through
time as well as our capability to predict fire behaviour and impacts.

Introduction

The Canadian boreal forest has often been described as a region where
large severe crown fires control vegetation dynamics (Johnson and others
1998). These severe fires are usually recognized as leaving few surviving
trees in burned areas. Many forest managers used this conventional wisdom
to justify a relatively low level of retention after harvesting. In fact, there are
relatively few studies that address the question of how much area is spared
from fire and on how those unburned islands are spatially distributed after
severe crown fire events (Schmiegelow and others 2000).

Canadian mixedwood forests have a high compositional and structural
diversity. It includes both hardwood (aspen, balsam poplar, and white birch)
and softwood (balsam fir, white spruce, black spruce, larch, and white cedar)
species that can form pure or mixed stands. This heterogeneity results in a
variety of vertical structural strata that can affect fire behaviour (Cumming
2001; van Wagner 1977).
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In this study, we used 14 fire impact maps (fig. 1) that were overlaid on
forest inventory maps to define the original forest cover before fire event. The
relative influence of prefire forest composition, stand density, and surficial
deposits on posttire forest cover attributes (such as variation in proportion
of green/red/charred trees) was analyzed using contingency tables.
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Figure 1—Map of Quebec showing the location of 14 fire events.

Methods

Fire impact maps are produced by the Quebec Ministry of Natural Re-
sources after large wildfires in order to plan salvage logging operations. These
maps describe timber damage immediately after fire in six severity classes
(table 1). Forest inventory maps are available for the commercial zone as raster
format at a resolution of 14 ha. These maps (inventory and fire impacts) were
overlaid in ARC-GIS in order to produce a table of 15,200 records for which
we obtained the prefire forest cover composition, the percentage of forest
cover, the site type (a combination of surface deposit and moisture regime)
and the fire severity class.

In the first step, each fire event was clustered based on the overall impact on
black spruce stands (the dominant cover in all fires) defining a fire intensity
index. This index corresponds to a weighted mean of area affected by fire
severity classes where partially burned area in which green trees dominate was

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Leduc, Bergeron, and Gauthier

188



Relationships Between Prefire Composition, Fire Impact, and Postfire Legacies in the Boreal Forest of Eastern Canada Leduc, Bergeron, and Gauthier

Table 1—Relative importance (area) for fire severity class for the overall 14 fires.

Fire severity class Relative importance (%)
5: Charred trees > 40% blowdown 8.6
4: Charred trees < 40% blowdown 51.3
3: Crown scorched < 25% blowdown 1.8
2: Mixed zones of scorched trees > green trees 7.7
1: Mixed zones of green trees > scorched trees 261
0: Fire skips 4.4

weighted by 1, mixed zones dominated by scorched tree was weighted by 2,
and area dominated by crown scorched or charred trees was weighted by 3
(fire skips were not counted). In the second step, the relationships between
six fire severity classes and prefire or site characteristics were illustrated by
deviance; in other words, the relative difference between observed frequency
and expected frequency reported on expected frequency, overall or taking
into account the intensity index.

Results

Fires were clustered in three severity classes corresponding to weak (fire
481,775, 826), moderate (fire 392,523,560, 651, 697, 749, 1084 ) and high
overall impact (fire 864, 974, 995, 996; fig. 2). All fire events that burned
more than 30,000 ha belong to the high severity class showing a good rela-
tionship between the area burned and the severity of damage registered on
tree cover (tig. 3).

Fire severity class

7 0 7 14 Kilometers

Figure 2—Impact map of fire number 974 that occurred in 1995 near Parent township.
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Figure 3—Relationship between fire size and fire intensity index such as estimated by proportion
of black spruce stands (area) having undergone heavy impact.

Figure 4 shows how site types can interact with fire severity in black spruce
forest cover type in all fire events. Deviance (percent deviation from expected
value) indicates an overabundance of weak severity (classes 1 and 0) on hy-
dric soil types such as organic soil and sub-hydric coarse sand. In contrast,
rocky outcrops and xeric coarse sand show an overabundance of the highest
severity (class 5).

Figure 5 shows the influence of black spruce stand density on severity class
distribution. Fire skips (class 0) are overrepresented in closed black spruce
stands (> 80 percent closed canopy). Note that this stand density appears
also slightly overabundant in impact class 4 (charred trees with < 40 per-
cent blowdown). Open canopies (25 to 40 percent closed canopy) generate
an overabundance of weak severity class 1 with a dominance of green trees
after fire.

Figure 6 shows the influence of forest cover composition for each fire
intensity level. Generally, fire skips and green tree dominated zones are
overrepresented in wetlands and stands with prefire forest cover dominated
by deciduous cover such as trembling aspen and white birch stands. Balsam
fir stands can form fire skips when fire severity is low but usually fire impact
was high in these stands. Open forested lands also usually burned intensively.
Among high intensity fires, jack pine stands could provide fire skips or green
tree dominated zones but with less propensity than trembling aspen stands.
Jack pine stands appear also more wind firm (less than 40 percent blowdown)
than white birch and mixed white birch stands (fig. 6¢).

USDA Forest Service Proceedings RMRS-P-46CD. 2007. 190



Relationships Between Prefire Composition, Fire Impact, and Postfire Legacies in the Boreal Forest of Eastern Canada

100% -
75% A
50% A

2% W, k],

! N I E T

-25% - H
-50% A
-715% -
-100% -

ESE4E32@1M@0

Figure 4—Influence of site types on the distribution of fire severity
classes. A positive deviance indicates an overabundance of a severity
class for a given site type. Conversely, a negative deviance means a

under abundance.
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Figure 5—Influence of stand density (for black spruce forest cover only)

on prevalence of fire severity classes.
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Figure 6—Influence of prefire forest cover composition on the
prevalence of fire severity classes. Fires have been grouped by
estimated intensity index as shown in figure 3, following they
are weakly (a), moderately (b) or highly (c) intense. Some fire
severity classes were absent from weakly (a) or moderately (b)
intense fire groups. Stand types are coded as follows: Wb: white
birch; MxWb; mixed white birch; Bs: black spruce; Ta: trembling
aspen; JP: jack pine; Bf: balsam fir.
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Discussion

The Canadian boreal forest is known to be characterized by severe crown
fires. These fire events usually leave few residual patches (less than 5 per-
cent of burned areas are composed of fire skips). Our results confirm this
observation but also show that a relatively large portion of a fire may be
occupied by partially burned zones in which green trees dominate postfire
forest cover. Our results support the idea that forest cover composition and
structure have an influence on fire behaviour and thus on the resulting fire
severity. For instance, deciduous forest cover is more likely to generate more
residual green trees (Cumming 2001; Kafka and others 2001). Moreover,
our results highlight that fire behaviour may differ according to the overall
fire intensity. For example, in fires with a low or moderate intensity index,
partially burned stands are mainly composed of mixedwood whereas in the
fires with an overall high intensity only the more fire resistant, trembling
aspen stands (and to some extent jack pine stands) are partially burnt. This
interaction between fire intensity and forest cover composition suggests that
complex postfire outcomes, in which residual trees could survive individu-
ally or in small groups, are possible in the eastern part of Canadian boreal.
This spatial pattern of postfire residual trees has implications for the spatial
planning of postharvesting tree retention (Schmiegelow and others 2000).
More analyses are needed, however, to characterize this spatial pattern at a
finer resolution.
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Role of Buoyancy and Heat Release in Fire
Modeling, Propagation, and Instability

Shahid M. Mughal, Yousuff M. Hussaini2, Scott L. Goodrick3, and
Philip Cunningham?

Abstract— In an investigation of the dynamics of coupled fluid-combustion-buoyancy
driven problems, an idealised model formulation is used to investigate the role of
buoyancy and heat release in an evolving boundary layer, with particular emphasis on
examining underlying fluid dynamics to explain observed phenomena arising in for-
est fire propagation. The role played by the Froude number and background ambient
wind in affecting various characteristics observed in propagating fires is addressed. A
simplified flow situation is modeled in which controlled amounts of volumetric heat
is injected into the system. By varying the strength of the heat source and the ambient
winds the study examines the impact of these variables on the flow dynamics and the
consequential development of instability waves that may provide insight into envi-
ronmental conditions that contribute to erratic fire behaviour. Analysis suggests that
there are two routes to fire behaviour and destabilisation, with Froude number playing
a crucial role in the boundary layer development and consequential instability of the
convecting flow. In low Froude number situations, the mechanism of fire induced local
winds may arise as a product of heat release and buoyancy, which induces favourable
pressure gradients accelerating local winds to above the ambient. The analysis shows
that a massive destabilisation takes place and that stationary, zero streamwise and
nonzero spanwise wavenumber, viscous disturbances have the highest growth rates.
These stationary spanwise vortex disturbances, commonly referred to as pure vortex
longitudinal “roll cell” modes, might well be linked to cross roll features that have been
identified in some recent fire related numerical simulations. The simple model shows
that a key requirement in breakup of the fireline, is a low enough ambient wind. In
high Froude number cases, the most probable factor is the sensitivity of the bound-
ary layer to separate and lift off the surface; this being caused by massive updrafts of
buoyant air. The relatively weak nature of instabilities in this regime suggests that the
convecting fireline development would otherwise be well behaved.

Introduction

Our concern is with combustion related problems, in particular forest
fires, where intense volumetric heat and mass release arise during the burn-
ing process. This is a complex process whereby entrainment and mixing lead
to chemical reaction, release of heat, and mass, which in turn affect the flow
dynamics and hence flow entrainment, mixing and combustion; that is, the
effect of one on the other is coupled and may be cyclic. It is now fairly well
recognised through observations that fire propagation characteristics fall into
two distinct categories. For weak wind conditions, the fire front is mainly
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affected by the expansion of the hot gases around the combustion zone,
and in the literature this wildfire propagation regime is identified as plume
dominated. For greater wind speeds the flame trajectory is affected more so
by the lateral wind flow, and hot gasses are pushed toward the unburnt solid
fuel, inducing additional heat source/release points.

To understand the effect of heat release on this quite complex process, we
examine a simplified flow situation in which controlled amounts of volumetric
heat is injected into the system. By varying the strength of our heat source
and the ambient winds, we seek to examine the impact of these variables on
the flow dynamics and the consequential development of instability waves
that may provide insight into environmental conditions that contribute to
erratic and dangerous fire behaviour.

An evolving fire is of course a complex flow, involving flow unsteadiness,
turbulence, thermo-dynamics, multiple phases, chemistry, radiative effects
and fluid dynamic coupling. These physical mechanisms are generally con-
sidered too complex, outside of a research environment, to be integrated on
a large scale to simulate fire spread. Thus, present day fire spread models
simplify the problem by representing the fire front as a curve separating the
burnt area and the fresh fuel. Each point of this front is regarded as a possible
ignition source (provided conditions are right), with normally empirical and
experimentally derived formulae used to continue the computations to the
next time and spatial level (Rothermel 1972). At the other level of sophistica-
tion, and requiring considerable computational resources, we cite the work
of Morvan and Dupuy (2004 ), who model a wildfire propagation process by
a complete multiphase formulation, though due to computational expense
this work was limited to two dimensions. Typically such works model the full
burning process, and thus include thermal degradation, pyrolysis, glowing
combustion of solid fuel particles, convection, radiative heat transfer, effects
of external wind and ground topography. Furthermore to be as realistic as
possible, the solid fuel (that is, the natural vegetation) is further broken down
into families of solid combustible particles, with each family (pine needles,
twigs, foliage, excelsior, and so forth) characterised by a set of physical prop-
erties (density, flammability, moisture content, and so forth), which are also
included in their mathematical model. A similar approach that allows for
fully three-dimensional simulations of coupled atmosphere-fire behaviour,
albeit employing a simplified treatment of combustion, is found in the work
of Linn (1997) and Linn and Cunningham (2005).

Real fire observations and model simulations have shown that intense vor-
tices of various strengths and sizes often occur; vortices being created either
directly by the fire front or by and in conjunction with atmospheric convec-
tion. Fire vortices on the scale of metres continually occur at the fire front and
are an essential component of the convection, and are hypothesised to play
a fundamental role in the physics of fire spread. Heat and moisture supplied
through the burning of ground, canopy, and/or crown fuel during a forest
fire generate extreme levels of buoyancy. The horizontal buoyancy gradients
have in certain fire conditions produced vortices of tornado strength (Banta
and others1992). The presence of vertical shear in the ambient atmosphere
is also an important component of fire behaviour. Vertical shear is associated
with horizontal vorticity that may be converted into vertical vorticity near
the ground via tilting by updrafts in the vicinity of the fire, thus leading to
highly nonuniform winds near the fireline. Cunningham and others (2003)
further suggest that this vertical vorticity is associated with low level horizontal
winds on the downstream side of the fire that are oriented in the opposite
direction to the fire spread. Simulations of Clark and others (1996a) lend
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support to this observation and confirm that presence of low-level wind shear
can lead to particularly active fire behaviour. Moreover, the presence of low
level negative shear (that is, winds decreasing with height near the ground)
has been shown to be a common feature of so-called blowup fires (Byram
1954). The other feature of note is that winds at the fire scale can either
be strongly modified or even solely produced by the fire, depending on the
atmosphere-fire coupling. This coupling or feedback may occur over spatial
scales from tens of metres at the flame front to kilometres on the scale of the
total burn area. The magnitude and direction of the wind near the ground
has been observed to play a crucial role in wildland fire spread.

The potential for erratic fire behaviour arising from buoyancy associated
with large wildfires and horizontal flow was first theorised by Byram (1954).
This theory centred upon the notion that erratic fire behaviour (instability)
becomes more likely as the conversion rate of buoyant energy surpasses the
flux of kinetic energy by the horizontal flow; hence, the idea of power of the
fire versus the power of the wind. Byram’s original theory was limited, how-
ever, by its assumptions of a neutral atmosphere and a nonentraining plume.
Nelson (2003) extended the original work of Byram to remove these assump-
tions. A limitation of this work is that the problem is not posed as a coupled
system with heat release influencing the development of the tlow. Clark and
others (1996a,b) make use of a numerical atmospheric model coupled to a
simple fire spread model to investigate the influence of convective processes
on fireline dynamics in a fully coupled system. This study provided strong
evidence for a linkage between the convective Froude number 77, and erratic
fire behaviour, such as fingering of the fireline and the development of fire
whirls of near tornado strength. Experiments were conducted for a range of
wind speeds (1, 2, 3 and 5 m/s) and two fireline lengths (420 and 1500 m).
These variations in wind speed accounted for a range of Froude numbers.
For small values of F’they encountered strong coupling between the atmo-
sphere and fire with erratic fireline behaviour. However, they did not delve
into the nature of the instabilities. Thus, vortex tilting and unpredictability
of ground winds are not only a hazard in itself to nearby firefighters, who
have on occasions reported being toppled to the ground unpredictably by
fire whirls, but are an important fire spread mechanism through both local
dynamics and the ability to loft flaming objects into areas well removed from
the fire front. The precise mechanisms of how these effects occur are still
poorly understood.

This paper represents the starting point in a systematic investigation of the
dynamics involved in the investigation of coupled fluid-combustion-buoyancy
driven problems. In the present investigation, the basic objective of our work
is to isolate the roles of the convective Froude number F? and volumetric
heat release on fire dynamics and the nature of two and three dimensional
unstable disturbances that arise. Most previous work is almost all based on
the low temperature Boussinesq assumption, while detailed simulations use
combinations of either fully unsteady compressible DNS and or large-eddy
simulation (LES) models with combustion treated completely or approximated
somehow. With such complex simulations, considerable difficulty arises in
trying to isolate the underlying physics. Among the many reasons are the
large amount of data that require processing and assimilation, and the com-
putational expense of examining a large enough parameter space to isolate
the role of key parameters. The model we use to examine the issues raised
above is by way of examining the mixed forced-free convection boundary layer
problem, which has been much studied in the past from the viewpoint of the
heat-transfer problem. We contend and show below that this simple model
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can be used to elucidate some major aspects of fire propagation phenomenon
too. In particular, we are interested in situations where sizable changes occur
in density, temperature, and transport properties due to heating. Thus, the
commonly used approximation, used in most analytic and related numerical
computations, of using a Boussinesq approximation is dispensed with, and
we consider the fully coupled problem where temperature variations of the
order of 1200K may arise.

In this paper we define the appropriate model and discuss our numeri-
cal work for the basic nonsimilar steady field, in which we incorporate the
effects of a volumetric heat source and coupled buoyancy model. Results are
discussed in the context of forest fire propagation and in view of existing
knowledge of fire related phenomena. Flow instability aspects of the work are
discussed by the use of linear stability theory (LST) briefly as we believe that
a proper investigation of this aspect requires the effects of nonparallelism to
be included, and LST does not allow this in a straightforward manner. But
the preliminary instability analysis reported here does allow and will serve
as a bedrock for a future and fuller investigation using the more advanced
linear and nonlinear instability analysis tools. The work we believe is an im-
portant step in elucidating the coupling of the external fluid (or wind-driven)
processes and the burning process and how the two interact. Our simplifica-
tion of the problem describes the two major mechanisms of importance in
a coupled fluid-combustion-buoyancy dominated problem, namely the role
of heat release and Froude number on atmospheric dynamics and instability.
Features such as fireline length and its effect on fire spread and propagation
are effectively three-dimensional in nature and left for a later investigation.

The tools currently used operationally in the wildland fire community to
predict fire spread are based on empirical relationships between ambient wind
speed, topography, and fuel properties (Nobel and others 1980; Rothermel
1972). The complexities of the combustion process and the intricacies of
fire-atmosphere feedback processes are largely neglected. The primary focus
of such tools is on predicting the spread of wind driven surface fires (Froude
number >1) under homogenous, steady state conditions. These models are
not typically applicable to the most intense forest fires (crown fires). The
model presented in the current work, with its boundary layer approximation,
is well suited to providing a simplified vision of the problem based on physics
rather than empirically derived relationships. The importance of the physics
based relationship is that it allows us to explore the response of the system as
we move toward more buoyancy dominated conditions. While the boundary
layer assumption precludes application of the model to buoyantly dominated
flows, it does allow for an initial, though limited, exploration of the transition
from wind to buoyancy dominated conditions and the potential for associated
instabilities. Examination of the initial stages of the transition from wind to
buoyancy dominated conditions (and associated flow instabilities) provides
insight into the conditions that will cause current operational tools to fail.

Formulation

Basic Steady Field

We consider the fully compressible two-dimensional flat plate natural con-
vection problem that incorporates the Boussinesq assumption, namely that
density variations may be ignored in all terms apart from the gravitational
term, and we use the equation of state p” =p R'T" to determine density. Thus,
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the relevant equations of mass conservation, momentum, and energy to de-
termine the basic boundary layer state are:

ox dy
oU -ov. oP? P o 30
P(U— V—)————— — (=),
ox ox ox dy oy (1.1)
oV
ay Z(Pe_P)g s

—oT _oT. T ,oP” op» i 9U
plU —+V —)=—(—2=—+ ——_ + ,
p( . ay) ¢ o o )+ ( y) c, (a )?+0(x,,72).

}_)(")(x) is the flow induced pressure field, and we introduce the function
O(x, y,z) to represent the volumetric heat release that arises from a burning
fire. In the above x and y are streamwise and wall normal coordinates, U,V
the associated velocities, p the density, T the temperature, I the viscosity,
C, the specific heat, o the Prandtl number, and g*the gravitational term.

To reduce the equations into a more suitable form for numerical work, we
transform y using a Falkner-Skan type transformation

— U % =
n=Pey2 [ PB) 4 (1.2)
Bx 3 P,

- =77 1/2 . . . . e
and y=(P U, x)" " f with ¥ a stream function, which satisfies mass
conservation. On assuming Mach number terms of O(M#)are negligible, the
equations then reduce to

" p()
ML 5= 1y s o=t Ly
P _ ¥2G (s-1), (1.3)
on
J 2 dp" af
an( )+(7 DAM2f" +efT +(y-DM sfx +st(x n= x(f a_x)’
where
70 7 r7 2
Z=%;ml=_idlje;c=l+ml l_x_ _(_E_e) U*_‘
a.p, U, dx 2 2pp,d YR'T

e

Here, f =U/U,,T=T /T and P,/P=sand are all assumed to be functions
of  and x; M is the streamwise edge Mach number and the viscosity & is
allowed to behave according to Sutherland’s law. The quantities 7,.U .7 .@
are functions of the surface conforming coordinate x; however, in this work

we only consider the case of uniform flow over a flat surface and as such
my=0;¢c=1/2.

The far-field boundary conditions are the usual ones of

£ (1= 00,x)=T(1 = 00,x) =5(N = 00,x) = ; P () = 00,x),=0
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while at the wall 7 =0,
f(oax)_fw(x);fy(oox) = 09

and for temperature, either the wall temperature or adiabatic condition (of
zero heat-transfer) can be satistied, namely:

T(0,x)=T (x)/T.(x)=T, T 14 tanh (PR
or 2 xT
T'(0,x)=0;

the subscript w refers to the wall value and f,, allows for wall suction or blowing
(mass eftlux) to be incorporated into the analysis.

In the above, the quantities of interest are the inverse of the Froude number
defined

*

gL
72 pl/2
UeRL

0o~ (1.4)
With Lalength scale and R, =p,U,L/[i,a Reynolds number, while the heat
source term is dimensionalised as follows:

3 _ LQ()C, 77)
O(x,m) CpUeTe . (1.5)
We note from (1.3) that the key parameter that controls the magnitude
of the buoyancy effect is G,, and if all other free parameters vary, it is this
parameter that needs to be fixed to obtain similarity of solutions, when two
apparently quite different flows are compared. Interpretation of the results
and their relationship to length scales associated with real fires may be seen
by associating the Sutherland viscosity model used presently with the subgrid-
scale based eddy viscosity and diffusivity concepts (Deardorff 1973) used in
LES based simulations. Observe that 7 in (1.2) involves the viscosity JTREE do
the definitions of the inverse of the Froude number G, (through the Reynolds
number R;). Thus, in principle by a simple association of the subgrid based
eddy viscosity in thcsc scalings, the results presented herein may be applied

to the length scales associated with evolving fires, albeit rather crudely.

Source Formulation

Our ultimate objective is to consider quite general situations where the
source function consists of a steady 3-D-forcing term and an unsteady com-
ponent, namely

0" (x,y,2,1) = O(x, y,2) + 8q(x, y.1)e"™

where 0 << 1. However, in this work we assume the source forcing to be
steady only and of infinite extent in z (Cunningham and others 2003), hav-
ing the form

Q‘(x,y,z)=qotanh<xi>exp<— V) exp(o(E )2 (1.6)

) yo L

with the parameters ¢4,.%,,,,¥,,X;,X; chosen conveniently. A typical example
is shown in figure la, while figure 1b shows a possible wall temperature
distribution that may be enforced. This particular wall temperature form is
used to model the fact that behind the fireline, temperatures will have been
raised by the evolving fire, while ahead of the fireline surface temperatures
are still presumed to be at ambient levels.
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Figure 1—(a) Source strength distribution along the wall y = 0 for the parameters ¢, = 20;
X, =0.001; y, = 3; x, = 0.15; x; = 0.025. (b) Wall temperature distribution for parameters

T =2,T,=1,x =02,x, =0.025 of equation 1.6.

Numerical Procedure

The system of equations are parabolic and thus solved by a fully implicit
second-order accurate three-point backward differencing scheme, with a two
point second-order accurate discretisation in the wall normal direction. The
two point scheme arises by converting the second-order momentum and en-
ergy equations into a system of first-order equations. The nonlinear terms are
discretised using standard Newton linearisation; thus, ultimately the inversion
of a block tridiagonal matrix arises, which can be accomplished etficiently
using standard methods. To initialise the computations at x =0, the similarity
form of (1.3) is used and thereafter a marching procedure employed.

For small magnitudes of @ the forced heat source problem will be amenable
to a marching boundary layer type solution strategy. While as one should
expect, and investigated by Higuera (1997), where sizable changes occur
in the wall temperature, such a simple solution strategy will ultimately fail,
in which case an interactive thermal layer with the pressure determined by
the external inviscid adjustment of the boundary layer thickness needs to be
computed or allowed for in any numerical scheme. Thus, either an interactive
boundary layer type solution procedure or the fully Navier-Stokes solution
procedure needs to be invoked. Flow reversal, separation, and reattachment
regions do occur and are predicted by the asymptotic triple-deck analysis of
Higuera (1997).

Daniels and Gargaro (1993) Boussinesq based buoyancy driven flow in-
vestigations conclude that in cases where the Froude number is too low, the
boundary layer flow cannot be sustained, and the forward motion succumbs
to the adverse pressure gradient induced by buoyancy. This either leads to
the onset of reverse flow and the consequent failure of the numerical scheme
or more generally to the occurrence of a terminal singularity. In cases where
reverse flow sets in, their computations failed due to numerical instability
rather than the existence of any local singular behaviour. The flow becomes
subject to upstream influence, which then requires a much more sophisticated
numerical treatment.

We examine the situation where both significantly raised temperatures and
sizable buoyancy effects arise. Thus, at some stage where the flow parameters
lead to a strong coupling between the normal pressure gradient and convec-
tive terms, either from significantly raised temperatures or buoyancy effects,
we must anticipate a breakdown in the numerical solutions, since then the
external inviscid field is strongly modified and straightforward boundary layer
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theory can then no longer be expected to be valid. We restrict our analy-
sis to the parameter regime, where the problem is amenable to a parabolic
boundary layer marching type solution procedure; namely where G,~ O(1).
Ultimately, however, as the buoyancy effects become sizable, boundary layer
solution technique used here will fail, and at this point recourse to a fully
Navier-Stokes solution for computation of the underlying basic state has to
be made.

Basic Flow Solutions

The basic state model to be investigated is that of the forced basic steady
flow, with Froude number and volume heat source € as competing,/coupled
effects. We only consider zero pressure gradient, low Mach number flows,
with flow parameters 7 =300K,0=0.72,R, =10°,L=1m. The computational
domain is of extent O0<x=<1, with a step length in x of Ax = 0.005.
To obtain variations in Froude number we vary the free stream velocity U,,
and generally in fire related problems these flow velocities are in the range
0.5 ~ 10m/s, though as alluded to earlier the key parameter that controls
the flow structure is G, as defined by (1.4). Typical temperature variations
examinable are up to 1200K; this may be varied by changing the source
strength g,,.

Zero Volume Source Strength, 0, and Zero Buoyancy

We begin by presenting some results for the zero source strength, zero
buoyancy case. Of course this problem is the trivial flat plate incompressible
Blasius problem; however, this serves as a useful guide and comparator when
the more interesting parameter regime results are presented. Figure 2a shows
streamwise velocity U and its derivatives, while figure 2b the streamwise
normal velocity y ="/ distribution at various x-intervals. Since this has
a similarity structure, as would be expected, the numerical solution for U at
all x-positions is identical, while that for V shows a decrease in the transpira-
tion velocity or efflux to the external inviscid stream as the flow progresses
downstream. We note two things: (1) this is of relative small order (as ex-
pected) and (2) it attains uniformly constant value sufficiently far from the
wall. Furthermore, since the wall temperature is specified to be identical to
the ambient, temperature variations are negligible and are thus not shown.
Figure 3 shows the effect of maintaining different, above the ambient, uni-
form wall temperatures on solutions. The boundary layer thickens, the wall
shear decreases, and the normal velocity magnitude increases; however, the
near-similarity structure in the U and T profiles is still found to persist.

12 12
10} 10+
atr ar
> 6F 6
ras 4}
2F 2F
7} o
0.000 0.004 0.008 0.012
vV

Figure 2—Blasius profiles at x = 0.065,(0.08),0.785 intervals. (a) Streamwise U velocity and
derivatives U’, U". (b) Wall normal V velocity; arrow is in direction of increasing x.
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To consider the effect of buoyancy on the solutions, we merely switch on the
buoyancy terms in our equations and repeat the computations and the effect
is shown in figure 3 by the dashed curves. We note that the differences are
quite small, though they begin to increase as the wall temperature increases.
The external wind speed for this particular run is approximately 3.46 m/s and
the parameter G, = 1/386; thus, one should not expect significant differences
as the parameters selected are for a large Froude number.

Figure 3—Compressible zero pressure gradient profiles at x = 0.785 for wall temperatures
Tan = (300,(150),1200),T., = 300K, direction of arrows indicate increasing wall temperature.
Comparison of solutions with (dashed line) and without (solid) inclusion of buoyancy terms
in governing equations. (a) Streamwise U velocity; (b) Wall normal V velocity; (c) Temperature

T-1.

Effects of Source Strength, 0

We next consider how switching on the heat source aftects results. We
begin by examining the large Froude number case, corresponding to a wind
speed of 10 m/s. The appropriate Q-source distribution selected is determined
by trial and error; the particular source term distribution used here is that
shown in figure la. Note from (1.6), that ¥, fixes the extent in y of the heat
release, and choosing y, < 5 essentially assumes that most of the heat release
occurs within the boundary layer; setting y, > 0 maximises the heat release
off the wall boundary. The strength of the heat release (which determines
the maximum temperature) is fixed by ¢g,,.. Figure 4a shows the temperature
and figure 4b the wall normal (or updraft) velocity distributions achieved for
varying g, keeping y, constant at various downstream positions. Apart from
the obvious, namely increasing ¢, increases boundary layer temperatures,
we see that the effect is quite localised to the vicinity of the heat source
(maximum heat release occurs at x=0.15). Observe that peak temperatures of
about four times the ambient (~1200K) are achievable near the source, with
the choice of parameters used. Downstream the overall temperatures decay
in magnitude but still remain quite substantial.

We observe that changing the magnitude of the heat source has a major
impact on affecting the magnitude of the vertical velocity. In the vicinity of
the heat source maximum, a quite strong updraft of air arises for increasing
q, (note fig. 4b), but then immediately downstream of it a weaker though still
relatively substantial downdraft also occurs. We note from figure 4b, for the
choice of parameters or source forcing, the updraft velocity is almost 40 per-
cent of the streamwise velocity, while the downdraft almost 10 percent. This
downdraft diminishes, quite rapidly as we move downstream of the source,
unlike the local temperature and streamwise velocity fields. We do compute
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Figure 4 —Effect of increasing source term magnitude ¢, on nonbuoyancy driven flow
at various x-locations. U,=10m/s;q,=(1,510,20,40);y =0,y =4;x =0.15x, =0.025;
T = T.. = 300K (arrows point in direction of increasing q,). (a) Temperature profiles. (b)
Wall normal velocity (or updraft) distributions. (c) Streamwise velocity distributions.

even greater updraft velocities for greater values of g, which in fact exceed the
value 1, with apparently no ill-effects as regards code convergence problems
in this limit. We note that boundary layer theory, and the equations used
presently are derived on assumption of V ~ O(R;"?),though the only terms
omitted are the streamwise diffusion terms to render the equation parabolic
and the assumption that the vertically convected momentum flux is of an order
less than that induced by density changes. The mass conservation equation
is solved exactly, so the only crucial weakness in the present model is that of
assuming that the system is solvable by a parabolic marching procedure.
The effect of the heat source on the streamwise velocity, as may be deduced
from figure 4c, is that heating modifies this quite drastically too, causing
in general a reduction of the wall shear and a doubling of the boundary
layer thickness. Ultimately if the applied heat release g, is large enough, the
boundary layer shows a tendency to separate. Our code in this limit then fails
to converge. The above are computed for a ground temperature set to be the
same as the ambient of 7,,,; = T.. = 300K, which is clearly impracticable; one
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assumes real fires have ground temperatures significantly higher. We next
set the wall temperature to T,,,; = 600K and repeat the above runs. This is
seen more clearly in figure 5, which also shows the downstream development
of the temperature profiles. Apart from the satisfaction of the higher wall
temperature condition, generally the results and trends are unchanged from
those presented in figure 4.

In the context of fire propagation and sustainability we observe that well
ahead of the heat source (for example, x ~ 0.3 in fig. 4) temperatures of the
order of 600K persist. It is precisely this feature that acts as a preigniter,
which readies the source material for combustion ahead of the fire line. The
above is a useful indicator, since the downwind propagation distance of a
fire front is usually associated with the farthest downwind location where
the temperature of the solid fuel is raised to a particular threshold to initiate
or continue the burning process. This is also a criterion used in determining
the rate of spread of the fire.

T
14F = 0.40
12} =030
1o} +0.215
o 0.175
> 8r
Al o0.15
s 0.135
4t
2t
0L

Figure 5—Streamwise velocity distributions at various x-locations. ¢, = 40; y, =4; y, = 0;
T =600K; T., =300K. All conditions are identical to figure 4, except the wall temperature
is held fixed at 600K.

Buoyancy Effects

To examine buoyancy effects, based on evidence from the previous section,
we choose values of g, =25, y,=4, y,=0 and gradually reduce the freestream
velocity, thus reducing the effective Froude number F’ . As mentioned above
it would appear to be more realistic to have sizable wall temperature and
thus in all results presented we fix this at 600K. Moreover based on previ-
ous observations and numerical evidence gained presently, we note that the
Froude number may be redefined to include temperature dependence, since
we find numerical convergence of our fully coupled system of boundary layer
equations is Froude number dependent. Thus, results are presented with the
definition

o UR)? T
F02 = : . ’ATmax =51 1.7
Lg'AT, T, (1.7)

with T,,,, the temperature maximum in the boundary layer. This we note
also follows from (1.3), since the term AT, /F’ is the total magnitude of
the buoyancy induced pressure component at any point in the field, and
quite naturally the larger this becomes, the coupling between the equations
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increases, until the system is no longer treatable using a parabolic based ap-
proach. Clark and others (1996a) in an attempt to characterise wind-driven
fires use a similar expression, namely

R U?

Fr=—r— (1.8)
ng AT

re
X

with AT,__a mean value of the temperature anomaly over the region of intense
heating and W;a fireline width in the mean wind direction. In the present
case we observe that dynamical similarity between two different flows is
assured provided the parameter G, is identical. The cases examined and cor-

respondence between U, and £’ are given in table 1.

Table 1—Values of local Froude number
F2 based on (1.7) for cases

présented.
U, (mls) F? 1/6G,
o

10.00 1080 3224
7.50 610.5 1813
5.00 274.3 805.9
2.50 71.91 210.5
1.00 13.41 32.24
0.75 8.101 18.13
0.50 4.044 8.059
0.375 2.490 4.533
0.25 1.267 2.015
0.10 0.270 0.322
0.05 0.078 0.081

Profile distributions at a fixed Froude number (corresponding to
U,=0.05 m/s) and varying the source strength ¢, are shown in figure 0,
while that of keeping ¢, fixed and varying the Froude number are shown in
figure 7. A number of important features may be deduced. The streamwise
velocity develops distinct maxima; that is, inflectional profiles that exceed
the freestream value of unity, before ultimately reducing back to unity for
y — oo, and wind shear at the wall increases for decreasing #>. Normal veloc-
ity distributions near the heat source release are now downward directed (of
order of about 30 percent), unlike the earlier high Froude number situation,
tfollowed by a much weaker updraft downstream of the heat source. This is
almost the reverse of the situation depicted in figure 4. Temperature profiles
show a reduction in magnitude for increasing buoyancy. Note a reduction in
peak temperature of approximately 600K as the Froude number £ reduces
from 1080 to 0.078.

The generation of inflectional profiles is of course related to density (tem-
perature) gradients and the high value of G, that results in sizable buoyancy
induced pressure gradients, which feed into accelerating the streamwise
velocities by way of a strongly induced streamwise pressure gradient. In the
carlier high Froude number situation this mechanism was suppressed, and
thus the extra energy supplied in the form of the volumetric heat release could
only be quickly dissipated by increasing the updraft velocity. Furthermore,
we observe that inflectional profiles result from the temperature difference
and that our inclusion of a heat release source term in the equations, simply
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Figure 6 —Effect of increasing source term magnitude ¢, on basic buoyant flow at various
x-locations. U,=0.05m/s;q, =(1,5,10,20,40);y =0;y =47, =0.15x, =0.0257, , =T_=300K;
(arrows point in direction of increasing q,). (a) Temperature profiles. (b) Wall normal velocity

(or updraft) distributions. (c) Streamwise velocity distributions.

(a)
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Figure 7—Profile distributions at x = 0.175 for varying Froude numbers corresponding
to U, =(10.0,7.5,5.0,2.5,1.0,0.75,0.5,0.375,0.25,0.1,0.05) (arrows point in direction of increasing
Uy). qp =25, y, =4, Tyqu = 600K (a) T temperature distributions. (b) U velocity

distributions.
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offers a facility to generate thermal variations in the boundary layer. In the
absence of the heat source, inflectional profiles could have been generated
by maintaining a different wall temperature from the ambient, and provided
the Froude number (or 1/G,) is small enough, the same mechanism exists to
generate inflectional profiles. The fact that inflectional profiles do not arise
in figure 4 is that G, is arranged to be of an almost negligible value, despite
the fact that significant temperature differences (up to 900K) between the
ambient and wall exist. To show that this is the case, figure 8 shows results
for the case of maintaining uniform wall temperature at 600K, but computed
for varying Froude numbers at a fixed position, and as expected inflectional
profiles result for the low Froude number runs, and as indicated, thermal
energy is used to accelerate the flow, thus resulting in less fuller temperature
profiles compared to the high Froude number case.

7 7}
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Figure 8 —Profile distributions at x = 0.3 for varying Froude numbers corresponding to
U, =(10.0,0.5,0.25,0.1,0.05,0.02) (arrows point in direction of increasing U,). Zero
volumetric heat release; that is, g, =0, T,,,;; = 600K buoyancy generated purely
by maintaining a wall to ambient temperature difference. (a) T temperature
distributions. (b) U velocity distributions.

The analogous case where, rather than the heated wall, the volumetric heat
source produces the temperature difference is shown in figure 7. Observe

A

that for low free-stream velocities the parameters F, and G,' in table 1 are
similarly valued, while at high flow velocities this is not the case. This arises
entirely from the fact that at low Froude numbers, as indicated in figures 6
and 7 and in relation to the earlier high Froude number results of figure 4,
energy supplied in the form of heating is used to accelerate the streamwise
velocity rather than raising field temperatures. Thus, in low Froude number
situations the preference is for the thermal energy being utilised to acceler-
ate the local flow, rather than raising temperatures. In the limit of extreme
buoyancy, one then gets the situation where the flow quite aggressively uses
as much of the heat energy in accelerating the local flow in the streamwise
direction, leaving little in the temperature field.

The results of figure 6 are for an extreme value of the Froude number or
an extremely buoyant flow, whereas in practise, provided the Froude number
is of O(1), one expects a tradeoff or competition between the propensity for
the boundary layer to use the extra energy supplied by the heat source to
either increase local boundary layer temperatures or locally accelerate the
streamwise flow. This competition between the two is shown, for milder
buoyancy driven case, in figure 9. In this case, free-stream velocity is about
0.5 m/s, and the effects of keeping the buoyancy fixed and increasing the
heating through the source term are shown. We see a more typical situation
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z dP/dz
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Figure 9—Profile distributions at x = 0.175 for fixed Froude number for varying source strength
magnitude q, = (0,1,5,10,20,40,60,80,100) (arrows point in direction of increasing q,). U, = 5m/ s,
Yo =4, Tyyau = 600K (a) T temperature distributions. (b) U velocity distributions. (c) Streamwise

pressure gradient distributions.

that probably arises in fire situations, where both overshoots in the streamwise
velocity and substantially increased temperature profiles arise. Figure 9¢ shows
the induced pressure gradient, which is the factor in causing the acceleration
of the streamwise flow.

The main point to note, however, is that the crucial parameter that governs
the strength of the buoyancy is G,, so the value of the ambient wind speed
is immaterial and by appropriate choice of parameters—that is, viscosity or
density say—a parameter situation can be created where buoyancy is a sizable
factor, even though wind speeds may appear large.

Finally we present in figures 10 through 12 the main features uncovered in
the analysis. Figure 10 shows temperature and streamwise velocity for a mildly
buoyant flow, while figure 11 the case where the buoyancy is considerably
stronger. In these computations we have also specified a wall temperature
distribution shown in figure 1b; thus, beyond x ~0.2, the wall temperature is
specified to be 300K, while upstream it is fixed at 600K. We note the extreme
velocity overshoot arising for the U, = 0.05 case; these overshoots in velocity
persist well downstream of the heat source as do the raised temperatures, in
spite of the fact that the wall temperature is specitied to be the ambient. As
already noted, buoyancy terms effectively force or use the energy supplied by
the heating to accelerate the streamwise velocity at the expense of increasing
the temperature field. This additional acceleration of the flow stream (due
to heating) thus forces the horizontal boundary layer motion to be sustained
for a larger extent downstream before it ultimately succumbs to the adverse
pressure gradient generated by the buoyancy. Presumably in situations of
continuous applied heat source in the downstream direction, this motion
may well then be self-sustaining.

We further note the quite concentrated and strong downdraft region in
the vicinity of the heat source in figure 12 and the switch over from a strong
downdraft to an equally strong updraft in varying Froude number from low
to high. The occurrence of weak downdraft behind the fireline, followed
by relatively stronger updraft ahead of the fireline, has also been found in
LES simulations of Linn and Cunningham (2005). Cunningham and others
(2003) find that the magnitude of the heat source is a major factor in the
magnitude of the vertical velocity produced and then go on to suggest that
this plays a key role in the amount of time it takes for a buoyant parcel to rise
through the shear layer and that the counter rotating vortex pair observed in
their simulations has its origin near the ground as a pair of vortices oriented
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Figure 10—Mild buoyancy case corresponding to U, =0.25m/s; y, =4, y; =2.0, g, = 40, x, = 0.05,
T,pq1 = 600K (a) Temperature field. (b) Streamwise velocity field.

Figure 11—Strongly buoyant case corresponding to U, =0.05m/s; y, =4, y;=2.0, g, =40, x, =0.05,
T,,q11 = 600K (a) Temperature field. (b) Streamwise velocity field.

Figure 12—Wall normal velocity distribution for varying Froude number, for fixed source strength magnitude.
Contours denote the superposed temperature field. (a)U, = 0.05m/s; (b) U, = 0.25 m/s, (c) U, = 2.5 m/s.
qo=40,y,=4, T,,q11 = 600K.
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primarily in the vertical direction. Since buoyancy can only directly generate
horizontal vorticity, the vertical vorticity can only be generated by tilting of
the horizontal into vertical direction. In this regard, the strongly buoyant
updraft plays a key role.

Cases where the streamwise velocity exceeds unity may play a role in the
propagation of crown fires (fires burning through the tree canopy rather than
through surface fuels). A recent observational study using infrared imagery to
examine crown fire dynamics noted horizontal flows far greater than ambient
winds by an order of magnitude (Coen and others 2004 ). They hypothesise
that these bursts, as they refer to them, are the result of nonlinear interac-
tions that transfer vertical momentum generated by buoyancy to horizontal
momentum before buoyancy takes over and produces a more vertical plume
rise. This theory would seem to be supported by the present work, in that we
observe that the buoyancy term effectively forces or uses the energy supplied
by the heating to accelerate the velocity.

Inflectional profiles have been noted before as being tied to extreme fire
behaviour (Byram 1954).

However, the focus on the ambient wind profile is inflectional, not the input
of heat generating an inflectional profile. The reasoning is that hot columns
of rising air draw in air from the surroundings, thus leading to wind-induced
acceleration of the local winds in the vicinity of the fire line. Clark and oth-
ers (1996a) present cases of similar dynamics in a fully 3-D coupled model
that produces significant fingering of the fireline in the spanwise direction
at low Froude number values. They suggest that when the fireline’s speed is
slow enough, fire-generated winds break up the fireline. Though how this
breakup occurs, from a rigorous physics or mathematical modeling viewpoint,
is not addressed. They surmise that eventually convection and local dynamics
become nonlinear, producing erratic shapes to both the fire line and convec-
tion. They hypothesise that large horizontal buoyancy gradients at the fire
front produce strong horizontal vortices, and the vertical motions within the
fire eventually lead to vortex tilting, producing vertical vorticity, and that
in some cases these vertical vortices cause the breakup of the fireline. After
breakup of the convection column, the formation of fingers is identified in
the vicinity of the fire. They conclude that fire line breakup and formation
of fingers are the result of light winds and thus a dynamically unstable fire
line leading to the breakup of the two-dimensional column of hot air into
multiple columns. Moreover, in addition to £ being small, they conjecture
that another ingredient required for fingering to occur is that of low-level
negative shear, where the wind blows faster near the surface than just aloft.
They suggest that this arises either from gust fronts, convective downdrafts
and mountain valley flows, whereas our analysis shows that the fire itself can
generate such inflectional flows. They speculate that dynamic fingering is
caused by vertical tilting regions of intense horizontal negative shear at the
fire front leading to narrow regions of high speed, hot air shooting out in
front of the fire. This is a major process in fire spread on the micro-scale,
which causes fires to jump as they spread.

Summary of Basic Flow Solutions

We have shown that using quite a simple two-dimensional model for-
mulation, a wide variety of forced heat and buoyancy coupled problems
can be examined. Adding in heat release by way of distributed heat release
over a finite extent allows many of the basic features arising in fire propaga-
tion to be identified or captured. Our intention has been to strip away the
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complexity of using fully unsteady DNS multiphase based formulations and
solution techniques in favour of a more rudimentary formulation in order to
identify the key mechanisms arising and playing a major role in observed fire
propagation. As such the model does produce features that typically arise in
fires. Namely velocity overshoots or so-called super velocities caused by the
coupling of buoyancy and heat release near the ground. The model suggests
that in the low Froude number regime, heat release is directly responsible for
causing the local streamwise wind speeds to accelerate drastically. Strongly
inflectional stream wise velocity profiles are generated; thus, we can expect
the more dangerous (from a boundary layer instability viewpoint) inviscid
instabilities to arise. The analysis in this regime also shows that regions of high
shear arise close to ground and that temperature profiles are generated that
have been observed in typical forest fires. The model also correctly predicts
the generation of strong updraft velocity followed by a weaker downdraft,
though a role reversal is also predicted, whereby in high wind conditions heat
release causes highly buoyant updrafts of air, while in low Froude number
regimes the reverse happens and an equally strong downdraft arises. The
model is easily extended to properly three-dimensional volumetric forcing,
thus allowing for buoyancy dependence in («, z)-directions and thus would
allow the effect of fire-length in the spanwise direction to be simulated at a
fraction of the computational cost of full DNS investigations.

Our interest in this problem originally arose from the viewpoint of ad-
dressing the instability properties of velocity and temperature profiles that
typically arise in fire problems. There does not appear to have been any
systematic study of examining the stability properties of boundary layer
profiles of the type that do occur in fire-related problems. In particular as
may be noted from figures 4, 5, and 7, typically quite dramatic and sizable
temperature profiles arise, and the combination with the inflectional velocity
profiles does not appear to have been examined or quantified from a boundary
layer instability viewpoint. Of course, inflectional velocity profiles and their
instability properties are well known, but the issue of sizable temperature
profiles and their combination with inflectional velocity profiles have to our
knowledge not been the subject of any systematic investigation. Moreover,
in the study of the high Froude number case, we have shown temperature
profiles of the order of 1200K are generated. The stability properties at this
high temperature, low Mach number regime are of interest from the view-
point of erratic fire behaviour, propagation, and also from the viewpoint of
how vertical rotors, rotating rolls, and intense vortices develop. As shown
in computations in this paper, strong horizontal gradients in buoyancy near
the surface produce strong horizontal vorticity. As the horizontal vorticity
is tilted into the vertical by the fire updraft, intense vertical vorticity may
develop where large buoyancy and horizontal gradients of the vertical wind
coexist. As is well known, within fires there are small vortical structures
on the millimetre scale that tightly bend the flame fronts, up to vortex
structures on length scales of many metres. Simulations of plumes from line
sources by Cunningham and others (2003) find that as the plume rises, it is
bent downstream, and a regular array of steady perturbations develop in the
cross-stream direction along the plume cap. As time progresses, the plume
then undergoes a transition from its initial two-dimensional structure to an
eventual three-dimensional one, with this transition being evident in a region
far from the heat source. The vorticity field shows that initially the dominant
vortical structure is the spanwise vortex tube associated with the plume cap;
while at later times streamwise vortex tubes become dominant.

USDA Forest Service Proceedings RMRS-P-46CD. 2007.

Mughal, Hussaini, Goodrick, and Cunningham

212



Role of Buoyancy and Heat Release in Fire Modeling, Propagation, and Instability

To initiate an understanding of such complex features, the basis for in-
vestigation is the use of linear stability theory to look at trends and identify
features that do lead to those observed and hypothesised above. Previous
instability work has been almost wholly based on buoyancy associated with the
low temperature Boussinesq assumption. The majority of earlier studies have
been confined to examine stability of vortex structures where the coupling
between the energy and momentum fields is weak and the fluid density or
compressibility essentially plays no role apart from introducing the buoyancy
associated pressure term into the equations. Thus, few works have considered
fully compressible nonsimilar boundary layers and their consequent instability
of the boundary layer profiles where the coupling between the energy and
momentum fields is strong. Our principal interest in the following is how
the effects of buoyancy influences the stability of the basic flows discussed
above, in a fully compressible problem.

Linear Instability of Basic Flow

To conduct a linear stability analysis of the flow, first the standard decompo-
sition of the flow variables into a main flow component and an (infinitesimally)
small disturbance is applied. That is the total flow Z' described by the exact
unsteady fully compressible Naiver-Stokes equations can be split into a basic
steady flow and an unsteady component, hence

Z'(x,y,2,0) = Z(y)+1T'(x,y,2,1),

with Z>>[]". In the present case only a 2-D and steady mean flow is assumed.
On the other hand, the disturbances are assumed to be 3-D and thus can
be written as

H'(X, v,z,0) =T1(y) expi(aﬂﬁszt) .
An eigenvalue problem arises and thus a dispersion relation of form

F(a, B,@,Rs, F?)=0

requires to be satisfied. We specify (B,w) as free parameters, with (R, F?)
flow dependent and solve for the spatial eigenvalue a. The objective is to map
out the parameter space in f,w,Rs and F’.We concentrate on two aspects:
(1) the stability of profiles of typical form given by figures 4 and 5; (2) low
Froude number coupled with the heat source basic flows of form given by
figures 6 and 9.

Influence of Source Distribution, Zero Buoyancy

Neutral curves corresponding to figures 4 and 5 (7,,; = 300K and
T,,a = 600K respectively) are shown in figure 13 for varying heat source
magnitudes. We observe two effects: one is that increasing g, increases the
instability frequency envelope, and second, we see that the neutral curves (for
a large enough value of ¢,) are closed. That is, heat release first causes a local
(or further) destabilisation of the tlow, totally rearranging the flow structure,
but this is beneficial in that downstream of the heat release, the flow is totally
stabilised. For the T,,; = 600K simulation, the flow in the absence of the
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Figure 13—Zero buoyancy (U, = 10 m/s) neutral curves for parameters of figures
5 and 4 for varying heat source magnitudes. F = 10 w / R; m/is the circular
frequency. (a) g, = (1,5,10,20,40,60); Ty,,57; = 600K. (b) g, = (120,40,60,80); T, 7 = 300K.
Also superposed is the g, =40 result from figure (a) (shown as dashed curve).

volumetric heat source, becomes naturally unstable beyond R ~ 66; at about
Rs ~ 100, corresponding to x ~ 0.1 (refer to fig. 1a), the instability envelope
increases having its upper bound at about the point where peak heat is being
released (x=0.15) and it then diminishes in size, and given the appropriate
amount of heat the flow can be completely stabilised. Though not shown, fur-
ther downstream we do find that as the flow readjusts to normalcy, the region
of instability reappears, but this point can be shifted farther downstream by
further increments in g,. Of course ¢, cannot be increased indefinitely, since
ultimately the boundary layer shows a tendency to separate. But clearly we
see that heat release causes a destabilisation of the flow in the vicinity of the
heat source release region. These points are confirmed and reemphasised in
the T,,,; = 300K case. In this case, heat is released well upstream in a region,
which in normal circumstances exhibits no instability until about Rs ~ 520
(the critical Reynolds number for incompressible Blasius flow). Thus, heating
generates the pocket of instability, and we further see that this is localised to
the vicinity of the heat release region. Though not shown, the eigen-functions
reveal that the unstable modes are thermally induced, in that temperature
disturbances are the largest in magnitude. Though overall, the growth rates
of these thermally induced unstable waves are found to be quite small.

Buoyancy Effects

Impact of decreasing Froude numbers on the neutral curves for 2-D distur-
bances is shown in figure 14a, while growth rates over the frequency span at
various x positions for the lowest Froude number neutral curve, correspond-
ing to U, = 0.5m/s, are shown in figure 14b.We note that the U, = 10.0m/s
curve is closed and almost total stabilisation of flow is achieved, whereas for
the lowest Froude number curve shown, the unstable frequency spectrum
enlarges considerably in the heat release region while disturbances down to the
stationary are unstable. In the limit of w—0 the growth rate and wavenumber
both approach zero, while as @—e< or large steamwise wavenumber limit, the
disturbances ultimately return to being stable. Note that with increasing R;
the growth rates increase substantially; thus, a rapid destabilisation occurs as
a result of the heat release. Another feature is that as x increases the curves
coalesce, and this may be due to the instability being essentially inviscid in
structure, and so the value of Ry becomes irrelevant.

Figure 15a shows growth rates for 3-D disturbances arising in the mildly
buoyant flow examined in figure 14b and shows that in a certain frequency
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Figure 14 —Neutral curves for increasing levels of buoyancy, computed for
parameters corresponding to figure 7. Neutral curves are shown for Froude numbers
corresponding to(U, = 0.5, 0.75,1.0, 2.5,5.0,10.0); T;,,; = 600K. (b) Amplification
curves for varying frequency at various x-positions corresponding to the plot shown
in (a) for the U, =0.5m/s case; arrow points in direction of increasing downstream
distance in x corresponding to R; =100, 110,120, 130, 140, 150,158.
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Figure 15— (a) Amplification curves for varying frequency for 3D disturbances at
x=0.224; R;=150; b =1000, /R =for the mildly buoyant flow of U, = 0.5 m/s. (b) The
corresponding phase speed c variation with wavenumber a,.

regime the 3-D disturbances are more destabilising than 2-D disturbances;
with the stationary vortex being most unstable, while at high frequencies it
is the 2-D disturbance that is most unstable. For stationary disturbances,
we note from figure 15b that the streamwise wavenumbers are zero, and so
these disturbances (the most dangerous from an instability viewpoint) are
purely periodic in the spanwise direction only. Instability occurs over a finite
range of  and at large enough £, disturbances return to being stable, while
(though not shown) as f—0 the growth rates behave as a, ~ f172.

The phase speed ¢, as w (and thus o, the wavenumber) tends to large values
asymptotes to the maximum velocity overshoot value (in case shown this limit
is ~ 1.05). This result is consistent with the Boussinesq based incompressible
inviscid works of Mureithi and others (1997) and Denier and others (2001)
who essentially build upon the more complete earlier, again Boussinesq based,
asymptotic and numerical analysis of Hall and Morris (1993). The former
two authors’ findings were deduced primarily by a numerical solution to the
3-D version of the inviscid Taylor-Goldstein equation while our solutions are
based at finite Reynolds number and allow for full compressibility, though for
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the quite low external wind speeds considered the Mach number effects are
insignificant. Their inviscid solutions suggest that the flow is unstable across
the whole wavenumber spectrum and that growth rates become progressively
larger as a increases and then state that viscosity ultimately must return the
flow to a stable regime as a — oo. Our viscosity included results confirm this
result. They also confirm the findings of Hall and Morris (1993) that for
nonzero  the mode with the largest growth rate occurs for w = 0. That is,
the dominant wave mode becomes purely steady and two-dimensional in
the spanwise direction, and at leading order the waves travel with a phase
speed equal to the maximum of the streamwise velocity. This situation with
the phase speed though only really arises in the limit of @ — <o in regions
where our viscous included stability analysis, suggesting that disturbances
have returned to a stable regime.

We only show neutral curves for values of Froude number down to
U, = 0.5m/s; this is merely for brevity, in that for even lower Froude num-
bers the instability envelope increases considerably, both in terms of the
frequency space and even larger growth rates. An analogous result to figure
15 but corresponding to the highly buoyant flow at U, = 0.05m/s is shown
in figure 16. This merely confirms the findings deduced from the mildly
buoyant case, in that decreasing Froude number increases the instability and
unstable parameter space. We note from the eigenfunctions (fig. 17) the high
frequency most amplified 2-D disturbance is localised off the wall about the
position where the streamwise velocity attains its maximum overshoot value,
while the purely spanwise periodic disturbance (fig. 17a) is situated close to
the wall. This is clearly viscous in nature, while the former is of the inviscid
type (fig. 17b). In the above, we only report on the first or most amplified
mode, though as Reynolds number increases unstable higher modes were
also identified.

0.25

0.05

@ 40 a0 120 160 200 -
F 108 a

Figure 16— (a) Amplification curves for varying frequency for a number of 3-D
disturbances (b = 0,(2),12) at x = 0.169, Rs = 130; b= 1000 f3/R, for the highly buoyant
flow of U, =0.05 m/s. (b) The corresponding phase speed c variation with wavenumber
a,. The dashed line corresponds to the maximum velocity overshoot value of ~3.78, as

a,, — oo the curves asymptote to this value.
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Figure 17— (a) Three-dimensional disturbance eigenfunctions computed for parameters
of figure 16 at F =0, b =12, the pure vortex most amplified mode. (b) Two-dimensional
eigenfunctions at F = 120, b = 0. The dashed curve in the v-plots is the overshot
inflectional basic velocity profile, while the curve in the T-plot is the basic temperature
profile.

Conclusions

We may conjecture that in the two Froude number limits, there are two
different routes to fire behaviour and destabilisation, with the Froude number
playing a crucial role in the boundary layer development and consequential
instability of the convecting flow. The work lends support to some of the
carliest criteria established (Byram 1954), and recently put forth by Nelson
(2003), that erratic fire behaviour occurs when the ratio of the power of the
wind to the power of the fire is < 1 (essentially a Froude number definition).
In view of the low growth rates in the high Froude number case, perhaps the
significant factor is the sensitivity of the boundary layer to separate and lift
off the wall; this being caused by massive updrafts of buoyant air. The rela-
tively weak nature of instabilities in this regime suggests that the convecting
boundary layer or fireline development would otherwise be well behaved.
This is consistent with the work of Clark and others (1996b), who find that
in high ambient windflows, a stable fireline arises forming a continuous
parabolic shape (their model was fully three-dimensional and unsteady) as
the fire evolves.

We have shown that the addition of heat goes directly into forming a highly
accelerated streamwise velocity or jetlike flow in the low Froude number
limit. In this limit, certainly the inflectional nature of profiles plays a strong
role and must be a key feature in observed fire features. Local acceleration
of flows by buoyancy and instability of inflectional profiles has been known
about for some considerable time; however, its relevance in fire related prob-
lems has not been identified until now. The work suggests that if the ambient
profile is initially inflectional, the transition to the unstable modes should
be more rapid. The work essentially shows that a massive destabilisation via
the inflectional route takes place in the low Froude number regime and that
stationary, zero streamwise and nonzero spanwise wavenumber viscous dis-
turbances have the highest growth rates. The results show that the flow can
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support purely spanwise periodic disturbances (that is, vortices) and that it
is feasible for these modes to have the largest growth rates. These are com-
monly referred to as pure vortex longitudinal “roll cell” modes. These might
well be linked to cross roll features mentioned in the work of Cunningham
and others (2003). Clark and others (1996b) identify similar features and
state that a key requirement in breakup of the fireline is a low enough ambi-
ent wind (low Froude number) and thus speculate that the breakup is due to
fire generated winds. Remarkably, in one of their figures, a distinct periodic
spanwise vorticity field is seen, which they describe as erratic behaviour of
the fireline.

In particular as regards the fingering phenomenon, Clark and others
(1996b) hypothesise that once a fire line is long enough it cannot sustain
a single convective updraft column and develops multiple columns due to
long-line instabilities within the convection column. The convection at-
tempts to form a long, vertically deep, nearly two-dimensional structure. Such
two-dimensional structures are typically dynamically unstable due to either
convective or shear instabilities and result in so-called cross-roll instabilities.
Certainly fire-length (arising from a 3-D finite heat source) and side winds
being drawn in may well play a role in the fingering phenomenon, but our
analysis suggests that a possible mechanism might well be due or linked to
the periodic spanwise stationary disturbances identitied in our work. We find
that it is the 3-D stationary disturbances that are the most unstable; these
modes may have some bearing on the above description.
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Fuel Dynamics and Fire Behaviour in
Australian Mallee and Heath Vegetation

Juanita Myers’, Jim Gould', Miguel Cruz', and Meredith Henderson?

Abstract—In southern Australia, shrubby heath vegetation together with woodlands
dominated by multistemmed eucalypts (mallee) comprise areas of native vegetation
with important biodiversity values. These vegetation types occur in semiarid and medi-
terranean climates and can experience large frequent fires. This study is investigating
changes in the fuel complex with time, fuel moisture dynamics, vertical wind profile
characteristics, fire propagation thresholds, rates of spread, and flame characteristics.
The project is being conducted at Ngarkat Conservation Park in South Australia with
data coming from experimental and prescribed burns conducted under a range of
weather conditions. The final output of this project will be a prescribed burning guide
to assist land management agencies to plan and safely conduct effective hazard reduc-
tion and ecological management burns in mallee and heath fuel types.

Introduction

Low woodland and heath vegetation are fire prone environments in
Australia and around the world. In mediterranean climates, typical shrub
dominated vegetation such as chaparral (California) (Keeley and others 1999),
kwongan (Western Australia) (Hassell and Dodson 2003; Keith and others
2002), fynbos (South Africa) (Schwilk and others 1997), and maquis and
matorral (Mediterranean Basin) (Bilgili and Saglam 2003) are known for
their flammability. In southern Australia, shrubby heath vegetation together
with woodlands dominated by multistemmed eucalypts (mallee) represents
significant areas of native vegetation that burns frequently (Bradstock and
Cohn 2002; Keith and others 2002).

In the past, tracts of mallee woodlands covered much of the semiarid parts
of southern Australia, including southern Western Australia (WA), south-
ern South Australia (SA), northwestern Victoria, and western and central
New South Wales (NSW) (Noble 1984 ). However, about 35 percent of this
vegetation has been cleared (ANVA 2001) and relatively little of it remains
in conservation reserves. One such reserve is the Ngarkat Conservation
Park (CP), in eastern South Australia. This reserve comprises a mosaic of
heath and mallee vegetation and experiences bushfires almost annually. This
270,000 ha (1,042 miles?) reserve is part of an 800,000 ha (3,088 miles?)
section of contiguous native mallee and heath vegetation extending into the
neighbouring state of Victoria.

Ngarkat CP is habitat for a number of threatened flora and fauna, contains
floral resources for the apiary industry, and is used for recreation. These values
are threatened by large bushfires. These bushfires usually occur in late spring
and summer, can be of high intensity, and have on occasion burnt in excess
of 100,000 ha (386 miles?) in single events (Department for Environment
and Heritage, South Australia, unpublished fire history database, 2007).
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The loss of large tracts of native vegetation in a single fire in this fragmented
landscape is not a desirable management or conservation outcome. Most of
the fires in the park result from lightning ignitions and may be exacerbated by
extended drought periods and suppression difficulty. Therefore, the current
focus of management is on the prevention of large fires across the reserve,
managed through prescribed burning. For managers to use prescribed burns
effectively in this landscape requires more robust information on both fuel
dynamics and fire behaviour.

Studies of fire behaviour and fuels have been undertaken in the mallee
heathlands of southwest Western Australia (McCaw 1997). McCaw (1997)
found existing fire danger rating systems and fire behaviour models are not
suitable in mallee heath fuel types. The rate of spread in these fuel types is
consistently faster (up to 200 percent) than those predicted for other scrub
fuel types. The exception to this is the South African fynbos scrub fuel, which
tends to exhibit faster rates of spread under similar conditions (Van Wilgen
and others 1985). A major problem encountered was that the current fire
danger rating systems and spread models are not able to accurately predict
conditions of fire spread. Inaccuracies in model output arise from the inabil-
ity of these models to account for the threshold dead fuel moisture content,
above which fires will not spread in mallee heath. This critical threshold for
Western Australian mallee heathlands was found to be a dead fuel moisture
content in the litter layer of no greater than 8 percent (McCaw and others
1995, 2003; McCaw 1997).

A number of other studies have been carried out in Australian heathlands,
investigating fuel moisture relationships and prediction of fuel moisture
content (Catchpole and others 2001; Pippen 1999), determining ignition
thresholds related to fuel moisture and fire development (Plucinski and
Catchpole 2002; Plucinski 2003).

The aim of this project is to develop a prescribed burning guide to assist
land management agencies to plan and safely conduct prescribed burn-
ing for effective hazard reduction and ecological sensitive management in
South Australian mallee and heath vegetation. The specific objectives are:
(1) characterise changes in the fuel complex with time; (2) model the sea-
sonal and diurnal fuel moisture dynamics of live and dead fuel components;
(3) determine the vertical wind profile in these fuel types; (4) model the tire
environment conditions that will sustain fire spread (propagation thresholds);
and (5) model rate of fire spread and flame characteristics.

This study will be collecting data from controlled experimental and
prescribed burns in Ngarkat CP. The models developed from this research
in South Australia will be tested for their applicability in mallee and heath
in other states of Australia. In this paper we describe a project in progress
and highlight the context and experimental and modelling approaches
proposed.

Outline of Experiments

Quantifying Fuels for Fire Behaviour

Mallee and heath in semiarid and mediterranean Australia are char-
acterised by a highly discontinuous fuel complex (Bradstock and Cohn
2002). Mallee woodlands are made up of short (2 to 10 m; 7 to 33 ft tall)
multistemmed eucalypts, often (but not always) with a shrubby understory.
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In the mallee, the surface fuel and suspended bark fuel are the main fuel
layers that carry the flame front and are concentrated around the base of
individual multistemmed eucalypt clump. The heath fuel type is made up
of scattered small-leafed shrubs, or clumps of shrubs (up to 1 m; 3 ft tall),
the sparse litter of which is usually in a tightly packed litter bed and can be
partially buried by sand (Bradstock and Gill 1993). In this fuel type, the fire
spreads in the low shrub canopy. In both cases (mallee and heath), the fuel
layer that carries the flame front is discontinuous, with little fuel in the gap
between the clumps of fuel.

The fuels that provide the energy flux that enables a fire to spread have
generally been assumed to be those that are consumed in the continuous
flaming zone of a fire front. The load of fine fuels, such as dead leaf, bark
and twig litter <6 mm (% inches) in diameter, has been used as the major
fuel variable (in many studies the only fuel variable) to predict fire spread
(McArthur 1967; Peet 1965). Although fine fuel load has been the basis of
Australian fire spread models in the past, and may be useful in providing
practical information for burning guides, it has not been a significant vari-
able in a number of recent studies (Buckley 1992; Burrows 1994; Cheney
and others 1992, 1993). In complex fuels, the simple measure of total fine
fuel is inadequate to describe the fuels that contribute to the forward rate
of spread.

It is important to get a good estimate of fuel quantity, structure, composi-
tion, continuity, and height in order to quantify the effect of low-intensity
prescribed burning in moditying the behaviour of wildfires. Detailed fuel
sampling techniques can quantify the fuel loads of the surface (ground litter
fuel) and near-surface (suspended live and dead fine fuel above the ground
surface, but not on it) fuel layers, but these methods are not suited to opera-
tional use for assessment of fuels.

The development of more sophisticated burning guidelines requires a
sound understanding of fire behaviour and suppression difficulty in fuels of
different structure and composition. Australian studies (Cheney and others
1992; Gould and others 2001; McCarthy and others 1999; McCaw and others
2003; Project Vesta unpublished reports) have identified the importance of
fuel structure in determining fire behaviour and ease of suppression. They
have also developed a system for quantifying fuel structure with a numerical
index that can be used as a fuel predictor variable to replace fuel load.

Rating systems that assess the relative hazard of fuel factors that affect fire
behaviour and suppression difficulty represent a new approach in fuel assess-
ment (McCarthy and others 1999; Gould and others 2001; Project Vesta
unpublished progress reports). The fuel hazard rating systems developed by
Wilson (1992, 1993) and McCarthy and others (1998) for eucalypt bark,
elevated fuel, and surface fuel into a combined overall fuel hazard rating pro-
vided a simple, easy-to-use method for operational assessment of the hazard
presented by fuels. This assessment emphasises the whole fuel complex by
combining a hazard rating for each of the ditferent fuel layers—bark, elevated,
and surface fuels—using visual fuel characteristics.

This project will examine what changes need to be made for the system
to be applicable to mallee and heath vegetation. Fuels load will be quanti-
fied through a combination of destructive and nondestructive sampling and
visual systems of scoring structure and hazard as described above. The fuel
assessment will characterise the changes in the fuel complex with time and
compare the mallee and heath fuel types.
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Fire Behaviour

Models to better predict fire behaviour in mallee and heath fuels are an
important tool for managing prescribed burns. Improved fire spread predictions
will be invaluable for the management of wildfires, providing more timely
warnings of threat, and aiding decisionmaking on suppression tactics.

In order to improve fire behaviour models, it is necessary to encompass a
wide range of fuel moisture and weather conditions in experimental burns.
To achieve this, experimental burnings are being carried out in three seasons:
in mid autumn (May 2006), early autumn (April 2007), and late summer
(Feb/March 2008). To capture the differences in fire behaviour between the
mallee and heath fuel types, and between different fuel ages under identical
atmospheric conditions, simultaneous ignitions between different fuel types
and ages will be conducted wherever possible. The fire behaviour under these
conditions can then be related to the fuel characteristics.

Fire propagation threshold—Of the range of fire behaviour information
necessary for the planning and conducting of prescribed burning, the deter-
mination of the threshold conditions under which the fire will spread (the
fire propagation threshold) is critical. This is because prescribed burnings
are mostly conducted under marginal burning conditions.

Due to the discontinuous nature of mallee and heath fuel complexes
(Bradstock and Gill 1993; Bruner and Klebenow 1979; McCaw 1997), fire
spread requires conditions that will allow the development of a flame angle,
depth, and length that will bridge the gaps between individual shrubs or clumps,
and/or initiate short range spotting that allows the fire to bypass the small
scale fuel discontinuities. Under the conditions sought for prescribed burning,
this creates highly nonlinear tire behaviour, with an abrupt increase in rate of
spread when the conditions for sustained fire propagation are met.

Modelling of the propagation threshold in these discontinuous fuel com-
plexes can be approached through a mechanistic framework as initiated by
Bradstock and Gill (1993) or through logistic regression analysis, which
attempts to describe the likelihood of an event, in this case fire spread, occur-
ring (Fernandes and others 2002; Marsden-Smedley and Catchpole 2001).

We will use the logistic regression approach to model the propagation
threshold. Propagation will be defined as successtul if the fire spreads 100 m
without self-extinguishing. A series of smaller scale (1 ha; 2.5 acre) fire spread
experiments will be conducted under a range of conditions in each fuel type
and age class in order to determine the propagation threshold in each. To
achieve sufticient replication, these data will be supplemented by data collected
at operational prescribed burns in these fuel types.

Fire behaviour parameters—During experimental burns, fine fuel moisture
and weather parameters will be measured, including wind measurements. The
fire behaviour parameters being measured will include forward and lateral
rates of spread, flame dimensions, intensity, head fire width, spotting distance,
fuel consumption, and the fuel layers influencing fire spread.

The limited size of the experimental fire plots (3 ha; 7 acres) will mean
that we need to test whether the predictions from our models can be con-
fidently extrapolated to fires occurring on a larger scale (Marsden-Smedley
and Catchpole 1995; McCaw 1997). The experimental design includes model
validation against larger scale experimental fires and against reliable prescribed
burn and wildfire data.
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Contribution to Improved Bushfire
Management

The results of this research will better quantify the effects of fuel structure,
fuel moisture dynamics, and wind on fire behaviour in mallee and heath
vegetation. This will provide fire spread models that have an application to a
wider range of mallee, heath, and other shrubland fuel types for both wildfire
and prescribed burn situations.

New functions describing the relationship between fire spread and wind
will be designed so that they can be used to predict the behaviour of high-
intensity wildfires. This could be useful for analysing zones of potential
wildfire impact and providing timely public warning. Fire spread predictions
can be applied to data on suppression effectiveness limits to develop better
fire management strategies.
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