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1 Introduction

1.1 Model overview

Functions FCCSproperties() and FCCSbehaviour () allow calculating po-
tential fire behaviour for forest inventory plots. Formulation of fuel char-
acteristics and fire behaviour is an adaptation of the Fuel Characteristics
Classification System (FCCS; Prichard et al. 2013). In FCCS, fuelbed is
divided into six strata, including canopy, shrub, herbaceous vegetation, dead
woody materials, leaf litter and ground fuels. All except ground fuels are
considered here. The intensity of burning depends on several factors, includ-
ing topography, wind conditions, fuel structure and its moisture content,
which is determined from antecedent and current meteorological conditions.
A modification of the Rothermel’s (1972) model is used to calculate the in-
tensity of surface fire reaction (in kW/m?) and the rate of fire spread (in
m/min) of surface fires assuming a steady-state fire. Both quantities are de-
pendent on fuel characteristics, windspeed and direction, and topographic
slope and aspect. The model returns the following results: (1) Fuel charac-
teristics by stratum; (2) Surface fire behavior (i.e. reaction intensity, rate
of spread, fireline intensity and flame length); (3) Crown fire behavior; (4)
Fire potential ratings of surface fire behavior and crown fire behavior.

1.2 Input data
1.2.1 Forest inventory plot data

The input data for tree cohorts are:
e SP;: Species identity
e DBH,;: Diameter at breast height (in cm) of the representative tree.
e H;: Height (in cm) of the representative tree.
e N;: Cohort density (in ind. - ha™1).
The input data for shrub cohorts are:
e SP;: Species identity
e (;: Plant cover (in percent).
e H;: Mean plant height (in cm).

Cohorts are not distinguished for the herbaceous stratum, and the variables
needed are:

e Cje: Herbaceous cover (in percent).



e Hp.: Mean herb height (in cm).

Finally, the model also requires the percent cover of trees in the canopy
(Ceq). This is easily available from forest inventory data, but could also be
derived from the description of tree cohorts.

1.2.2 Other inputs

Other inputs may be given by expert opinion or they may be calculated
from another model. Specifically, for each plant cohort (and for any day of
application) the fire behaviour model requires:

® Pjeqq: Proportion of the plant that is dead.
e M;: Foliar moisture value (in percent of dry weight).
Analogously, the same variables are needed for the herbaceous stratum.

® Picad he: Proportion of herb fuels that respond to humidity changes as
1-h dead fuels.

® Mijye he: Foliar moisture value of live herb fuels (in percent of dry
weight).

The model also needs the following input parameters:
® Meqq: the moisture of 1-h dead fuels (in percent of dry weight).
e U: Midflame windspeed (in m - s71).

e S: Slope (in percent).

2 Fuel characteristics

2.1 Cohort fuel loading

Here we consider as burnable fuels foliage and branches up to 6.35 mm
= (.25 in in diameter. The same consideration applies to both trees and
shrubs.

2.1.1 Tree cohorts

Foliar biomass for a single tree of cohort i (FBirec; in kg) is calculated
using:
FBtree,i = Qfbt - DBHffbt ’ eCfbt-BALi ) DBHgfbt.BAsup (1)

where DBH; is the diameter of the tree (in em), BAL; is the cummulative
basal area (m? - ha™!) of trees having a larger diameter, and a fots Ofbes Crot
and cpy; are species-specific regression coefficients. The foliar biomass of
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the whole tree cohort (FB;; in kg - m™2) is obtained multiplying tree foliar
biomass by tree density (N;; in ind. - ha™1):

FB; = FBiyee,i - (N;/10000) (2)

Fine fuel loading for the tree cohort (W;; in kg - m~2), including its leaves
and branches with diameter up to 6.35 mm = 0.25 in, is then calculated
using:

Wi =r635(SP;) - F'B; (3)

where r6.35(SP;) is the ratio between the weight of leaves plus branches and
the weight of leaves alone for branches of 6.35 mm in diameter for the species
of cohort 7. The biomass corresponding to branches of less than < 6.35 mm
(SBB;, also in kg - m~—?) is obtained by subtraction:

SBBZ‘ = (T6_35(SPZ‘) - 1) . FBZ‘ (4)

Whereas W; is the cohort loading variable influencing fire behavior, F'B; and
SBB; are cohort variables used to estimate fine dead woody and leaf litter
loadings.

2.1.2 Shrub cohorts

To calculate the fuel loading of a shrub cohort (including both leaves and
stems up to 6.35mm), we first determine Ay, ;, the area (in em?) occupied by
one average individual of height H; (in ¢m), using the quadratic relationship:

Ash,i = Qgsh ° H@Q (5)

where a4, is a species-specific parameter. The model then estimates the
dry weight of leaves and branches up to 6.35mm in diameter (B ;, in kg)
of this average individual, using an allometric relationship with shrub crown
phytovolume assuming a cylinder (in em?):

Bani = apsp - (Agni - Hi - cr(SP;))Psn (6)

where apsp, and bygp, are species-specific parameters and cr(SP;) is a species-
specific crown ratio (a proportion between 0 and 1, the ratio between crown
length and total height). Shrub density (IN;; in ind. - m~2) can be grossly
estimated from percent cover (Cj, in percent) and Ag,; (in em™2):

C;/100

Ny = —Y— 7
Agp.1/10000 (7)

The fine fuel loading of a shrub cohort W;, in kg-m~2) is simply the product
of Bgp,i (kg of dry weight) and Nj:

Wi = Bspi - N; (8)



Our procedure differs from Prichard et al. (2013) because they calculate
first total biomass of the shrub species and then consider the percentage of
total weight that corresponds to leaves and small branches. Foliar biomass
and small branch biomass (both in kg - m~2) can be obtained using the
species-specific ratio rg.35(SP;):

FB; =W,;/r¢.35(SF;) (9a)
SBB; = W; — FB; (9b)

If not known, rg.35(SP;) can be set to a default value of 2 (equivalent to %50
of weight corresponding to leaves).

2.2 Vertical structure of fuels
2.2.1 Strata definition

The Fuel Characteristics Classification System (FCCS) on which this docu-
ment is based, defines six fuel strata (Prichard et al. 2013):

e Canopy: Trees, snags and ladder fuels.
e Shrubs: Primary and secondary layers.

¢ Non-woody vegetation (herbs): grasses, sedges, rushes and forbs.

Woody fuels: All downed and dead wood, sound wood, rotten wood
and stumps.

Litter-lichen-moss: Lichen, litter and moss layers.

Ground fuels: Duff, basal accumulation and squirrel middens.

Shrubs, herbs and woody fuels are constitute the upper surface fuels,
whereas herbs and woody fuels alone consitute the lower surface fuels.
FCCS summarizes and calculates characteristics for each fuelbed stratum
and layer. Our model estimates fuel loading and characteristics for canopy,
shrub, non-woody vegetation, as well as fine (1h) woody fuels and litter
fuels. Larger woody fuels (10h or 100h) could be considered if information
about forest management actions is available. Ground fuels are not included
here.

2.2.2 Vertical distribution of tree and shrub fuels

For all tree or shrub cohorts fuels are assumed to be homogeneously dis-
tributed between the crown base height and the total height (H;). Crown
base height (Hp;; in cm) is defined as the height corresponding to the first
living branch expressed as a fraction of total height. It is calculated from



the crown ratio (C'R; a proportion between 0 and 1), i.e. the ratio between
crown length and total height:

Hy,;=H;-(1-CR;) (10)

In the case of shrubs the crown ratio is simply equal by a species-specific
parameter: CR; = cr(SF;). In the case of trees, the crown ratio is modelled
as a function of tree size and stand competition, following a modification of
the logistic equation of Hasenauer & Monserud (1996):

1
" 1 4+ e (@ertbier HD+bocr (H; /100)+bser- DBH? +c1er BALi+Caer in(CCF))
(11)
where HD = H;/(100- DBH;) is the height to diameter ratio (in m-em™1),
H; is the tree height, DBH,; is the diameter, CC'F' is the crown competition
factor and acr, bicr, boer, b3er, Cier and coq- are species-specific parameters.
The crown competition factor is in turn calculated using (Krajicek et al.

1961):

CR;

CCF =Y "N;- MCA; =Y N; -7 (CW;/2)*/100 (12)

where NN; is the tree density, M CA; is the maximum crown area (in percent
of unit area) and CW; is the crown width (in m) assuming an open-grown
tree, estimated from an allometric relationship with tree diameter:

CW; = agy - BDH?™ (13)

where again a., and b, are species-specific parameters.
The loading of a cohort that occurs within a given height interval of
limits H; and Hs is calculated as:

Wi(Hy, Hy) = Wi - pi(H1, Ha) (14)

where p;(H;, H2) is the proportion of the crown of cohort ¢ that corresponds
to the height interval (Hi, Ha):

max(0, min(H;, Hy) — max(Hy;, H1))
H; — Hy;

pi(Hy, Ha) = (15)

2.2.3 Fuel bulk density profile

Knowing at which height fuels are placed, the fuel bulk density profile
(Reinhardt et al. 2006) is defined for any given interval (H;, H2) as the bulk
density (kg/m?) of fine fuels corresponding to that interval:

_ 2 WiHh, Ha)



Canopy bulk density normally ranges between 0 and 0.4 kg/m?® (Scott
& Reinhardt 2002). Sando and Wick (1972) arbitrarily defined canopy
base height as the lower vertical 0.3-m section with a weight greater than
0.01124kg/m?. A user-defined threshold tgpp (in kg/m?) in 0.1-m sections
is used to differentiate the surface fuelbed from canopy fuels. Using this
threshold the model calculates the following three heights (Reinhardt et al.
2006):

e Shrub stratum base height, Hy, (in ¢m): the minimum height
between 0 and 2 m where fuel bulk density is larger than tgpp.

e Shrub stratum top height, Hy (in ¢m): the maximum height be-
tween 0 and 2 m where fuel bulk density larger than tppp. With this
definition hs cannot be higher than 2 m (corresponding to fuel model
4 in Anderson 1982).

e Canopy base height, H., (in ¢m): In terms of its consequences to
crown fire initiation, canopy base height can be defined as the lowest
height above the ground at which there is sufficient canopy fuel to
propagate fire vertically through the canopy. It is calculated as the
minimum height over Ht when the bulk density starts again to be
larger than tgpp.

e Canopy top height, H, (in c¢m): the maximum height where bulk
density is larger than tgpp.

e Canopy gap, Hgy,p (in cm): the difference between Hy, and Hy;. The
canopy gap is used to calculate crown initiation potential.

The following figure illustrates the definition and analysis of the fuel bulk
density profile for a given forest stand. Following Mitsopoulos & Dim-
trakopoulos (2007), a threshold tgpp = 0.04 has been used to determine
shrub and canopy heights.
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2.3 Fuel loading (w) and fuel depth ()
2.3.1 Canopy stratum

Canopy loading (in kg-m™2) is the sum of (tree and shrub) cohort loadings
above 2 m (i.e. 200 cm):

Weaq = Z Wi ca = Z WZ(2007 OO) (17)

where wj ¢, is the canopy stratum loading of cohort i. Canopy depth (in
m) is defined as the average of tree (or shrub) crown lengths above 2 m,
weighted by the loadings of cohorts in the canopy:

1 Zz Wi, ca * (HZ - Hb,i) " Pica

S 18
“ 100 > Wica (18)

where the proportion of a tree (or shrub) cohort in the canopy stratum is
pi7ca = pi(200, OO)




2.3.2 Shrub stratum

Shrub loading (in kg - m~2) is the sum of (tree and shrub) cohort loadings
between the ground and 2 m (i.e. 200 cm):

weh = Y wish = »_ Wi(0,200) (19)

where w; g, is the shrub stratum loading of cohort 7. The depth of the shrub
stratum (in m) is defined as the average of tree (or shrub) crown lengths
below 2 m, weighted by the loadings of cohorts in the shrub stratum:

L > wish s (Hi — Hoi) - pigsh

by = — - 2
= 100 > Wi (20)

where the proportion of a shrub (or tree) cohort in the shrub stratum is
Dish = pi(o, 200).

2.3.3 Non-woody stratum

Herb percent cover and average herb height are transformed into herbaceous
loading (kg - m~?2) using (ref piropinos):

Whe = 0.014 - Cpe - (Hpe/100) (21)

The depth of the herbaceous stratum (in m) is simply the mean height of
herbs:
She = Hipe/100 (22)

2.3.4 Woody and litter strata

In FCCS (Prichard et al. 2013), woody surface loading includes several fuel
sizes. However, when calculating surface fire behavior w,, includes 100%
of 1h fuels, 25% of 10h fuels and 12.5% of 100h fuels, which represents the
material available for flaming combustion. Obtaining loading estimates for
10h- and 100h-fuels is very difficult without field fuel sampling. However,
we might estimate 1h woody fuels and leaf litter from standing biomass of
small branches (< 6.35mm) and leaves for trees and shrubs. Hence, our
treatment of surface woody fuels includes only fine (1h) fuels.

Assuming a continuous input of litter, the variation in accumulated litter
is described by a simple differential equation (Olson 1963; Birk and Simpson
1980):

dX

T L—-Fk-X (23)
where k is the decay constant, L is the rate of litterfall and X is the litter
mass accumulated in the forest floor. Assuming that litter mass has reached
a steady state, X can be estimated as the ratio between L and k. If litterfall
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is estimated as the total foliar biomass divided by leaf duration, the amount
of steady state leaf litter corresponding to each tree and srhub cohort can

be estimated using:
FB;

LD(SF;) - k;
where F'B; is the foliar biomass of cohort i, LD(SP;) is the species-specific

average leaf duration (in years) and k; is the rate of decay of leaves of cohort
i, which is given by the regreession model of Meentemeyer (1978):

(24)

Wi =

ki = (—0.5365+0.00241- AET) — (—0.015864-0.000056- AET) - LI(SP;) (25)

where LI(SP;) is the species-specific percentage of lignin content in leaves
and AET is actual evapotranspiration (default AET = 1000mm). Litter
loadings are summed for four litter types (short pine needles, long pine nee-
dles, other conifers, broadleaves). In the case of fine dead woody materials
(small fallen branches), loading of small branches is taken as woody litter
and it is assumed that small branch litterfall occurs at the same time as leaf
litterfall (i.e. according to leaf duration):

SBB;
Wwo = ZZ: Wayo,i = Z m (26)

i
where k., = 0.95y~! is a constant rate of decomposition for small branches.
In FCCS, the depth of woody and LLM strata are inputs. In our case the

depth of the woody and litter strata are estimated from the corresponding
fuel loadings:

dwo = wwo/pb,wo (273)
1 = Wii/ po 1 (27h)

where pp.wo, poui are the woody and litter bulk density (in kg-m™3), respec-
tively. Litter bulk density pj; is calculated as a weighted average of litter

types:
Dk Pok Wik
Poli = —~~ 28

i S (28)
where k indicates litter type. The bulk density for litter types are (Prichard
et al. 2013, Table 1):
Pb,shortneedlepine = Pb,longneedlepine = Pb,otherconifer — 1.651b - ft_?) = 2643kg : m_S

(29a)

Db hardwood = 0.831b - ft=3 = 13.30kg - m™> (29b)

2.4 Other fuel characteristics

All the following characteristics are calculated in metric units (although
British units are indicated to qualify specific values for compatibility).
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2.4.1 Particle density (p,)

Particle density is the ratio of dry weight over volume for fuel particles (in
kg -m~3). When species have different values, particle density averages for
shrub and canopy strata can be obtained as:

Zi Ws sh * pp(‘sH)

= 30
Psh i Wish (302)
i Wi ca - pp(SPz)
== = 30b
e = S (300)

where p,(SP;) is the species-specific particle density. pp ne, pPpwo and pp i
are all set to a default value p, = 400kg - m~3 = 25lb- ft~3 (Prichard et al.
2013).

2.4.2 Particle volume (PV)

Particle volume is defined as the volume of particles per surface area (in

m3-m~2). Is calculated as dry weight loading divided by particle density. If

species have different particle density values, the particle volume for canopy
(PV,,) and shrub(PVjy,) strata can be calculated using:

PV, = ZPVi,ca = Zwi,ca/pp(spi) (313)

PV =Y PVign =Y _ wisn/pp(SP) (31b)

where PV; ., and PV, g, are the particle volume of cohort 7 in the canopy
and shrub strata, respectively. The particle volume for woody and herb
strata are simply:

PVyo = wwo/Pp,wo (323)
PVhe = whe/pp,he (32b)

The particle volume for the litter stratum is the sum of particle volume of
litter components:

PVii=> PVig =Y Wik/Ppii (33)
7 7

2.4.3 Packing ratio (f)

The proportion of fuelbed stratum volume occupied by fuel particles is an
important factor to predict fire behavior. At low packing ratios (low particle
density) fire intensity is limited by excessive heat loss. At high packing ratios
(high particle density), lack of oxygen limits combustion. The packing ratios
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for the canopy and shrub stratum (8., and Sg,; dimensionless) are given by:

P ca

ﬁca = 5V (34&)
PV

Bon = (34b)
sh

where w; ¢q and w; 4, are the contribution of cohort i to canopy and shrub
strata loading (in kg-m™2), respectively, and p,(SP;) is the particle density
(in kg - m™3) of fuels in cohort i. The packing ratio for the herbaceous,
woody and litter strata are:

PV,
Bhe = — (35a)
he
PVwo Pb,wo
ﬁwo = = — 35b
6w0 Pp,wo ( )
PVii  poi
;= — = 22 35¢
b i Ppli (85¢)

Note that the packing ratio expressions for woody and litter strata as a ratio
of bulk and particle density arises as a consequence of how fuel depth and
particle volume are estimated.

2.4.4 Surface-area-to-volume ratio (o)

The surface-area-to-volume ratio (in m?-m~3) for the canopy or shrub strata
are calculated using weighted averages:

5, Wiea - 7(SP)
Oca =
Zi Wi, ca
S >_i Wish - 0(SP)
B Zz Ws sh

where w; ., and w; g, are the contribution of cohort i to canopy and shrub
strata loading (in kg - m~2), respectively, and o(SP;) is the species-specific
surface-area-to-volume ratio. The surface-area-to-volume ratio of herbs is
assumed constant op, = 11483m? - m™3 = 3500ft> - ft~3 and that of small
(1-h) woody fuels is 0o = 1601.05m? - m=3 = 488ft? - ft=3. The surface-
area-to-volume ratio for the litter stratum is:

(36a)

(36b)

_ Wik Ok

gl; — 37
: >k Wik (37)
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and the surface-area-to-volume ratio for litter types are:

Oshortneediepine = 6562m” - m™* = 2000ft* - ft = (38a)
Tlongneediepine = 4921m* - m™3 = 1500 f* - ft3 (38b)
Ootherconifer = 8202m? - m™3 = 2500 ft* - ft=° (38¢)
Ohardwood = 8202m? - m™ = 2500ft - ft3 (38d)

2.4.5 Fuel area index (FAI)

The fuel area index (FAI) is the total fuel surface area per unit of ground
area (unitless). It is analogous to leave area index (LAI), and it is used to
calculate FCCS fire potentials (Schaaf et al. 2007). For shrub and canopy
strata, FAI is calculated as:

FALy=Y» FALicq=)» PVie-0o(SP) (39a)

FAILy =) FALg =Y PV,g-0(SP) (39b)

where F'AI; ., and FAI; 4, are the FAI of cohort ¢ in the canopy and shrub
strata, respectively. The FAT of herbs and woody strata are given by:

FAIhe = PVhe * Ohe (40&)
FAIL, = PViyo - 0o (40b)

For the litter layer, FAI is calculated as a sum of FAI for litter components:

FAL; =Y FALix =Y PViy- oy (41)
k k

2.4.6 Moisture (M)

Live foliar moisture (in percent of dry weight) is also averaged across cohorts
composing the shrub or canopy strata:

> Wi sh - M;
Mooy = =ilish ” i 42a
ive,s Zl Wish ( )
Mlive,ca = Zz ~ica : (42b)

Zi Wi, ca

Live foliar moisture of herb stratum (Mjyepe) is an input. The moisture
of dead plant in the canopy and shrub layers (Mgeqd,ca and Mgeqq sn), the
moisture of dead herbs (Mgeqd ne), as well as that of litter (M;;) and woody
(My,) strata are all assumed equal to the moisture of 1-h dead fuels, which
is an input of the model.
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2.4.7 Proportion of dead fuel (Pjeqq)

Woody and litter strata are dead fuels, but for canopy, shrub and herb strata
the proportion of fuels that are dead are variable. The proportion of dead
fuels in the herbaceous stratum (Ppeqd ne) is an input of the model, but for
the shrub and canopy strata these are calculated from the proportion of
dead fuels in each cohort:

Zz’ Wi sh * Pdead,z’

Pd d.sh — 43a

ead,s EZ Wi sh ( )
Z‘wica * Paead,i

Pieqdca = == ’ 43b

ead,ca Zz Wi ea ( )

2.4.8 Low heat content (h)

The low fuel heat content of each surface fuel stratum (in k.J - kg~1) is used
for the calculation of reaction intensity. Heat content values are adjusted for
live foliar moisture content in canopy, shrub and herb strata; and are left to
the default value for woody and litter strata:

hea = Peadef — (Miive,ca/100) - V (44a)
hsh = hshdef — (Miive,sn/100) -V (44b)
hhe = haef — (Miive,he/100) - V/ (44c)
hwo = iy = hges (44d)

where hgor = 18608k.J - kg~ = 8000Btu-1b—! is the default low heat content
value for herbs, woody and litter strata, and V = 2596kJ-kg~! = 1116 Btu-lb
is the latent heat of vaporisation of water. The default low heat of contents
for the canopy and shrub strata (hegder and hgp ) are calculated as a
weighted average across cohorts:

22 Wica - M(SE)

hca,def = Z Wi.00 (45&)
hsh,def = ZZ 2'hwi si ) (45b)

where h(SP;) is a species-specific low heat content value.

2.4.9 Flammability index (nr)

Flammability index (np € [1,2]) is a multiplier of reaction efficiency based on
expert opinion applied to species that burn with more intensity than others,
resulting from differences in fuel chemistry. Flammability index of canopy
and shrub strata are the result of averaging the flammability of cohorts using
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loading as weights:

_ Zz Wi, ca * 77F<51D2)

= 46a

nF,ca Zl Wica ( )
> i Wi sh - MF(SP;)

p— 2 46b

NF,sh S i (46b)

where np(SP;) is a species-specific flammability value. Flamability index
for other strata are set to default values:

NFhe = NFL = 1.5 (47a)
NFwo = 1.0 (47b)
2.4.10 Reactive volume (RV)

The volume per surface unit (m? - m~2) that would be involved in flaming
combustion.

RV, = Wshrub/ Pp,sh (48a)
RVihe = Whe/ Pp,he (48b)
RVyo = wwo/Pp,wo (48c)
RVj; = min(wi;, Wmax,1i)/ Pp,ii (484d)

In the case of litter, the flame loading is limited by wmax i, the maximum
loading that would be consumed in the flaming stage of combustion, calcu-
lated as a weighted average of litter types:

Dk Wmaxk - Wik
Wmax,li =
2ok Wik

where k indicates litter type. The maximum combustion loadings for litter
types are (Prichard et al. 2013, Table 2):

(49)

Wmax,shortneedlepine — Wmax,otherconifer = 03248k9 : m72 = 290000 - acil

(50a)
Wnax longneediepine = 0.6496kg - m™2 = 58001b - ac™* (50b)
Wnax hardwood = 0-3472kg - m™2 = 31001b - ac™ (50c)

2.5 Unit conversion of fuel characteristics

FCCS calculations employ empirical equations that were derived in British
units system. Hence, all the fuel characteristics and model inputs that are in
metric units have to be translated into British units prior to fire behaviour
calculations:

e Loading: 1kg-m™2 = 0.2049181b - ft =2
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Depths: 1m = 3.2808399 ft

Particle density and bulk density: 1kg-m™3 = 0.062427961b - ft 3

Particle volume and reactive volume: 1m?3-m=2 = 3.2808399 3. ft—2

Surface-to-area-volume ratio: 1m?-m™2 = 0.3048ft> - ft 3

Heat content: 1kJ - kg~! = 0.429922614Btw - [b~!

Wind speed: 1m - s~ = 2.23693629mph

3 Surface fire behavior

3.1 Surface rate of spread (R)

In the Rothermel (1972) model, surface rate of spread is defined as the
ratio of heat source (i.e. the surface fire energy propagated to unburned
fuels) to surface fuel heat sink (i.e. the energy required to preheat fuels).
Owing to the difference in packing ratio between the litter stratum and
the other surface fuels, litter-dominated fuelbeds may have substantially
different spread rates than other fuelbeds. For this reason, in FCCS the rate
of spread (in ft-min~1) is calculated separately for litter stratum and the
final rate of spread is the maximum of the rate of spread of all surface fuels
and that of the litter stratum. Rate of spread is also limited to a maximum
based in windspeed and slope.

R = min(WindSlopeCap, max(Rsurf, Riitter)) (51)

The surface fuel and litter fuel rates of spread are given by the application
of Rothermel’s (1972) equation to each case:

IR,surf . Ssurf . (1 + (bW + (bS)

Rsurf = Gsurf (52&)
sur
I sister - Euitrer - (1
Rlitter _ R,litter glztteql ( + ¢W + ¢5) (52b)
itter

where I gurf and Ig jiser are the reaction intensities (in Btu - ft=2-min=1),
Esurp and &iprer are the propagating flux ratios, ggy, ¢ and e, are the heat
sinks. Finally, ¢y and ¢g are the slope and wind modifiers. All of them are
explained in the following sections. The maximum rate of spread calculated
from windspeed and slope is:

WindSlopeCap = 88 - U - (1 + ¢g) (53)

where U is windspeed (in mph) and 88 is a conversion factor (from mph to

ft/min).
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3.2 Reaction intensity (Iz)

Reaction intensity of surface fuels (in Btu - ft=2 - min~1) is calculated as
the sum of component reaction intensities of the four different surface fuel
strata, whereas the reaction intensity in the litter uses this strata alone:

IR surf = Ipsh + IR he + IRwo + IRy (54a)
IR jitter = IRy (54b)

Each component reaction intensity is calculated using:

Irsh = (n auswf) Thnax,sh - Wsh = Psh - Mg sh - MK sh - MF.sh (55a)
IR he = (Uﬁlowsw)Ahe . P/rnax,he “Whe * Phe * MM he * MK he * TFhe (55b)
IR wo = (Uﬂlowsw) T hhaxwo " Wwo * Mwo = MM wo * MK wo * MFwo  (55¢)
I = (U,Bhtm)A“ T ti Wi = hai - Mg - MK ME (55d)

In the above equations, wgp, Whe, Wywo and wy; are the loadings of the corre-
sponding shrub, herb, woody and litter strata, respectively. These quantities
were defined in previous sections, as were the corresponding low heat fuel
contents (hsp, hne, huwo and hy;) and flammability indices (97 s, NF ke, NFwo
and g ;). Mineral damping coefficient (g ; dimensionless) is set to the same
value (corresponding to the conventional value for silica-free ash content of
1%) for all strata:

NK,sh = NK,he = NIK,wo = NK,li = 0.42 (56)

In the following subsections, we describe the calculation of the remaining
variables for each stratum: reaction efficiency (), Rothermel’s A param-
eter, maximum reaction velocity (I" and moisture damping coefficient

(1)

max)

3.2.1 Reaction efficiency (73/)

Reaction efficiency (between 0 and 1) represents the damping effect of in-
efficiently packed fuels in the reaction intensity. Because shrubs rarely
burn without lower surface fuels, the reaction efficiency of the surface layer
(ngallsw ) includes shrubs, herbs and woody fuels. Low surface fuels may
carry ﬂarnes without involving shrubs, so are assumed to burn with a single
reaction efficiency (n/Bl/owsurf) determined by the combined characteristics of
herb and woody fuel strata. Both are calculated similarly:

= Bttsurs - €' Vattsurs (57a)
= ﬁl/owsurf ’ el_ﬂlowswf (57b)

NI,

allsurf

nﬁllowsurf
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where ﬁéllsmf and 5l'owsmf are the relative packing ratios corresponding

to all surface fuels and low surface fuels, respectively. Relative packing
ratios (4'; dimensionless) are defined as the ratio of optimum depth (dop¢)
to effective depth (0ery):

Btlzllsurf = 5opt,allsurf/5eff7allsurf (583)
Bl/owsurf = 5opt,lowsurf/(5eff,lowsurf (58b)
Optimum depth is the depth (in ft) at which fuels are optimally packed for
maximum reaction intensity:
5opt,allsurf = PVallsurf + OptAirVOZallsurf (593)
5opt,lowsu7’f = PWowsurf + OptAiTVOZlowsurf (59b)
where PVyjisurf and PVigysurf are the volume of particles (in ft3- ft=2) for
all surface fuels and low surface fuels, respectively, given by:
PVallsurf = P‘/:sh + PVhe + PVio (603)
PWowsurf = PVhe + PVio (60b)
Opt AirV ol ayisury and Opt AirV olayeur ¢ are the volume of air space (in ft3-
ft72) between fuel particles that would result in maximum reaction inten-
sity:
OptAirVolaysur = 45 - (RVsh + RVhe + RViyo) (61a)
OptAirV oljowsurt = 45 - (RVhe + RViyo) (61b)
On the other hand, effective depths of all surface fuels and low surface fuels

(in ft) are calculated as their depth, weighted by the reactive volume (and
percentage cover in FCCS):

(R‘/sh ' 6sh) + (the : 5he) + (vao : 5wo)
RVsp + RVye + RVyo
(the : 5he) + (RVwo . 611)0)
RVpe + RV,
Reaction efficiency of the litter stratum is determined separately from
the other strata. It is defined as the average of reaction efficiency across
litter types, calculated using loadings as weights:

Zk Tg;, * Wi,k
775l/7ltter o Zk Wi k

where k indicates litter type. The reaction efficiencies of litter types are
(Prichard et al. 2013, Table 2):

5eff,allsurf = (62&)

6eff,lowsurf = (62b)

(63)

B;hartneedlepine = nﬁgtherconifer = 018 (64&)
nﬁllongneedlepine = 027 (64b)
nﬂ;ul'rdwood = 011 (64C)
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3.2.2 Rothermel’s A

A dimensionless coefficient that modifies reaction’s efficiency (eq. 57) to
account for lower sensitivity of reaction efficiency to relative packing ratio
in flash fuels:

Ao =A;i =1.0 (65a)
Agp =133 o071 (65b)
Ape =133 5, 07013 (65¢)

where oy, and oy, have to be expressed in ft?- ft—2; Values 133 and —0.7913
are empirical constants (Rothermel 1972).

3.2.3 Maximum reaction velocity (I7,.)

The reaction velocity (in min~!) that would exist at optimum fuelbed depth
with no fuel moisture or mineral content.

Osh

Dl st = 9495 2 (66a)
T e = 9:495 - Z’w (66b)
T o = 9495 (66¢)

maxi = 15 (66d)

where 0y, = 488ft% - ft=3 = 1601.05m2 - m~3 is the surface-to-area-volume
ratio typical of small woody fuels. In Prichard et al. (2013) o, is defined
as the average of shrub foliar surface-to-area-volume ratio and o, but in
our case o(SP;) for each species includes both leaves and small branches.
Eq. 66 represent a significant departure from Rothermel (1972) maximum
reaction velocity, and are also different from Sandberg et al. (2007).

3.2.4 Moisture damping coefficient (/)

Moisture damping reduces reaction velocity and hence reaction intensity
(eq. 54). It is calculated for each stratum using the following regression
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equations:

M,
MM, live,sh = 1—2.59. Xl’L’Ue sh>:| n
live,sh

(67a)
Mdead sh >:| (Mdead sh > 2 (Mdead ,sh
=1-259.- | ——— )| + |5.11- | ——— 3.52 -
1M,dead,sh L (Xdead,sh Xdead,sh Xdead sh
(67b
[ Mlive he >:| <Mlive he ) 2 lzve he
; =11-—2.59- : + |5.11 - : — 13.52-
77M,lwe,he L (Xlive,he Xlive,he Xlwe ,he
(67¢)
[ Mdead he Mdead he 2 dead he
Mdeadhe = |1 —2.59 - < 1 |5.11 . | Sdeadhe 3.52 .-
K camne L Xdead,he Xdead he Xdead he
(67d)
:_1—259- Muo 5.11 - Mo )* — [3.52- Mo )
N R o Ko 27\ Xuo
(67e)
[1 2.59 <M”)] 5.11 - (Ml')Q 3.52 (M“>3
= — 9. . _ . .
Lt Xii Xii Xii
(67f)

where moisture contents of extinctions were arbitrarily set to Xgeqdsn =
XdeadeXwO = Xli = 25, Xlive,sh = 180 and Xlifue,he = 120 in Sandberg et
al. (2007). As it can be seen in the equations above, in the case of shrub
and herb strata, moisture damping of live and dead fuels are differentiated.
Average values are found after accounting for the proportion of live and dead
material:

TIM,sh = TIM,live,sh * (1 - Pdead,sh) + TIM ,dead,sh * Pdead,sh (68&)
MM he = MM live,he * (1 — Pead,he) + MM, dead,he = Pdead,he (68b)

3.3 Propagating flux ratio (&)

The propagating flux ratio (dimensionless) is the proportion of the reaction
intensity (eq. 54) that contributes to the forward rate of spread, estimated
using an empirical regression:

RV:; RV, e RVwo RV@
Eours = 0.03+ 2.5 - min [0.06, h e & Al (69a)
5su7“fheatsink
&iitter = 0.03 4+ 2.5 - min [0.06, R;/’} (69b)
li
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where Ogyr fheatsink 15 the depth of surface heat sink (in ft), which in Prichard
et al. (2013) is calculated as the sum of strata depths weighted by their
relative cover. In our case we weighted stratum depths as in the calculation
of effective depth (Jeff ausurf), but considering all four strata:

5 ) o (R‘/sh . 5sh) + (the : 6he) + (RVwo : 511)0) + (R‘/ll . 512)
sur fheatsink — R‘/sh T the T RVwo T R‘/Z’L

(70)

3.4 Heat sink (q)

Like reaction intensity, the heat sink term (in Btu- ft~3) of the rate of spread
equation is calculated in FCCS for each fuel stratum and then summed:

Gsurf = 4sh + Ghe + Guwo + qui (71&)
Qlitter = qli (71b)
where the heat sink for each stratum is:
RVip - pp,sh - Qigsh
o ) 72
q'sh‘ nﬁsuf‘f min(ésh’ ]-ft) ( a)
RVie - pphe - Qighe
o ' , 72b
he = Miowsurs "™ min(Ope, 11) o
RViyo * Ppwo - QiGwo
- . ) 72
Quo nﬁlowsm“f min(éwoy 1ft) ( C)
RVii - ppyi - Qigii
N , 72d
qli n/Bl'L min((;li7 1ft) ( )

Where pp sk, Pphes Ppawo and pp i are the particle densities (in b - ft=3) of
each fuel stratum; and RV, RVje, RVyo, and RV); are the reactive volumes
of each fuel stratum. Unlike in Sandberg et al. (2007), the calculated heat
sink is corrected by the reaction-efficiency term (nggwf, 8}, urs OF nﬁl,i)’ and
the effective depth of each stratum included is limited to 1ft, based on the
assumption that it is not necessary to preheat more than one 1ft of depth
within a stratum to achieve ignition.

Heat of pre-ignition (Qig; in Btu - 1b~') is the amount of heat required
to ignite 11b of fuel. It is calculated by stratum as a weighted average of live
and dead fuels in shrubs and herbs.

Qigsh = Qiglive,sh : (1 - Pdead,sh) + Qigdead,sh : Pdead,sh (733)
Qighe = Qiglive,he : (1 - Pdead,he) + Qigdead,he : Pdead,he (73b)

Whereas Qigiive,sh and Qigiive ne are corrected by fuel moisture, Qiggead,sh
Qi9dead,he and the other strata (Qigw, and Qigy;) are assumed a constant

value:
Qiglive,sh = 250 + (V : (Mlive,sh/loo)) (74&)
Qiglive,he =250 + (V ’ (Mlive,he/loo)) (74b)
Qigdead,sh = Qigdead,he = Qigwo = Qigli = 250 (74C)

22



where 250 Btu /b is the heat of preignition of dry cellulose and V' = 1116 Btu/lb
is the latent heat of vaporization.

3.5 Wind and slope coefficients (¢ and ¢g)

Wind and slope coefficients modify the heat source term of the rate of spread
equation. Owing to differences in fuel characteristics and boundary condi-
tions between the litter stratum and other surface fuel strata, in FCCS
wind and slope coefficients are calculated separately for the litter stratum.
The wind and slope coefficients terms in the rate fo spread equation are a
weighted average of litter and surface wind and slope coefficients using the
relative contribution to reaction intensity as weights:

¢W = (1 - IR,litter/IR,surf) : ¢W,surf + (IR,litter/IR,surf) : QSI/V,litter (753)
¢S = (1 - IR,litter/IR,surf) : ¢S7surf + (IR,litter/IR,surf) : ¢S’,litter (75b)

Wind coeflicients are calculated using:

QZ)W,surf =88- ﬁ;;rEf ’ (U/BMU)B (76&)
Owitter = 8.8 B, - (U/BMU)P (76b)

where U is the input midflame windspeed (in ft - min~'), BMU = 352t -
min~! is the benchmark midflame windspeed, Bl f is the relative packing
ratio (eq. 58), B is the exponential response of wind coefficient to wind-
speed (B = 1.2 in Sandberg et al. 2007), and FE is the exponential term
representing the mild effect of large fuels in reducing the accelerating effect
of wind on fire spread by attenuating wind flow, given by:

FAILg, + FAIp,

E=055-0.2-
FAl, + FALL, + FAIL,,

(77)

FE is assumed to be the same for both all surface fuels and litter fuels.
Slope coefficients are calculated using the empirical equation of Rother-
mel (1972), applied to all surface fuels and litter fuels:

s surf = 5.275 - (5/100) - (Bsh + Bhe + Buo) ~*° (78a)
O titer = 5275+ (S/100)% - 5, (78b)

where S is the slope (in percent) and /5 is the packing ratio (not relative!)
of fuels.

3.6 Fireline intensity (/z) and flame length (F'L)

Byram’s fireline intensity (Ip) is the rate of heat release per unit of fire edge
(in Btu - ft~1-min~1), and in FCCS is calculated as (Albini 1976):

Ip = IR surf - (R-tR) (79)
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where IR o,f is the surface reaction intensity, R is the rate of spread and
tr is the flame residence time, which is defined as the time (in min) fuels
contribute to propagating flux and is estimated as (Albini 1976):

(IR,sh : RTsh) + (IR,he ' RThe) + (IR,wo : RTwo) + (IR,li : RT’Z@)
IR,squ

tr =192

(80)
where RT is the reaction thickness, the approximate thickness (in ft) of a
fuel element shell that contributes to reaction intensity. In FCCS, reaction
thickness is estimated as RT = 0.0028 ft for thermally thick fuel elements
(Sandberg et al. 2007). When the diameter of a fuel element is less than
twice the reaction thickness, the entire fuel element contributes to reaction
intensity. Reaction thickness values for each stratum are given by:

RT,;, = min
0.0028,2/0p,)
0.0028,2/0 ) (81c
0.0028,2/0y;) (81d

RT}. = min
RT,,, = min

RT};; = min

0.0028,2/041) (81a
(

o~ o~~~

Flame length is defined as the distance (in ft) between the flame tip and
the midpoint of the flame depth at the base of the flame, and is calculated
(Byram 1959):

FL =045 (Ig/60)°40 (82)
where 60.0 is a factor to convert from Btu - ft~!-min~! to Btu- ft—1-s71.

4 Crown fire behavior

Crown fire behavior is difficult to model and actual rates of spread are not
possible to predict. Here we mainly follow the approach given in FCCS
(Prichard et al. 2013), although in our case the canopy is not subdivided
into layers (overstory, midstory and understory).

4.1 Crown fire rate of spread (R; own)

The rate of spread of crown fires is estimated by using a modification of
Rothermel’s equation:

IR,croum : gcrown -WAF _ (IR,squ + IR,ca) . gcrmun -WAF
dcrown Qsurf + dea

Rcroum - (83)
where IR 4.t is the surface reaction intensity, Ig ., is the canopy reaction
intensity, £crown is the propagating flux ratio in the canopy, gy, s is the sur-
face heat sink and ¢, is the canopy heat sink. Note that reaction intensities
and heat sinks of canopy and surface fuels are added for the application of
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Rothermel’s equation. Other modifications include the exclusion of slope ef-
fects and the consideration of wind effects through a wind adjusment factor
(WAF).

Crown propagating flux ratio (£erown; in Btu - ft=3) represents the pro-
portion of the crown reaction intensity that contributes to crown fire’s for-
ward rate of spread:

(_ FAIc,l)
. 4.9
Scrown =1l-e¢ ca

(84)

where F'Al., is the fuel area index of the canopy, and d., is the canopy
depth (in ft). Wind adjustment factor (W AF) is defined as:

_ UNTZFVS?
BMU/vVBMU? + V52

where U is the input (midflame) windspeed (in ft-min~1), BMU = 352ft-
min~! is the benchmark windspeed and V.S = 900t - min~! is the vertical
stack velocity.

The following two subsections detail the calculation of canopy reaction
intensity (/g,cq) and canopy heat sink (gcq).

WAF

(85)

4.2 Canopy reaction intensity (/g,)

Reaction intensity of canopy fuels (in Btu - ft=2 - min~!) is estimated as:

IRea = (131,)""  Thnaca " Wea = Pea * M ca * K ca * NF.ca (86)
where A., = 133 - 0,913 is Rothermel’s A coefficient, [hax.ca = 15min~!

is the maximum reaction velocity of the canopy, w., is the loading of canopy
fuels (in 1b- ft=2), heq is the heat content of the canopy fuels (in Btu-1b~1),
NK,ca = 0.42 is the mineral damping coefficient and nr ., is the flammability
index of the canopy stratum. Moisture damping coeflicient for the canopy
(MM,ca) is estimated as done for shrub and herb strata:

_ A
TIM live,ca = 1—2.59. <l7’ve’ca‘>:| +

511 - (Mlive,ca)z _1352. (Mlz"ue,ca
Xlive,ca Xli'ue,ca

)]

live,ca
(87a)
[ Mdead ca Mdead ca 2 Mdead ca 5
M,dead,ca = |1 —2.59 - <’ + (511 (| ———— — 352 | ————
! catea L Xdead,ca Xdead,ca Xdead,ca
(87b)
NIM,ca = "M, live,ca * (1 - Pdead,ca) + TIM ,dead,ca * Pdead,ca (87C)

where moisture contents of extinctions were arbitrarily set to Xgeqd,ca = 25
and Xjje.cq = 180.
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The reaction efficiency in the canopy (g ) represents the damping

canopy

effect of inefficiently packed fuels in the canopy:

17 !
nﬁéanopy = /Béanopy e Beanopy (88)
where 7,0y 18 the relative packing ratio in the canopy:
Béanopy = 50pt,can0py/ 56ff,can0py (89)

where the effective depth is ¢ ¢ f,canopy = 0ca (in ft) and the optimum canopy
depth is calculated using:

5opt,canopy =04- FAIca + 5ca : (5ca : Cca/loo) (90)

where C,, is the percent cover of the canopy, F'Al., is the fuel area index
of the canopy, ., is the packing ratio of canopy fuels and é., is the canopy

depth (in ft).
4.3 Canopy heat sink (g.,)

Canopy heat sink (in Btu - ft~3) is estimated using:

0.5-FAl,-RTq - ppca Qifca
(Cea/100) - dcq

Gca = (91)
where C,, is the percent cover of the canopy, F'Al., is the fuel area index
of the canopy, RT., = min(0.0028,2/0.,) is the reaction thickness of the
canopy stratum (in ft), pp. o is the particle density of the canopy (in lb- ft=3),
dcq 1s the canopy depth (in ft) and Qig., is the heat of pre-ignition of the
canopy stratum (in Btu-Ib~!), which is calculated as a weighted average of
live and dead fuels:

Qiglive,ca =250 + (V : (Mlive,ca/loo)) (92&)
Qigdead,ca = 250 (92b)
Qigca = Qiglive,ca ' (1 - Pdead,ca) + Qigdead,ca ' Pdead,ca (92C)

where 250Btu/1b is the heat of preignition of dry cellulose and V' = 1116 Btu/1b
is the latent heat of vaporization of water.
4.4 Fireline intensity (/s couwn) and flame length (F'Le own)
Byram’s fireline intensity for crown fires is estimated using:

IB,crown = IR,crown ’ (Rcrown : tR,crown) (93)

where IR crown is the crown reaction intensity (i.e. the sum of canopy and
surface reaction intensities), Rerown 1S the rate of crown fire spread and
tR,crown is the flame residence time, estimated as:

tp =192 RT,, (94)
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where RT,, = min(0.0028,2/0,, is the reaction thickness of the canopy. As
for surface fires, flame length is calculated using:

FLcrown =045 (IB,crown/G(])OAﬁ (95)

where 60.0 is a factor to convert from Btu - ft=1-min~! to Btu- ft=1-s71.

5 Fire potentials

5.1 Surface fire behavior potentials

The surface fire behavior potential (SF P; between 0 and 9) is an index
defined as the maximum of spread potential (SP) and flame length (F'L)
potential indices (both between 0 and 9):

SFP = max(SP, FP) (96)

Spread potential is derived from R (in ft-min~!), and flame length
potential is derived from F'L (in ft), both quantities being calculated at
benchmark environmental conditions:

SP = min [9, Rl/ﬂ (97a)

FP = min [9, FLl/Q} (97b)

5.2 Crown fire behavior potentials

The crown fire summary potential (CPF') combines three subpotentials
into a single index value between 0 and 9. It places more emphasis on
crown fire initiation (/C) and rate of spread (RC) than to crown-to-crown
transmissivity (7°C):

CFP = 0.4286 - (IC + (TC/3) + RC) (98)

where 0.4286 is used to limit C'PF between 0 and 9.
The crown fire initiation potential (/C) represents the likelihood of

a surface fire torching into single or multiple trees. IC is based on the work
by Van Wagner. If FFAI., = 0 then IC = 0. Otherwise it is calculated as:

IC = min [9, 4. (IBI/C 60>0'2] (99)

where I is the surface fireline intensity (60 is used to convert it to Btu- ft~1-
s71) and I’ is Van Wagner’s critical fireline intensity (Scott and Reinhardt
2001):

I, = 0.288894658 - [0.01 - (Hyqp/100) - (460 + 25.9 - Myive.ca)]'®  (100)
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where Mjjye cq is the moisture content of the canopy (in percent of dry
weight), 0.288894658 is used to convert from kJ-m~!-s7! to Btu- ft=1.s71
and Hqp is the canopy gap (in em) determined from the analysis of the bulk
density profile.

The crown-to-crown transmittivity potential (7'C) is set to zero if
FAl., <TFAI/(3-7), where TFAI is a threshold for FAI calculated as:

TFAI = Ay - e” 000U (101)

where A, = 3.2868 if 0., > 2000t - ft~3 and A, = 2.6296 otherwise. If
FAl., >TFAI/(3 ), then TC is calculated as:

TC = min[9,10 - TC,) (102)

where T'Cy is the efficiency of crown-to-crown heat transfer, as a proportion
of maximum efficiency at 100 % canopy cover:

(max(0.0, Coq - WAF — 40))°3

TC., =
Ca (100 - WAF — 40)0-3

(103)

In this last equation 40 represents the threshold of canopy cover necessary
to initiate dependent crown spread, and 0.3 is a coefficient describing the
assumed effect of crown cover on transmittivity at benchmark windspeed.
The canopy adjustment ratio WAF is added to modulate transmittivity

depending on windspeed.
Finally, the crown fire rate of spread potential (RC) is defined as:
RC = min |9,2.5 - RY/¢ (104)

crown

where Rirown is the rate of spread (in ft - min~!) of the crown fire.

6 Unit conversion of outputs

The following factors are used to express fire behavior outputs to metric
units:

e Fire spread rates: 1ft-min~' = 0.3048m - min~!

Flame length: 1ft = 0.3048m

Reaction intensity: 1Btu - ft=2 - min~' = 11.3484kJ - m~2 - min~—!

Heat sink: 1Btu - ft—2 = 37.2589458k.J - m 3

Fireline intensity: 1Btwu - ft=1 - min~! = 0.0576911555kW - m~!
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7 Species-specific parameters

cr(SP;): [cr]: Ratio between crown length and total height for shrubs.

ot foe, Croe, dppe [a_fbt, b_fbt, c_fbt, d_fbt]: Regression coeffi-
cients used to calculate foliar biomass of an individual tree from its
DBH and the cummulative basal area of larger trees.

aqsh [a_ash]: Regression coefficient relating the square of shrub height
with shrub area.

apsi, and bygp, [a_bsh, b_bsh]: Allometric coefficients relating phytovol-
ume with dry weight of shrub individuals.

r6.35(SP;) [r635]: Ratio between the weight of leaves plus branches
and the weight of leaves alone for branches of 6.35 mm.

pp(SP;) [PD]: Particle density.

o(SP;) [SAV]: Surface-area-to-volume ratio of the small fuel (1h) frac-
tion (leaves and branches < 6.35mm).

h(SP;) [HeatContent|: Low fuel heat content.

nr(SP;) [Flammability]: Flammability value (either 1 or 2 for normal
or high, respectively).

LD(SP;) [LeafDuration]: Leaf duration (in years).

LI(SP;) [PercentLignin|: Percentage of lignin in leaves.
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