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PREFACE 

This is an unpublished report made available for general use 
only. The information presented here is subject to further review and 
revision prior to formal publication, and the report is not to be repro­
duced in whole or in part, nor listed as a bibliographic reference in 
its present form without the consent of the authors. 

Persons involved with making fire behavior predictions are en­
couraged to communicate their assessment of this interim edition report 
on the Canadian Forest Fire Behavior Prediction System to the authors. 
Inquiries and/or comments should be directed to the appropriate CFS Fire 
Danger Group representative listed below. 

Contact 

Charles E. Van Wagner 
Petawawa National Forestry Institute 
Canadian Forestry Service 
Chalk River, Onto KOJ lJO 

Telephone: (613) 589-2880 

Brian J. Stocks , 
Great Lakes Forest Research Centre 
Canadian Forestry Service 
P.o. Box 490 
Sault Ste. Marie, Onto P6A 5M7 

Telephone: (705) 949-9461 

Bruce D. Lawson 
Pacific Forest Research Centre 
Canadian Forestry Service 
506 West Burnside Road 
Victoria, B.C. V8Z 1M5 

Telephone: (604) 388-3811 

Martin E. Alexander 
Northern Forest Research Centre 
Canadian Forestry Service 
5320 - 122 Street 
Edmonton, Alta. T6H 3S5 

Telephone: (403) 43~-7210 

Geographical Area of 
Responsibility 

Quebec, Newfoundland, Prince 
Edward Island, Nova Scotia, and 
New Brunswick. 

Ontario. 

British Columbia and Yukon 
Territory. 

Alberta, Saskatchewan, Manitoba, 
and Northwest Territories. 



ABSTRACT 

This report represents the interim edition of the rate of spread 
(ROS) component of the Canadian Forest Fire Behavior Prediction (FBP) 
System. The principal input variable is the Initial Spread Index (lSI) 
of the Canadian Forest Fire Weather Index System. Head fire ROS/ISI 
relationships are presented for 14 major Canadian fuel types in equa­
tion, ~raphical, and tabular form. Written descriptions of each fuel 
type are included. Instructions for adjusting the Fine Fuel Moisture 
Code (FFMC) for time of day and topography, and the effect of ground 
slope on fire spread rates are also included. Procedures for projecting 
fire growth from a point ignition or an active perimeter source are des­
cribed. Guidelines for documenting observations of wildfire behavior 
are presented. Details regarding the technical development of the FBP 
System's spread component are provi ded. The fi re spread rel ati onships 
in the FBP System are interpreted in terms of fuel complex character­
istics and wind effects. 
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INTRODUCTION 

The Canadian Forest Fire Danger Rating System (CFFDRS) has been 
under development in its present form since 1968, when the Canadian 
Forestry Service (CFS) adopted a modular approach to a new national 
system of fire danger rating (Muraro 1969). The first major sub-system 
of the CFFDRS is the Canadi an Forest Fire Weather Index (FWI) System. 
It has been in operational use by fire management agencies across the 
country since 1971. The FWI System provides numerical ratings of rela­
tive fire potential. Its components have been regionally calibrated for 
use by fire management agencies as guides to the evaluation of fire 
danger. Documentation of the FWI System's structure is provided in Van 
Wagner (1974), a computer program and equation list in Van Wagner and 
Pickett (1984), and the current tables for FWI System calculations 
(Canadian Forestry Service 1984). 

The other major sub-system of the CFFDRS was conceived, in the 
original modular approach, as being a collection of regionally developed 
and published quantitative indexes of actual fire behavior (e.g., rate 
of spread in m/min) in specific fuel types. This sub-system has been 
variously termed a series of Burning Indexes (BI) (Kin 1971; Lawson 
1972; Van Wagner 1974), then later a family of Fire Behavior Indexes 
(FBI) (Lawson 1977b; Stocks 1977; Quintilio 1978). Together with the 
FWI System, the BIs or FBIs conceptually formed a national system of 
fire danger rating called the Canadian Forest Fire Behavior (or Behavior 
Rating) System. A number of regional BIs and FBIs were developed during 
the 1970s. Some were issued in the form of Regional Supplements to the 
three CFS regional versions of the Canadian Forest Fire Behavior System 
distributed by Pacific and Yukon Region (Supplement BC-3, [Muraro 1971] 
developed but not officially distributed), Western and Northern Region 
(Supplement NFRC-1) and Ontario Region (Supplements ONT-1 and ONT-2). 
As well quantitative measures of one or more fire behavior characteris­
tics in a number of fuel types were published by Van Wagner (1973), with 
1 ater experimental or developmental work on quant itat i ve fi re behavi or 
appearing for both logging slash (e.g., Muraro 1975; Stocks and Walker 
1973; McRae 1980), and for standing timber fuel types (e.g., Lawson 
1973; Quintilio et al. 1977). 

The concept of BIs and FBls is now bei ng repl aced by the new 
sub-system of the CFFDRS described here, the Canadian Forest Fire Behav­
ior Prediction (FBP) System. (The old term, Canadian Forest Fire Behav­
ior System, encompassing both FWI System and BIs or FBIs was officially 
changed in favor of CFFDRS in 1975 [CCFFC 1976J.) In practice, it is 
expected that the new FBP System will augment existing user agency fire 
management decision aids (e.g., BC Ministry of Forests 1983) which, in 
some cases, have incorporated local modifications of the former BIs or 
FBIs to suit particular management applications. 

Philosophically, the FBP System reflects the long-established 
CFS approach to fi re behav i or research, as descri bed by Van Wagner 
(1971). Field observation and documentation of readily measured 
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variables on experimental fires, followed by analysis of the data using 
rather simple mathematical models and correlation techniques, are the 
basis of the CFS approach. Well-documented operational prescribed fires 
and wildfires have been used as well, the latter being particularly 
useful to determine the extreme end of the fire behavior scale where 
experimental fires are difficult to manage. Laboratory-based fire 
research in moisture physics and heat transfer theory provides the 
models and framework by which field data are analyzed and explained. 

Structurally, the FBP System consists of three fire behavior 
components as primary outputs; rate of spread, fuel consumption and fire 
intensity (Fig. 1). This interim edition contains only the rate of 
spread component; the other two maj or components are under development 
for inclusion in the published edition of the FBP System, which will be 
issued as a CFS Forestry Technical Report in 1986. 

FUELS 

(e.g. select fuel 
type) 

O_b I 

WEATHER 

(e.g. lSI from 
FWI System) 

CANADIAN FOREST 
FIRE BEHAVIOR PREDICTION (FBP) 

SYSTEM 

Parameter Units 

RATE OF SPREAD (ROS) m/min; km/h 

FUEL CONSUMPTION kg/m2; Vha 

FRONTAL INTENSITY kW/m 

TOPOGRAPHY 

(e.g., ROS slope 
adjustment) 

Figure 1. Simplified structure of Canadian Forest Fire Behavior Predic­
tion (FBP) System. 
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FRP System inputs are drawn from the three major groups of vari­
ables affecting fire behavior, namely fuels, weather and topography. 
The rate of spread component of the FBP System specifically draws on 
three inputs: fuel type (selected from a list of 14 discrete fuel type 
descriptions, in this interim edition), Initial Spread Index (IS!), a 
component of the FWI System, and topographic slope. 

The output from the spread component of the FBP System is for­
ward, linear, head fire rate of spread (ROS) on level terrain under 
equilibrium conditions. By defining ROS as the forward movement of the 
fi re front per uni t time after havi ng reached an eQui 1 i bri urn steady­
state, crowni ng and spotti ng are automati ca lly accounted for, in terms 
of their influence on the overall spread rate in fuel types subject to 
these fi re behavi or phenomena. Crown fi re threshol ds are i ndi cated as 
part of the basic ROS output of the system. 

The spread component of the FBP System is presented for 14 
broadly defined Canadian fuel types. Fuel types are described mainly 
qual itatively, emphasizi ng obvi ous properties of stand structure and 
composition, and surface and ground fuels important to fire behavior. 
Terminology is used in the fuel type descriptions which allows semiquan­
titative comparison of characteristics among fuel types to assist a user 
in selecting the most appropriate fuel type. The 14 fuel types 
described do not cover the entire spectrum of Canadian forest and range­
land fuel complexes, but reflect a wide range of the variation experi­
enced and the limits of presently available fire behavior data. Further 
expansion and refinement of fuel types is anticipated as fire behavior 
research continues. 

Predicted fire behavior varies from one fuel type to another at 
the same FWI System component (lSI) rating. This is the key conceptual 
difference between the FBP System (variable fuel type) and the FWI 
System (standard fuel type), in addition to the basic difference of the 
former providing Quantitative fire behavior outputs while the latter 
outputs relative indexes. However, fire spread predicted for one fuel 
type at any given lSI level may not be statistically or significantly 
different from all other fuel types; this was not a criterion in differ­
entiating fuel types. Expected usefulness of the fuel type descriptions 
to the fire mana~er takes precedence over statistical uniqueness. The 
user is required to "fit" his fuel complex of concern to one of the 14 
fuel types provided; no provision is made for "adjusting" ROS for a fuel 
type which has characteristics in between two of the discrete fuel types 
provided. 

ROS/ISI relationships are presented in equation, table and 
graph form for level to gently undulating terrain. However, topographic 
slope and its mechanical effect on ROS can be accounted for by applying 
a relative spread factor to the predicted ROS. This and other adjust­
ments for topographic slope and aspect and for time of day are included 
ina separate secti on of the report. The 1 atter two are handl ed as 
adjustments to the Fine Fuel Moisture Code (FFMC), an input into the 
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lSI, and hence are made before enteri ng the FBP System for a ROS 
predi cti on. 

Appl i cati on of outputs from the spread component of the FBP 
System could include a number of fire presuppression and suppression 
activities involving a wide range of planning time horizons, from near­
real time suppression tactics to strateqic planning for a major on~oing 
fi re, to fi re control resource all ocati on and deployment schedul es. 
Procedures for calculating fire growth from a point ignition using an 
ell ipti cal fi re growth model or an acti ve perimeter source and FBP 
System ROS predictions are described to assist the user with practical 
applications of system outputs. 

To improve the application of ROS predictions from the FBP 
System in fire mana!lement and to strengthen the available data base 
(described in Appendix I), a section of the report is devoted to docu­
mentation of wildfire spread rates, givinq a number of suggestions 
regarding methodology which can be employed by the practitioner in the 
field, as well as by the researcher. This section is intended to help 
the fire manager evaluate, adjust for, and solve problems associated 
with fire behavior predictions. 
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FUEL TYPE DESCRIPTIONS 

Fuel type has been defi ned as "an i dentifi abl e associ ati on of 
fuel elements of distinctive species, form, size, arrangement, or other 
characteristics that will cause a predictable rate of fire spread or 
difficulty of control under specified burning conditions" (CCFFC 1976). 
More specifically, a fuel type is a rec09nizable fuel complex of suf­
ficient homogeneity of characteristics and horizontal (areal) extent 
that steady-state equilibrium fire behavior can be predicted and be ex­
pected to be maintained over a considerable period of time. This edi­
tion of the FBP System recognizes 14 discrete fuel types, organized into 
five major groups as follows: 

Group 

Coniferous 

Deciduous 

Mixedwood 

Slash 

Open 

Identifier 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 

0-1 

M-1 
M-2 

S-1 
S-2 
S-3 

0-1 

Descriptive Name 

Spruce - Lichen Woodland 
Boreal Spruce 
Mature Jack or Lodgepole Pine 
Immature Jack or Lodgepole Pine 
Red and White Pine 
Red Pine Plantation 
Ponderosa Pine - Douglas-fir 

Leafless Aspen 

Boreal Mixedwood - leafless 
Boreal Mixedwood - summer 

Jack or Lodgepole Pine Slash 
Spruce - Balsam Slash 
Coastal Cedar - Hemlock - Douglas-fir Slash 

Grass 

Users are requi red to select from the 1 i st of 14, the fuel type bes t 
suited to the particular situation of concern. The above list repre­
sents as broad a range of conditi ons in Canadian fuel types as all owed 
by the existing fire behavior data base. In addition, some fuel types 
for which sound empirical Canadian fire behavior data do not presently 
exist have been included because of their significance to one or more 
provinces and territories (e.g., boreal mixedwood and grass). However, 
the present list of 14 fuel types is not intended to be comprehensive or 
fi xed for the future; addi ti ons and refi netrents shoul d be expected as 
sufficient data become available. 

Fuel types in the FBP System are described mainly qualitatively, 
rather than quantitatively, using terms describing stand structure and 
composition, surface and ladder fuels, and the forest floor cover and 
organic (duff) layer. The major distinguishing features of each fuel 
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Table 1. 

Fuel 
Type 

C-1 

C-2 

C-3 

C-5 

c-e 

C-7 

[)..1 

M-1 

& 

M-2 

S-1 

S-2 

5-3 

0-1 

Brief summary of Canadian Forest Fire Behavior Prediction (FBP) 
System Fuel Type characteristics. 

Forest Floor & Organic Layer 

Continuous reindeer lichen; 
organic layer absent or shallow, 
uncompacted. 

Continuous feather moss and/or 
cladonia; deep, compact organic 
layer. 

Continuous feather moss; 
moderately deep, compact organic 
layer. 

Continuous needle litter; 
shallow, moderately compacted 
organic layer. 

Continuous needle litter; 
moderately shallow organic 
layer. 

Continuous needle litter; 
moderately shallow organic 
layer. 

Continuous needle litter; 
absent to shallow organiC 
layer. 

Continuous leaf litter; shallow 
uncompacted organic layer. 

Continuous leaf litter In 
deciduous portions of stands; 
discontinuous feather moss 
and needle litter in conifer 
portions of stands; organiC 
organiC layers shallow, uncom­
pacted to moderately compacted. 

Continuous feather moss; 
discontinuous needle litter; 
moderately deep compact organiC 
layer. 

Continuous feather moss and 
needle litter; moderately deep 
compact organic layer. 

Continuous feather moss or 
compact old needle litter below 
fresh needle litter from slash; 
moderately deep to deep compact 
organic layer. 

Continuous dead grass litter; 
organic layer absent to shallow 
and moderately compacted. 

Surface & Ladder Fuels 

Very sparse/herq shrub cover 
and down woody fuels; 
tree crowns extend to ground. 

Continuous shrub, e.g. Labrador 
tea common; low to moderate 
down woody fuels; tree crowns 
extend nearly to ground; 
arboreal lichens, flaky bark. 

Sparse conifer understory may 
be present; sparse down woody 
fuels; tree crowns separated 
from ground. 

Moderate shrub/herb cover; 
continuous vertical crown fuel 
continuity; heavy standing dead 
and dead and down woody fuel. 

Moderate herb & shrub, e.g. 
hazel; moderate dense understory, 
e.g. red maple, balsam fir; tree 
crowns separated from ground. 

Absent herb/shrub cover; absent 
conifer understory; tree 
crowns separated from ground. 

Discontinuous grasses, herbs, 
except In conifer thickets 
where absent; light woody 
fuels; tree crowns separated 
from ground except in thickets. 

Moderate medium to tall shrubs & 
herb layers; absent conifer 
understory; sparse dead and down 
woody fuels. 

Moderate shrub and continuous 
herb layers; low to moderate 
dead and down woody fuels; 
conifer crowns extend nearly 
to ground; scattered to 
moderate conifer understory. 

Continuous slash, moderate 
loading and depth; high 
foliage retention; absent to 
sparse shrub & herb cover. 

Continuous to discontinuous 
slash (due to skid trails); 
moderate foliage retention; 
moderate loading & depth; 
moderate shrub & herb cover. 

Continuous slash, high foliage 
retention (cedar), moderate for 
other spp.; heavy loading. deep 
slash; sparse to moderate shrub 
& herb cover. 

Continuous standing grass 
(currant yr. crop). 'Standard' 
loading Is 3 Vha. other load­
Ingacan be accommodated; % 
cured or dead must be ocularly 
estimated, Sparse or scattered 
shrubs and down woody fuel. 

Stand Structure & Composition 

Open black spruce stands with dense 
clumps; assoc;. spp. jack pine, white 
birch; well-drained upland sites. 

Moderately well-stocked black 
spruce stands on both upland 
and lowland sites; sphagnum 
bogs excluded. 

Fully-stocked jack or lodgepole 
pine stands; mature. 

Dense jack or lodgepole pine 
stands; immature. 

Moderately well-stocked red & white 
pine stands; mature; assoc. 
spp. white spruce, white birch, 
aspen. 

Fully-stocked red pine plantations; 
complete crown closure regardless 
of mean stand hI.; mean stand hI. 
controls ROS & crowning. 

Open ponderosa pine - Douglas-fir 
stands; mature uneven-aged; assoc. 
spp. western larch, lodgepole 
pine; understory conifer thickets. 

Moderately well-stocked trembling 
aspen stands; semi-mature; leafless 
(I.e., spring and fall I. 

Moderately well-stocked mixed stands 
of boreal conifers (black/white 
spruce, balsam/subalpine fir) 
and deciduous species (trembling 
aspen, white birch!. Fuel types 
are differentiated by season and % 
conifer:deciduous spp. composition. 

Slash from clearcut logging 
mature Jack or lodgepole pine 
stands. 

Slash from clearcut logging 
mature or overmature white 
spruce - subalpine fir or balsam 
fir stands. 

Slash from clearcut logging 
mature or overmature cedar­
hemlock - Douglas-fir stands. 

Scattered trees. if present, do not. 
appreciably affect fire behavior. 
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type are briefly summarized in Table 1 and are described in more detail 
below by major groups. It is recognized that these fuel type descrip­
tions will be used in practice to classify fuel types from forest inven­
tory type descriptions, usually coded by species, age, stocking, stand 
height and site quality. Our fuel type descriptions do not rigorously 
or quantitatively follow this pattern. However, knowledgeable fire 
managers will be able to develop their own schemes to classify their 
land base and vegetation data for fire planning, or allocate their real­
time fuels data on potential or going fires, to an appropriate FBP 
System fuel type(s). The final version of the FBP System will contain 
representat i ve photographs for each fuel type to ass i st the user with 
selecting and verifying fuel types for fire behavior prediction. 

Coniferous Group 

Fuel Type C-1 (Spruce - Lichen Woodland) 

This fuel type is characterized by open, park-like black spruce 
stands occupying well-drained uplands in the subarctic zone of western 
and northern Canada. Jack pine and white birch are minor associates in 
the overstory. Forest cover occurs as widely-spaced individuals and 
dense clumps. Tree heights vary considerably but bole branches (live 
and dead) uniformly extend to the forest floor and layering development 
is extensive. Woody surface fuel accumulation is very light and 
scattered. Shrub cover is exceedingly sparse. The ground surface is 
fully exposed to the sun and covered by a nearly continuous mat of 
reindeer lichens averaging 3-4 cm in depth above mineral soil. 

Fuel Type C-2 (Boreal Spruce) 

This fuel type is characterized by pure, moderately well-stocked 
black spruce stands on lowland (excluding Sphagnum bogs) and upland 
sites. Tree crowns extend to or near the ground and dead branches are 
typically draped with bearded lichens. The flaky nature of the bark on 
the lower portion of stem boles is pronounced. Low to moderate volumes 
of downed woody materi al are present. Labrador tea is often the major 
shrub component. The forest floor is dominated by a carpet of feather 
mosses and/or ground-dwelling lichens (chiefly cladonia). Sphagnum 
mosses may occasionally be present but they are of little hinderance to 
surface fire sprea(:l. A compact organi c 1 ayer commonly exceeds a depth 
of 20-30 cm. 

Fuel Type C-3 (Mature Jack or Lodgepole Pine) 

This fuel type is characterized by pure, fully-stocked (1000 to 
2000 stems/hal jack pine or lodgepole pine stands that have matured at 
least to the stage that crown closure is complete and the base of live 
crown is substantially separated from the ground. Dead surface fuels 
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are light and scattered. Ground cover is basically feather moss over a 
moderately deep (approximately 10 cm) compact organic layer. A sparse 
conifer understory may be present. 

Fuel Type C-4 (Immature Jack or Lodgepole Pine) 

This fuel type is characterized by pure, dense jack pine or 
lodgepole pine stands (10,000 to 30,000 stems/ha) in which natural thin­
ning mortal ity results in a large quantity of standing dead stems and 
dead and down woody fuel. Vertical and horizontal fuel continuity is 
characteristic of this fuel type. Surface fuel loadings are greater 
than in Fuel Type C-3; organic layers are shallower and less compact. 
Ground cover is mainly needle litter, partially elevated and suspended 
within a low (vaccinium) shrub layer. 

Fuel Type C-5 (Red and White Pine) 

This fuel type is characterized by mature stands of red and 
white pine in various proportions, sometimes with small components of 
white spruce, and old white birch or aspen. The understory is of moder­
ate density, usually red maple or balsam fir. A shrub layer, usually 
beaked hazel, may be present in moderate proportions. The ground sur­
face cover is a combination of herbs and pine litter. The organic layer 
is usually 5 to 10 cm deep. 

Fuel Type C-6 (Red Pine Plantation) 

This fuel type is characterized by pure plantations of red pine, 
fully stocked so that crowns are closed and no understory or shrub layer 
is present. The forest floor is covered by needle litter with an under­
lying duff layer of up to 10 cm in depth. The rate of spread relation­
ships accommodate three ranges in mean stand height: 1) from 4 to 9.9 
m, 2) from 10 to 20 m, and 3) more than 20 m. 

Fuel Type C-7 (Ponderosa Pine - Douglas-fir) 

This fuel type is characterized by uneven-aged stands of ponder­
osa pine and Douglas-fir in various proportions. Western larch and 
lodgepole pine may be significant stand components on some sites and 
elevations. Stands are open with occasional clumpy thickets of multi­
aged Douglas-fir and/or larch as a discontinuous understory. Canopy 
closure is less than 50 percent overall, although thickets are closed 
and often dense. Woody surface fuel accumulations are light and scat­
tered. Except within Douglas-fir thickets, the forest floor is dominat­
ed by perennial grasses, herbs and scattered shrubs. Within tree thick­
ets, needle litter is the predominant surface fuel. Duff layers are 
non-existent to shallow (less than 3 cm). 
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Deciduous Group 

Fuel Type 0-1 (Leafless Aspen) 

This fuel type is characterized by pure, semimature trembling 
aspen stands prior to "green-up" in the spring or following leaf fall 
and curing of lesser vegetation in the autumn. A conifer understory is 
noticeably absent but a well-developed medium to tall shrub layer is 
typically present. Dead and down roundwood fuels are a minor component 
of the fuel complex. The.principal fire-carrying fuels consist chiefly 
of deciduous leaf litter and cured herbaceous material which are 
directly exposed to wind and solar radiation. In the spring, the duff 
mantle (F and H horizons) seldom contributes available fuel for combus­
tion due to its generally high moisture content. 

Mixedwood Group 

Fuel Types M-1 (Boreal Mixedwood - leafless) and M-2 (Boreal Mixedwood -
sunmer) 

These fuel types are characterized by stand mixtures consisting 
of the following coniferous and deciduous tree species in varying pro­
portions: black spruce, white spruce, balsam fir, subalpine fir, trem­
bling aspen, and white birch. Within any combination, individual spe­
cies can be present in or absent from the mixture; i.e., one or both of 
the broadleaf species can occur, and one, two or all of the conifers. 
In addition to the diversity in species composition, stand mixtures 
exhibit wide vari abi 1 ity in stand structure and development but are 
generally confined to moderately well-drained upland sites. Two phases 
associated with the seasonal variation in the flammablity of the boreal 
mixedwood forest are recognized: leafless stage - spring and fall 
periods (Fuel Type M-1) and summer period (Fuel Type M-2). Rate of 
spread in both fuel types is weighted according to the proportion 
(expressed as percentage) of softwood (S) and hardwood (H) components. 
In the summer, after the deciduous overstory and understory vegetation 
have leafed out, fire spread is greatly reduced with maximum spread 
rates possibly only one-fifth as fast as spring or fall fires under 
similar burning conditions. 

Slash Group 

Fuel Type S-1 (Jack or Lodgepole Pine Slash) 

This fuel type is characterized by slash resulting from tractor 
or skidder clearcut logging of mature jack pine or lodgepole pine 
stands. Slash is typically one to two seasons old, retaining up to 50 
percent of the foliage, particularly on branches closest to the ground. 
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No post-l ogg; ng 
ous. Tops and 
depths of fi ne 
Ground cover is 
needl eli tter. 
fairly compact. 

treatment has been applied and slash fuels are continu­
branches left on site result in moderate loadings and 
and medium woody fuels (fuel depth 0.5 m to 1.0 m). 
continuous feather moss mixed with discontinuous fallen 
Organic layers are moderately deep (8 to 12 cm) and 

Fuel Type S-2 (Spruce - Balsam Slash) 

This fuel type is characterized by slash resulting from tractor 
or skidder clearcut logging of mature to overmature stands of white 
spruce and subalpine fir or balsam fir. Slash is typically one to two 
seasons old, retaining from 10 to 50 percent of the foliage on the 
branches. No post-loggi ng treatment has been appl i ed. Fuel continuity 
may be broken by skid trails unless winter logged. Tops have been left 
on site and most branch fuels have broken off during skidding of logs to 
landings, resulting in moderate loading and depths of fine and medium 
woody fuels (fuel depth 0.5 m to 1.0 m). Quantities of shattered large 
and rotten woody fuels may be significant. Ground cover is feather moss 
with considerable needle litter fallen from the slash. Organic layers 
are moderately deep (10 to 15 cm) and compact. 

Fuel Type S-3 (Coastal Cedar - Hemlock - Douglas-fir Slash) 

This fuel type is characterized by slash resulting from high­
lead clearcut logging of mature to overmature coastal British Columbia 
mixed conifer stands. Predominant species are western red cedar, west­
ern hemlock and Douglas-fir. Slash is typically one season old, with 
the cedar component retaining all its foliage in a cured condition on 
the branches, while hemlock and Douglas-fir components will have dropped 
up to 50 percent of their foliage. Slash fuels tend to be continuous 
and uncompacted, because of cable yarding and the bucking of logs and 
trimming of branches on-site. Very large loadings of broken and rotten 
unmerchantab le materi al may be present, depending on degree of stand 
decadence. Total slash fuel depths may range from 0.5 to 2.0 m. Ground 
cover may be feather moss or just compact old needle litter under sig­
nificant quantitites of recent needle litter fallen from the slash. 
Organic layers are moderately deep to deep (10 to 25 cm) and compact. 
Minor to moderate shrub and herbaceous understory components may be pre­
sent. This fuel type may also be applied to coastal and interior B.C. 
wet belt decadent cedar-hemlock slash, where the Douglas-fir component 
is absent. 
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Open Group 

Fuel Type 0-1 (Grass) 

This fuel type is characterized by continuous grass cover, with 
no more than occasional trees or shrub clumps that do not appreciably 
affect fire behavior. The grass is fully developed, and has a dry 
weight of 3 t/ha in the stylized standard grass fuel type. However, 
rate of spread in grass is proportional to fuel loading, so variable 
grass fuel weight can be accommodated, if known or estimated. The 
proportion of cured or dead material may vary, and must be ocularly 
estimated with care, since it has a pronounced effect on fire spread in 
grassl ands. Thi s factor, as expressed as percent of grass cured or 
dead, is then applied in the rate of spread equation or graph. 
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RATE OF SPREAD EQUATIONS 

For computerized use of the FBP System, a list of equations for 
predicting rate of spread for all 14 fuel types described in the previ­
ous section is presented here. However, a complete computer program is 
not included in this interim edition of the system. Rate of spread out­
put is given in metres per minute (m/min), as recommended by Van Wagner 
(1978) for general usage. Conversion factors for expressing rate of 
spread in other commonly used units are given in the Adjustments and 
Procedures section of this report. 

The principal input variable used in the rate of spread equa­
tions is the Initial Spread Index (lSI). Certain stand (mean height and 
species composition) and fuel (proportion of cured or dead grass and 
weight) characteristics are required for some fuel types. Some of the 
fuel types require two or more equations, depending on the lSI range and 
input variables. Analytical details regarding derivation of Equations 
(1) to (14) and the corresponding statistics are documented in Appendix 
1. 

The effect of slope steepness on fi re spread as deri ved by Van 
Wagner (1977a) is represented by Equation (15). This relationship 
refers to fi res burni ng upslope and is recommended for use only up to 
60% slope. It is not valid for downslope fires which spread more slowly 
than fires on level to gently undulating ground; the exact relation is 
difficult to document in the field except with backing fires. 

All quantities used in the list of numbered equations are given 
below. Rate of spread on level to gently undulating ground is repre­
sented in this section by the single letter 'R' rather than 'ROS' which 
is used in the following sections of this report. Rate of spread on 
upsloping ground is represented by 'R~' where the subscript '~' denotes 
percent slope. 

list of Symbols and Abbreviations 

lSI - Initial Spread Index 

h mean stand height, m 

S softwood species composition, % 

H hardwood species composition, % 

C proportion of cured or dead fuel, % 

W fuel wei ght, t/ha 

~ slope of ground, % 

R rate of spread on level to gently undulating ground, m/min 

R~ - rate of spread on ground of slope ~, m/min 



List of Equations 

Fuel Type C-l (Spruce - Lichen Woodland) 

R = 0.0788 151 1•
883 

R = 85 [1 _ e-0.0378 (151 - 12)J 

Fuel Type C-2 (Boreal Spruce) 

R = 112.8 (1 _ e-0.0323 ISIY· 8 6 3 

Fuel Type C-3 (Mature Jack or Lodgepole Pine) 

'R = 100.3 (1 _ e-0.0509 151),·53 

Fuel Type C-4 (Immature Jack or Lodgepole Pine) 

R = -8.67 + 145.5 (1 _ e-0.01689 ISIY·
oOO 

Fuel Type C-5 (Red and White Pine) 

R = 0.01544151 2• 16 

R = 30 [1 _ e-0.0440 (ISI - I1>J 

Fuel Type C-6 (Red Pine Plantation) 

R = -8.67 + 145.5 (1 _ e-0.01689 ISIY·oOO 

R = 100.3 (1 _ e-0.~509 151),·53 

R = 0.01544151 2
•

16 

R = 30 [1 _ e-0.0440 {ISI - 11)J 

Fuel Type C-7 (Ponderosa Pine - Douglas-fir) 

R = 0.0201 151 1• 879 

R = 40 [1 _ e-0.0341 (151 - 20~ 

Fuel Type D-1 (Leafless Aspen) 

R = 0.0518151 l·S1lt 

R = 30 [1 _ e -0.0305 (ISI - 15>] 

,151 ~ 20 

,151 > 20 

,151 ~ 18 

,151 > 18 

,h < 10 

,10 ~h ~20 

13 

(la) 

(I b) 

(3) 

(5a) 

(5b) 

(6a) 

(6b) 

,151 ~ 18 and h > 20 (6c) 

,151 > 18 and h > 20 (6d) 

,151 ~ 35 

,151 > 35 

,lSI ~30 

,151 > 30 

(7a) 

(7b) 

(8a) 

(8b) 



14-

Fuel Type M-l (Boreal Mixedwood - leafless) 

R = (5/100) 112.8 (1 _ e-0.0323 ISIY'
U

' 

+ (HI 100) 0.0518 lSI 1· 5 71t 

R = (5/100)112.8 (l_e-0.0323ISIY·863 

+ (HI 100) 30 [1 _ e-0.0305 OSI - 15>J 

Fuel Type M-2 (Boreal Mixedwood - summer) 

R = (S/I00) 112.8 (l_e-O.0323ISIY·863 

+ (HI 100) 0.01036 lSI 1·S7lt 

R = (S/lOO) 112.8 (1-- e-0.0323 ISIY·
863 

+ (H/IOO) 6 [1 _ e-0.0305 OSI - 15)J 

Fuel Type S-1 (Jack or Lodgepole Pine Slash) 

R = 1.486 lSI 

R = 75[1_e-0.05010SI-12)] 

Fuel Type S-2 (Spruce - Balsam Slash) 

R = 0.770 lSI 

R = 40 L _ e-0.0980 OSI - 25)J 

Fuel Type S-3 (Coastal Cedar - Hemlock - Douglas-fir Slash) 

R = 0.10111S1 1
'
992 

R = 55 [1 _ e-0.0481 OSI - 6)J 

Fuel Type 0-1 (Grass) 

R = 4.88 lSI 0. 62 6 (CI 100) It· Hit 

R = 1.625 lSI 0.626 (C/100)1I·361t W 

Upslope Effect on Rate of Spread 

3.533 (¢/IOO)1.2 
R¢ = R e 

,lSI ~ 30 

,lSI> 30 

,lSI ~ 30 

,lSI> 30 

,lSI ~30 

,lSI> 30 

,lSI ~ 40 

,lSI> 40 

,lSI ~ 10 

,lSI> 10 

,w = 3.0 

(9a) 

(9b) 

(lOa) 

(lOb) 

(lla) 

(Ub) 

(12a) 

(l2b) 

(l3a) 

(13b) 

(14a) 

(l4b) 

(15) 
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RATE OF SPREAD GRAPHS 

This section contains separate graphs'of rate of spread (ROS) 
versus Initial Spread Index (lSI) by fuel type, generated from the equa­
tions presented in the preceding section. A master graph, outlining the 
relative shape and position of curves for all fuel types, is given at 
the end of thi s secti on of the report, but the user shoul d deri ve rate 
of spread predictions from the individual graphs presented here. 

For each graph the solid line represents plotted equation values 
based on observed data, while the broken, or dashed, line represents an 
extrapolation beyond our data limits. The shaded area around each curve 
is a subjective confidence interval and observed spread rates can be 
expected to fall within this shaded area approximately 2/3 of the time. 
Threshold values of lSI, indicating the transition from surface to 
crown fi re, are shown for some fuel types. Crown fi re development was 
considered unlikely under most circumstances in certain fuel types 
(i.e., C-5, C-6 >20 m, D-l, M-l <50S, and M-2 <50S) and simply not 
applicable in others (i.e., S-I, S-2, S-3, and 0-1). 

Each graph presents ROS in both metres/minute (m/min) and 
kilometres/hour (Km/h) on level to gently undulating ground. The former 
unit is better suited to documenting slow-spreading fires over short 
time intervals, and the latter being more suitable when monitoring fast­
spreading fires over long time periods. All graphs are plotted to a 
maximum lSI of 70, and the user is cautioned against extrapolating ROS 
values beyond this point. 

Figure 16 shows ISI/ROS relationships for all 14 FBP System fuel 
types, displayed in four major groups. Interpretation of individual 
curves is briefly discussed in Appendix I. 
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ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Spruce-Lichen Woodl and Fuel Type (C-l) with 70% confi dence 1 imits 
(shaded area), crowning threshold, and limit of observed data 
(dashed line) indicated. 
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Figure 3. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kiloMetres per hour (km/h) as a function of the lSI for the 
Boreal Spruce Fuel Type (C-2) with 70% confi dence 1 imits (shaded 
area), crowning threshold, and limit of observed data (dashed line) 
i ndi cated. 
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Figure 4. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Mature Jack or Lodgepole Pine Fuel Type (C-3) with 70% confidence 
limits (shaded area), crownin9 threshold, and limit of observed data 
(dashed line) indicated. 
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Figure 5. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Immature Jack or Lodgepole Pine Fuel Type (C-4) with 70% confidence 
limits (shaded area), crowning threshold, and limit of oberved data 
(dashed line) indicated. 
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(shaded area) and limit of observed data (dashed line) indicated. 
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Figure 7. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
three mean stand height ranges of the Red Pine Plantation Fuel Type 
(C-6) with crowning thresholds indicated. 
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Figure 8. ROS on level to g~ntly undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Ponderosa Pine - Douglas-fir Fuel Type (C-7) with 70% confidence 
limits (shaded area), crowning threshold, and limit of observed data 
(dashed line) indicated. 
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Figure 10. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for 
three softwood (% S) and hardwood (% H) species composition combina­
tions of the Boreal Mixedwood Fuel Type during the spring and fall 
period (M-l) with crowning threshold indicated. 
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Figure 12. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Jack or Lodgepole Pine Slash Fuel Type (5-1) with 70% confidence 
limits (shaded area) and limit of observed data (dashed line) indi­
cated. 
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min) and kilometres per hour (km/h) as a function of the lSI for the 
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Figure 14. ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI for the 
Coastal Cedar - Hemlock - Douglas-fir Slash Fuel Type (S-3) with 70% 
confidence 1 imits (shaded area) and 1 imi t of observed data (dashed 
line) indicated. 



c: 
E 
....... 
E 
I -CI) 

0 
c::: -c 
« 
u..I 
c::: 
Co. 
CI) 

u.. 
0 
u..I ..-« 
c::: 

100 

90 

80 

70 

60 

50 

40 

20 

10 

o 
o 

Figure 15. 

10 

FUEL TYPE 0-1 
Grass (fuel weight -3 t/ha) 

oQ\o. 
.~ 

.;, 

90~lo., .;.. 

20 30 40 50 

INITIAL SPREAD INDEX (lSI) 

70
% 

60/0 
50% 

60 

, , 

6.6 

6.0 

5.4 

4.8 

4.2 

3.6 

3.0 

2.4 

1.8 

, 1.2 

0.6 

o 
70 

29 

.t:::: 
....... 
E 

.:s:. 
I -CI) 

0 
c::: 

c 
« 
u..I 
c::: 
Co. 
CI) 

u... 
0 
LU ..-« 
c::: 

ROS on level to gently undulating ground in metres per minute (m/ 
min) and kilometres per hour (km/h) as a function of the lSI and 
proportion of cured or dead fuel for the Grass Fuel Type (0-1) hav­
ing a fuel weight of 3.0 t/ha. 



30 

CONIFEROUS FUEL TYPES 
100 C-4 

C-6 

BOREAL SPRUCE, MIXEDWOOO and 
100 LEAFLESS ASPEN FUEL TYPES 

'10m) C-2 
90 90 

80 80 

70 

20 

10 

C-1 

70 

_60 
c: .-
Eso 
"-
E 
-40 
CJ') 

C-7 0 
~--C-S 0:::30 

C-6 
(>2om) 20 

10 

M-l 

M-2 

M-l 

M-2 

M-l 

M-2 
.~- -0-1 

0~~~~~~3~0~~4~0--~--~~0 0"~~-P~~~~4~0--~--~~70 

80 

70 

60 

20 

151 151 

SLASH FUEL TYPES GRASS FUEL TYPE (0 -1) - 3 t Iha 
80 

5-1 70 

60 

_-5-3 ~50 

E 
"­

_-5-2 E40 

20 30 40 SO 60 70 
151 

CJ') 

030 
a::: 

( 50 -100% Cured or Dead) 

90;' 

80% 

70;' 

60;' 

~~~~~~;=~~;;~;;~.501. 
10 20 30 40 5 0 

151 

Figure 16. Initial Spread Index (lSI) versus rate of spread (ROS) relationships 
for the 14 fuel types embodied in the 1qB4 interim edition of the 
Canadian Forest Fire Behavior Prediction (FBP) System. ROS is given 
in metres per minute (mlmin) on level to gently undulating ground. 
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RATE OF SPREAD TABLES 

This section contains tables for predicting rate of spread (ROS) 
by fuel type from the Initial Spread Index (IS!). The four ROS tables 
presented here were prepared for operational fiel d use and shoul d be 
viewed as an alternative to the series of graphs displayed in the 
previous section. ROS is expressed in metres per minute (m/min) and 
kilometres per hour (km/h) in separate tables for all 14 fuel types 
described earlier. For the Boreal Mixedwood Fuel Types M-1 (leafless) 
and M-2 (summer), three commonly accepted softwood/hardwood species 
composition combinations were selected. In the case of Fuel Type 0-1 or 
Grass, the -proportion of cured or dead fuel and weight was set at 100 
percent and 3.0 t/ha, respectively. The content of the four ROS tables 
is summarized below: 

Tables 2a (m/min) & 2b (km/h) - Coniferous (C) and Deciduous (D) Fuel 
Type Groups 

C-1 Spruce - Lichen Woodland 
C-2 Boreal Spruce 
C-3 Mature Jack or Lodgepole Pine 
C-4 Immature Jack or Lodgepole Pine 
C-5 Red and White Pine 
C-6 Red Pine Planation: 

< 10 m mean stand height 
10-20 m mean stand height 

> 20 m mean stand height 
C-7 Ponderosa Pine - Douqlas-fir 
0-1 Leafless Aspen -

Tables 3a (m/min) & 3b (km/h) - Mixedwood (M), Slash (S), and Open (0) 
Fuel Type Groups 

M-1 Boreal Mixedwood - leafless: 
75% softwood (S):25% hardwood (H) 
50% softwood (S):50% hardwood (H) 
25% softwood (S):75% hardwood (H) 

M-2 Boreal Mixedwood - summer: 
75% softwood (S):25% hardwood (H) 
50% softwood (S):50% hardwood (H) 
25% softwood (S):75% hardwood (H) 

S-l Jack or Lodgepole Pine Slash 
S-2 Spruce - Balsam Slash 
S-3 Coastal Cedar - Hemlock - Douglas-fir Slash 
0-1 Grass (100% cured or dead and 3.0 t/ha) 
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The ROS values contained in each table are based on the equa­
tions that were 1 isted earl ier in this report and represent the head 
fire spread rate to be expected on level to gently undulating ground. 
The procedure to adjust ROS for percent slope is gi ven in the next 
section. The lSI values between 0.5 and 70 that were selected for 
inclusion in the ROS tables should be sufficient for practical pur­
poses. An lSI of 70 is consistent with the maximum limit set for the 
ROS graphs. 

Crown fire spread rates are identified in the tables by shad­
ing. The boundary between the two sections of a table represents the 
threshold lSI value for crown fire development. Certain fuel types were 
judged to be incapable of supporting and/or sustaining continuous fire 
spread through a crown fuel layer under all but the most severe weather, 
while others simply lacked overstory tree cover. 
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Table 2a. Rate of spread (ROS) on level to gently undulating ground in metres per minute (m/min) 
versus Initial Spread Index ([SI) for theconiferousend .deciduous fuel type groups. 

Fuel Type 
151 C-1 C-2 C-3 C-4 C-5 C-6 C-7 D-1 

<10 m 10-20 m >20m 

ROS (m/min) 

0.5 * 0.1 * 0 * 0 * * * * 
1.0 0.1 0.2 * 0 * 0 * * * 0.1 

1.5 0.2 0.4 * 0 * 0 * * * 0.1 

2.0 0.3 0.6 * 0 0.1 0 * 0.1 0.1 0.2 

2.5 0.4 1.0 0.1 0 0.1 0 0.1 0.1 0.1 0.2 

3 0.6 1.3 0.1 0 0.2 0 0.1 0.2 0.2 0.3 

4 1.1 2.2 0.3 0.8 0.3 0.8 0.3 0.3 0.3 0.5 

5 1.6 3.3 0.5 3.1 0.5 3.1 0.5 0.5 0.4 0.7 

6 2.3 4.4 0.9 5.4 0.7 5.4 0.9 0.7 0.6 0.9 

7 3.1 5.7 1.4 7.6 1.0 7.6 1.4 1.0 0.8 1.1 

8 4.0 7.2 2.1 2.1 1.4 1.0 1.4 

9 4.9 8.7 2.9 1.8 2.9 1.8 1.2 1.6 

10 6.0 2.2 3.9 2.2 1.5 1.9 

12 8.5 3.3 6.3 3.3· 2.1 2.6 

4.6 9.3 4.6 2.9 3.3 

6.2 6.2 3.7 4.1 

7.9 4.9 

9.8 5.8 

14 8.2 

17 11 

14 

16 

18 

20 

21 

22 

23 

24 

Notes: Shaded area indicates crown fire spread. The three values listed in the column heading 
under Fuel Type C-6 (Red Pine Plantation) refer to mean stand height ranges. ROS values greater 
than 0.0 m/min but less than 0.05 m/min are indicated by an asterisk (*). 
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Table 2b. Rate of spread (ROS) on JeveJ to gently tmduJating ground in kilometres per hour (km/h) 
versus Initial Spread Index (lSI) for the coniferous and deciduous fuel type groups. 

Fuel Type 
lSI C-1 C-2 C-3 C-4 C-5 C-6 C-7 D-1 

<10 m 10-20 m >20 m 

ROS (km/h) 

0.5 .. .. .. 0 .. 0 .. .. .. .. 
1.0 .. 0.01 .. 0 .. 0 .. * * * 

1.5 0.01 0.02 * 0 .. 0 * * * 0.01 

2.0 0.02 0.04 .. 0 * 0 * * * 0.01 

2.5 0.03 0.06 * 0 0.01 0 * 0.01 0.01 0.01 

3 0.04 0.08 0.01 0 0.01 0 0.01 0.01 0.01 0.02 

4 0.06 0.13 0.02 0.05 0.02 0.05 0.02 0.02 0.02 0.03 

5 0.10 0.20 0.03 0.19 0.03 0.19 0.03 0.03 0.02 0.04 

6 0.14 0.27 0.05 0.32 0.04 0.32 0.05 0.04 0.03 0.05 

7 0.18 0.34 0.09 0.45 0.06 0.45 0.09 0.06 0.05 0.07 

8 0.24 0.43 0.13 0.08 0.13 0.08 0.06 0.08 

9 0.30 0.52 0.18 0.11 0.18 0.11 0.07 0.10 

10 0.36 0.23 0.13 0.23 0.13 0.09 0.12 

12 0.51 0.38 0.20 0.38 0.20 0.13 0.16 

14 0.56 0.28 0.56 0.28 0.17 0.20 

16 0.76 0.37 0.76 0.37 0.22 0.24 

18 0.48 0.28 0.29 

20 0.59 0.35 

25 0.83 0.49 

30 1.0 0.66 

35 1.2 0.82 

40 1.3 0.96 

45 1.4 1.1 

50 1.5 1.2 

55 1.3 

60 1.3 

65 1.4 

70 1.5 

Notes: Shaded area indicates crown fire spread. The three values listed in the column heading 
under FueJ Type C-6 (Red Pine Plantation) refer to mean stand height ranges. ROS values greater 
than 0.0 km/h but less than 0.005 km/h are indicated by an asterisk (*). 
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Table 3a. Rate of spread (ROS) on level to gently undulating ground in metres per minute (m/min) 
versus Initial Spread Index (lSI) for the mixedwood, slash, and open fuel type groups. 

Fuel Type 

lSI M-1 M-2 S-1 S-2 5-3 0-1 
755: 50S: 255: 755: 50S: 255: 
25H 50H 7.5H 2.5H 50H 7.5H 

ROS (m/min) 

0 • .5 * * * * * * 0.7 0.4 * 3.2 

1.0 0.2 0.1 0.1 0.1 0.1 0.1 1 • .5 0.8 0.1 4.9 

1.5 0.3 .0.2 0.2 0.3 0.2 0.1 2.2 1.2 0.2 6.3 

2.0 0.5 0.4 0.3 0.5 0.3 0.2 3.0 1 • .5 0.4 7 • .5 

2 • .5 0.8 0.6 0.4 0.7 0 • .5 0.3 3.7 1.9 0.6 8.7 

3 1.1 0.8 0.6 1.0 0.7 0.4 4 • .5 2.3 0.9 9.7 

4 1.8 1.3 0.9 1.7 1.2 0.6 5.9 3.1 1.6 12 

.5 2.6 2.0 1.3 2 • .5 1.7 0.9 7.4 3.9 2 • .5 13 

6 3.6 2.7 1.8 3.4 2.3 1.2 8.9 4.6 3.6 1.5 

7 4.6 3.4 2.3 4.4 3.0 1.6 10 .5.4 4.9 16 

8 5.7 4.3 2.8 .5.4 3.7 2.0 12 6.2 6.4 18 

9 6.9 .5.2 3.4 6.6 4 • .5 2.4 13 6.9 8.0 19 

10 8.2 6.1 4.0 7.8 5.3 . 2.9 1.5 - 7.7 9.9 21 

12 11 8.1 .5.3 10 7.1 3.8 18 9.2 14 23 

14 14 10 6.8 13 8.9 4.8 21 11 18 2.5 

12 8.3 16 11 .5.8 24 12 21 28 

13 6.9 27 14 24 30 

1.5 7.9 30 1.5 27 32 

11 37 19 33 37 

13 4.5 23 38 41 

16 .51 27 41 4.5 

18 .57 31 44 49 

20 61 34 47 .53 

22 64 37 48 .56 

23 66 38 .50 60 

24 68 39 51 63 

26 70 39 .52 67 

27 71 40 .52 70 

Notes: Shaded area indicates crown fire spread. The values listed in the column heading under 
Fuel Types M-1 (Boreal Mixedwood -leafless) and M-2 (Boreal Mixedwood - summer) refer to 
the percent softwood (5) and hardwood (H) species composition. The proportion of cured or 
dead fuel and weight in Fuel Type 0-1 (Grass) is 100 percent and 3.0 t/ha, respectively. ROS 
values greater than 0.0 m/min but less than 0.0.5 m/min are indicated by an asterisk (*). 
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Table .lb. Rate of spread (ROS) on level to gently l..Dldulating ground in kilometres per hour Oan/h) 
versus Initial Spread Index (lSI) for the mixedwood, slash, and open fuel type groups. 

Fuel Type 

lSI M-1 M-2 5-1 5-2 5-3 0-1 
755: 505: 255: 755: 50S: 255: 
25H 50H 75H 25H 50H ?5H 

ROS (km/h) 

0.5 * * * * * * 0.04 0.02 * 0.19 

1.0 0.01 0.01 0.01 0.01 0.01 * 0.09 0.05 0.01 0.29 

1.5 0.02 0.01 0.01 0.02 0.01 0.01 0.13 0.07 0.01 0.38 

2.0 0.03 0.02 0.02 0.03 0.02 0.01 0.18 0.09 0.02 0.45 

2.5 0.05 0.04 0.02 0.04 0.03 0.02 0.22 0.12 0.04 0.52 

3 0.06 0.05 0.03 0.06 0.04 0.02 0.27 0.14 0.05 0.58 

4 0.11 0.08 0.05 0.10 0.07 0.04 0.36 0.18 0.10 0.70 

5 0.16 0.12 0.08 0.15 0.10 0.05 0.45 0.23 0.15 0.80 

6 0.21 0.16 0.11 0.20 0.14 0.07 0.53 0.28 0.22 0.90 

7 0.28 0.21 0.14 0.26 0.18 0.10 0.62 0.32 0.29 0.99 

8 0.34 0.26 0.17 0.33 0.22 0.12 0.71 0.37 0.38 1.1 

9 0.41 0.31 0.20 0.40 0.27 0.14 0.80 0.42 0.48 1.2 

10 0.49 0.37 0.24 0.47 0.32 0.17 0.89 0.46 0.60 1.2 

12 0.65 0.49 0.32 0.62 0.42 0.23 1.1 0.55 0.83 1.4 

14 0.82 0.61 0.41 0.78 0.53 0.29 1.2 0.65 1.1 1.5 

0.75 0.50 0.95 0.65 0.35 1.4 0.74 1.3 1.7 

0.77 0.41 1.6 . 0.83 1.4 1.8 

0.88 0.48 1.8 0.92 1.6 1.9 

0.64 2.2 1.2 2.0 2.2 

0.79 2.7 1.4 2.3 2.5 

0.94 3.1 1.6 2.5 2.7 

1.1 3.4 1.8 2.7 2.9 

1.2 3.6 2.1 2.8 3.2 

1.3 3.8 2.2 2.9 3.4 

1.4 4.0 2.3 3.0 3.6 

1.5 4.1 2.3 3.1 3.8 

1.5 4.2 2.4 3.1 4.0 

1.6 4.3 2.4 3.2 4.2 

Notes: Shaded area indicates crown fire spread. The values listed in the column heading under 
Fuel Types M-l (Boreal Mixedwood - leafless) and M-2 (Boreal Mixedwood - summer) refer to 
the percent softwood (5) and hardwood (H) species composition. The proportion of cured or 
dead fuel and weight in Fuel Type 0-1 (Grass) is 100 percent and 3.0 t/ha, respectively. ROS 
values greater than 0.0 km/h but less than 0.005 km/h are indicated by an asterisk (*). 
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ADJUSTMENTS AND PROCEDURES 

This section of the report provides the user with suggested 
methods and procedures for adjusting FBP System inputs (Wind, Fine Fuel 
Moisture Code [FFMC], Initial Spread Index [lSI]) (Fig. 17), principal 
output (Rate of Spread [ROS]), and for calculating and plotting pre­
dicted fire sizes from the adjusted ROS. A computer program, or list of 
equat ions for all these adj ustments and procedures is not provi ded in 
this interim edition, so the user must use the tables and graphs includ­
ed to make ROS cal cu 1 at ions and fi re area proj ect ions. The flow chart 
(Fig. 18) indicates the sequence of steps involved. An FBP System Work­
sheet is provided to assist the user with organization of the required 
information to use this section. A calculator would be of assistance in 
performing some of the calculations. 

It is useful for the user to appreciate the interrelationships 
between the lSI inputs Wind and FFMC, in order to understand the import­
ance of using the suggested adjustments to these inputs before determin­
ing ROS predictions from the FBP System. ROS is predicted from lSI as 
shown in Figure 18, but lSI is highly dependent on wind and the FFMC, as 
shown graphically in Figure 17. The lSI doubles in yalue for each 
increase of 13 km/h in wind (Turner and Lawson 1978). It is important 
when calculating lSI for .ROS predictions to determine the most accurate 
10 m open windspeed measurement, estimate or forecast value for the time 
and area of interest. Methods to correct windspeed observations taken 
at non-standard heights, as well as guides for estimating windspeeds, 
are contained in Turner and Lawson (1978). The main point is that wind­
speed updates to the time(s) of interest for ROS predictions (may be 
hourly throughout the afternoon or simply a single mid-afternoon update 
of the noon observation) will improve ROS prediction accuracy. 

Fine Fuel Moisture Code Adjustments 

All possible adjustments to the Fine Fuel Moisture Content 
(FFMC) for use in fire behavior prediction are not presented in this 
interim edition, for various reasons. For example, a procedure exists 
for calculating FFMC for any hour throughout the diurnal cycle for any 
observed weather pattern (Van Wagner 1977b; also revised and unpublished 
computer program, 1984) but was felt to be too weather data-demanding to 
be practical for operational use. Instead, the simplest approach to 
FFMC adjustments was selected for inclusion here. One simple table 
(Table 4) is used to adjust a standard daily FFMC for times throughout 
the afternoon (1200 h to 2000 h, local standara time). This table 
requires no additional weather observations for these times of interest; 
the table assumes a "normal" or "standard" afternoon pattern of change 
in temperature and relative humidity. Table 4 is derived from previous­
ly published versions (Van Wagner 1972; Canadian Forestry Service 1973, 
1974; Alexander 1982a), but has been restricted to afternoon hours for 
simplicity of data requirements and to stress only the times and FFMC 
ranges normally of most interest to fire behavior prediction problems. 
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A second table (Table 5) is used, under restricted circum­
stances, to adjust FFMC for slope and aspect, if the standard daily FFMC 
was determined from weather observations taken on different topographic 
conditions from those at the fire behavior prediction point. As illus­
trated in the flow diagram (Fig. 18), Table 5 is required only for 
adjusting non-forested fuel types (Slash and Open fuel type groups) on 
clear or partly cloudy afternoons in early spring and late summer and 
fall, i.e., March, April, August, September and October. The months of 
May, June and July, all cloudy to overcast days, and standing timber 
fuel types do not experience significant enough fuel moisture differ­
ences among various slopes and aspects to warrant adjusting FFMC for 
normal FBP System applications. Table 5 was derived from an unpublished 
file report1, which drew heavily on the coastal British Columbia slash 
moisture field research findings of Williams (1964). 

Table 4. Adjustment of Fine'Fuel Moisture Code (FFMC) for times (-T-) 
throughout the afternoon. 

Time 
IfTH 

(h. LST*) 

1200 

1400 

1600 

1800 

2000 

Standard daily FFMC 

80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 

FFMC at time "T" 

69 7.0 72 74 76 79 81 83 85 87 88 89 90 91 92 93 94 95 

76 77 79 81 82 83 84 85 86 88 89 90 91 92 93 94 95 96 

80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 

80 81 82 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 

78 79 80 81 82 82 83 84 85 86 87 88 89 90 91 92 92 93 

To use table. find the column heading value of today's standard daily FFMC. as determined 
from "noon" (1200 h. LST) weather observations, Then find the row heading for time "T" for 
which an adjusted FFMC is desired. Read the desired FFMC at time "r at the column and row 
intersection. Interpolate between adjacent rows if desired afternoon time "T" is not listed. 
FFMC at time "T" from the table becomes Adjusted FFMC. unless additional adjustment for 
slope and aspect is reQuired (Table 5). 

For example. today's standard daily FFMC is determined to be 94, For a desired time "T" of 
noon (1200 h. LST). the FFMC is determined from the table to be 92. This is Adjusted FFMC. 
unless Table 5 is reQuired. 

* LST = Local Standard Time. Add one hour for Daylight Saving Time. in effect from last 
Sunday in April to last Sunday in October. 

98 99 

96 97 

97 98 

98 99 

97 98 

94 95 

1 Muraro, S.J. 1978. Adjustment procedures for moisture codes of the 
Canadian Forest Fire Weather Index System applicable to prescribed 
fire behavior prediction. Environ. Can., Can. For. Serv., Pac. For. 
Res. Cent., Victoria, B.C. Draft File Rep. 
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Table 5. Adjustment of Fine Fuel Moisture Code (FFMC) for slope and 
aspect differences between weather observation point and fire 
behavior prediction point. Table applies only to FFMC 
calculated for times between 1200 h and 2000 h (LST), on clear 
days in March, April, August, Sept. or Oct., and for elevation 
differences of less than 300 m between points. Table applies 
only to Slash and Open fuel type groups. 

Gl'ou.ndSlopeand Aspect 

1 to 15% 16 to 30% 31 to'45% 46 to 60% 
Level N E S W N E S W N E S W N E S W 

FFMC 

80 78 79 82 80 77 78 82 80 74 77 83 81 72 76 84 81 
82 80 81 84 82 79 80 84 82 76 79 85 83 74 78 85 83 
84 83 83 85 84 81 82 86 84 79 81 87 84 76 80 88 84 
86 85 85 87 86 83 84 88 86 81 83 89 86 78 82 90 86 

87 86 86 88 87 84 85 89 87 82 84 90 87 80 83 90 87 
88 87 87 89 88 85 87 90 88 83 86 91 88 82 85 91 88 
89 88 88 90 89 87 88 91 89 85 87 91 89 83 86 92 89 
90 89 89 91 90 88 89 92 90 86 88 92 90 84 87 93 90 

91 90 90 92 91 89 90 92 91 87 89 93 91 86 88 93 91 
92 91 91 93 92 90 91 93 92 88 90 94 92 87 89 94 92 
93 92 92 94 93 91 92 94 93 89 91 95 93 88 90 95 93 
94 93 93 95 94 92 93 95 94 91 92 96 94 90 92 96 94 

To use table, determine column which best describes slope and aspect of weather 
observation point. Find FFMC at time "T" in that column and then move horizontally 
to column best describing prediction point and read Adjusted FFMC . . 
For example, a weather stn. on a 15% slope/east aspect provided an FFMC at time 
"T" of 92. For predicting fire behavior on a 50% slope/south aspect, the table would 
give an Adjusted FFMC of 95. 

(a) Time of Day 

The flow chart (Fig. 18) indicates that, once a standard dai ly 
FFMC has been calcul ated from noon weather observations, a prediction 
time IITII is selected from 1200 to 2000 h. In practice, ROS predictions 
may be desired hourly throughout the afternoon or calculated from a 
single set of "noon" weather observations, perhaps with a mid-afternoon 
windspeed update. If the desired prediction time liT" or Time interval 
is other than the 1600 to 1700 h maximum peak of daily fire danger, to 
which standard FFMC applies, then it is necessary to determine one or 
more adjusted FFMC values from Table 4 for prediction times "T". If 
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fire behavior predictions for morning hours are desired, adjusted FFMC 
for times betwen 0600 and 1000 h can be obtained from tables contained 
in Van Wagner (1972), Canadian Forestry Service (1973, 1974) or 
Alexander (1982a); however, the previous day·s standard FFMC and the 
relative humidity for time "T" is then required. 

(b) Topography 

Once the appropriate FFMC at time "T" has been determined from 
Table 4, a further adjustment of fine fuel moisture may be required to 
correct for the effects of variation in topography (slope and aspect) 
between the points where the weather observations were taken and where 
they are to be applied. As shown in Figure 18, Table 5 provides the 
adjustment required to FFMC for slope and aspect differences, but the 
use of the table is required only when significant topographic differ­
ences exist and all of the following conditions are met: 

Fuel Type Group: Slash or Open 
Month: Mar.-Apr. (03-04); Aug.-Sept.-Oct. (08-09-10). 
Day: essentially clear, sunny or partly cloudy. 
Hour: 1200 to 2000 h, LST. 

If all these conditions apply, enter Table 5 with FFMC at time 
lip and determine Adjusted FFMC for the slope and aspect of concern. If 
all the conditions for use of Table 5 do not apply, use FFMC at time "T" 
as Adjusted FFMC. 

Slope Adjustments 

The procedure discussed for updating windspeed and adjusting 
FFMC for times of interest and for topographic effect on fine fuel mois­
ture permit the user to enter Table 7 of the FWI System Tables with 
these adjusted inputs and determine an lSI (Fig. 18). If the ROS pre­
diction is desired for level to gently undulating terrain, the appropri­
ate FBP System ROS model (equation, graph or table) for the fuel type 
best matching the fuels ahead of the prediction point of interest is 
entered with the lSI, and the ROS is read or calculated. 

If terrain is sloping, adjustments must be made to the predicted 
ROS for 1 eve 1 ground to account for the mechani ca 1 effects of slope on 
fire spread rate. For the simplest case of a fire spreading upslope 
with the wind, the user must determine the ground slope (percent) on the 
area of interest (ocul arly estimated or measured on the ground with a 
cl inometer or calcul ated from a topographic map us ing the procedure 
descri bed below) and deri ve the appropri ate spread factor (SF) from 
Table 6. The SF is used as a multiplier with the predicted ROS on level 
ground to determine the predicted upslope ROS. An upslope ROS can also 
be calculated directly from Equation (15) in the Rate of Spread 
Equations section. The SF relationship in Table 6 was adapted from the 
work of Van Wagner (1977 a) whi ch exami ned rel at i ve fi re spread factors 
from vari ous 1 iterature references to fi re danger rat i ng systems and 
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field and laboratory studies of fire behavior on slopes. SF (Table 6) 
and Equati on (15) are recommended for use only on slopes up to 60% and 
for fires burning upslope. 

The ground slope between two points is simply the change in 
elevation (f) between the two points divided by the horizontal distance 
between them. This ratio multiplied by 100 gives ground slope in per­
cent. To compute ground slope from a topographic map or other map with 
elevation contours, follow these step-by-step procedures: 

Step 1. Determine the contour interval (i .e., the elevation change 
between adjacent contour lines) in metres or feet. 

Step 2. Determine the map scale conversion factor in terms of the 
number of metres each centimetre (m/cm), OR number of feet 
each inch (ft/in), on the map represents. --

Step 3. Determine the vertical rise or fall in elevation in metres 
or feet by counting the number of contour lines between the 
two points and then multiplying by the contour interval 
found inStep 1. 

Step 4. Determine the horizontal ground distance between the two 
points with a graduated ruler and convert to eouivalent 
number of metres or feet by multiplying by the map scale 
conversion factor determined in Step 2. 

Step 5. Divide the vertical rise or fall in elevation determined in 
Step 3 by the horizontal ground distance determined in Step 
4 and then mul tiply by 100: 

Rise or Fall in Elevation 
% Ground Slope (f) = x 100 

Horizontal Ground Distance 

rn computing ground slope, learn to disregard undulations that are of 
little consequence with respect to fire size or are of minor importance 
in comparison to the duration of the prediction time interval. 

In addition to the procedures described for determining upslooe 
fire spread rate when wind direction is upslope or upward cross-slope2, 
suggested procedures are included for three other combinations of wind 
and fire spread direction relative to ground slope (Table 7). All four 
cases of wind and fire spread direction relative to slope are described 
in procedural steps below and summarized in Table 7. 

Case 1: Fire spread direction upslope; wind direction upslope or 
upward cross-slope. 

2 Definitions of wind direction relative to slope are given in Table 7.· 

USER NOTE: FoZ" fu,Z"thezt in/ozrmatimt on the concept of detezomining ROS in 
NZatimt to diNation fiN i8 spz-eadi.ng fI1i.th respect to ,.,.;,na. 
and sZope:. zeefeZ" to the suppZementaZ i1.Zustz-ations !oZZm.rf,ng 
page 73 of thi8 repon. 
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Table 6. Relative spread factors (SF) by percent slope for fires burning 

Ground 
Slope 

(%) 

0 

10 

20 

30 

40 

50 

Note: 

upslope. 

0 1 2 3 4 5 6 7 8 9 

SF 

1.00 1.01 1.03 1.05 1.08 1.10 1.13 1.16 1.19 1.22 

1.25 1.28 1.32 1.36 1.40 1.44 1.48 1.52 1.57 1.62 

1.67 1. 72 1.78 1.83 1.89 1.95 2.02 2.08 2.15 2.23 

2.30 2.38 2.46 2.54 2.63 2.72 2.82 2.92 3.02 3.13 

3.24 3.36 3.48 3.61 3.74 3.88 4.02 4.17 4.32 4.49 

4.65 4.83 5.01 5.20 5.40 5.61 5.82 6.05 6.28 6.53 

e.g., Ground Slope = 14% and SF = 1.40. 

Step 1. Calculate lSI (FWI System Table 7) from adjusted FFMC and 
10 m open wi nd speed, measured, estimated or forecasted for 
time of prediction. 

Step 2. Determine ROS on level to gently undulating ground by enter­
ing appropriate FBP System ROS model (equation, graph or 
table) for fuel type of concern with lSI as calculated in 
Step 1-

Step 3. Multiply ROS from Step 2 by Spread Factor (SF) (Table 6) 
for percent gound slope in direction fire is spreading. In 
effect, head fire rate of spread is reinforced by both wind 
and slope. 

Case 2: Fire spread direction downslope; wind direction upslope or up­
ward cross-slope. 

Step 1. Calculate lSI from adjusted FFMC and zero wind speed. 

Step 2. Determine ROS on level to gently undulating ground by enter­
ing appropri ate FBP System ROS model for fuel type of con­
cern with lSI as calculated in Step 1. 



45 

Step 3. Multiply ROS' from Step 2 by Spread Factor (SF) (Table 6) 
for 0% ground slope (i.e., by 1.00). In effect, a fire 
backing downslope into the wind is predicted to spread 
downslope at the sa~ rate as a fire spreading with zero 
wind on level ground; wind and slope effects cancel each 
other. 

Case 3: Fire spread direction upslope; wind direction downslope or 
downward cross-slope. 

Step 1. Calculate lSI from adjusted FFMC and zero wind speed. 
Step 2. Determine ROS on level to gently undulating ground by 

entering appropri ate FBP System,ROS model for fuel type of 
concern with lSI as calculated in Step 1. 

Step 3. Mul tiply ROS from Step 2 by Spread Factor (SF) (Tabl e 6) 
for percent ground slope in direction fire is spreading. 
In effect, a fire spreading upslope into the wind is 
predi cted to spread at the sa~ rate as a fi re spreadi ng 
upslope with zero wind; the wind effect is cancelled but 
the slope effect remains. 

Case 4: Fire spread direction downslope; wind direction downslope or 
downward cross-slope. 

Step 1. Calculate lSI from adjusted FFMC and 10 m open wind speed, 
measured, estimated or forecasted for ti~ of prediction. 

Step 2. Determine ROS on level to gently undulating ground by 
entering appropriate FBP System ROS model for fuel type of 
concern with lSI as calculated in Step 1. 

Step 3. Multiply ROS from Step 2 by Spread Factor (SF) (Table 6) 
for 0% ground slope (i.e., by 1.00). In effect a fire 
spreading downslope with the wind is predicted to spread at 
the same rate as a fire spreading with the wind on level 
ground; the slope effect is cancelled but the wind effect 
remains. 

Crown Fire Thresholds 

The criteria for crown fire development given in the ROS Graphs and 
Tables sections are in terms of the lSI for head fire spread on level to 
gently undulating ground. These values are listed in Appendix I and are 
also applicable to fires burning downslope (Cases 2 and 4). the cor­
responding spread rates for those fuel types subject to crowning are: 

C-l C-2 C-3 C-4 
Fuel Type 

C-6 

< 10m lO-20m 

C-7 M-l M-2 
>50S >50S 

ROS(m/min) 15 14 17 9 9 17 8 17 21 
(km/h) 0.90 0.84 1.02 0.54 0.54 1.02 0.48 1.02 1.26 

For fires burning upslope (Cases 1 and 3), the threshold conditions for 
crowning should be based on the slope adjusted ROS rather than the lSI. 
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Table 7. Procedures for detennining rate of spread (ROS) in relation to 
direction fire is spreading with respect to wind and slope (ISI = 
Initial Spread Index and SF = relative Spread Factor in Table 6). 
Case numbers refer to discussion in text. 

Wind Direction 
Direction 

of Upslope or Downslope or 
Fire Spread Upward Cross-slope Downward Cross-slope 

ROS on level to gently ROS on level to gently 
Upslope undulating ground from lSI undulating ground from lSI 
Side (using measured, forecasted {using zero wind speed} X 
of or estimated wind speed) X SF for % ground slope in 

Fi re SF for % ground slope in direction fire is spread-
direction fire is spreading ing (Case 3). 
(Case 1). 

ROS on level to gently ROS on level to gently 
Downslope undulating ground from lSI undulating ground from lSI 

Side (using zero wind speed) X (using measured, forecasted 
of SF for 0% ground slope or estimated wind speed) X 

Fi re (Case 2). SF for 0% ground slope 
(Case 4). 

Notes: Definitions of wind direction follow Rothermel and Rinehart (1983). 
Upslope wind is within a ± 30 0 quadrant of the maximum ground slope. 
Downslope wind is within ± 30 0 quadrant of the maximum fall line. 
Cross-slope wind consists of all remainin!] angles that are not upslope or 
downslope. 

Fire Size Calculations 

To calculate the approximate size of potential fires requires con­
sideration of fire shape. Wind velocity lar~ely determines the general 
shape of fires spreading through continuous, uniform fuels and across homo­
geneous topography. Fi res spread; ng under calm wi nd conditi ons tend to be 
circular in shape. Provided wind direction remains fairly constant, wind­
driven fires typically assume an elliptical shape (Anderson 1983). Since 
directional variation in wind generally decreases with increasing velocity, 
the higher the wind speed the more narrow and elongated the fire shape 
(Fig. 19). The ratio of the total length to the maximum breadth or width of 
a free-burning fire having an elliptical shape (Fig. 19) can be expressed as 
a function of wind speed (Fig. 20). Note that an ellipse with a length­
to-breadth ratio (LIB) equal to 1.0 is a circle (i.e., zero wind speed). 

Assuming that a fire attains a steady-state condition in a 
homogeneous fi re envi ronment after a short peri od of time, and that the 
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backfire'spread is negligible for practical purposes, a rough approximation 
of fire size can be made on the basis of the simple elliptical fire shape 
using the following formula (after Van Wagner 1969; McArthur et al. 19A2): 

(16) 

where, A = probable fire area after time T, m2 or km2 

KA = area shape factor, 1T/[ 4 ( l/8 ) ] 

ROS = rate of spread, m/min ~ km/h 

T = elapsed time since ignition, min or h 

To convert area to hectares (ha), divide the number of square metres (m2) by 
10,000 or multiply the number of souare kilometers (km2) by 100. Values of 
KA versus wind speed for standing timber and non-forested fuel types are 
contained in Tables A and 9. The units of ROS and T used in Eouation (16) 
must be compatible (i.e., m/min or min or km/h and h). The multiplication 
of ROSxT represents the actual length or-the fire or the Spread Distance (m 
or km). 

Rate of area growth does not remain constant with time. Rather, it 
increases in direct proportion to time. Provided suppression action is 
i neffecti ve in restri cti ng fi re growth and head fi re ROS remai ns constant, 
total area burned increases as the square of time since ignition (e.g., the 
area 2 h after i gniti on will be 4 times the area after 1 h). Rate of area 
growth (Ag) can be ouoted as area per unit time (e.g., hectares/hours) at 
time T, provided this is understood to apply to the current moment only 
(i.e., Ag = 2KxROS2xT x 100, ha/h). 

An analysis of fire growth would not be complete without considera­
tion of perimeter. The perimeter of a smooth, simple elliptical fire shape 
can be estimated from the followin9 formula: 

P = Kp 0 (17) 

where, P = probable fire perimeter after time T, m or km 

Kp = perimeter shape factor (refer to Table 10) 

o = fire spread distance (ROSxT), m or km 

The actual length of the perimeter tends to be underestimated by this pro­
cedure because natural irregularities in the fire edge are not considered in 
Equation (17). In contrast to rate of area growth, the rate of perimeter 
growth (Pg) or increase does remain constant with time provided the head 
fire ROS does not change (i.e., Pg = Kp x ROS, m/min or km/h). 
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Table 8. Area shape factors (KA) versus wind speed at a height of 10 m in 
the open on level terrain for free-burning fires in standing 
timber fuel types. 

Wind 
- speed 0 1 2 3 4 5 6 7 9 

(km/h) 

KA 

a 0.79 0.78 0.78 0.78 0.77 0.76 0.74 0.73 0.71 0.69 

10 0.67 0.65 0.63 0.60 0.58 0.56 0.53 0.51 0.49 0.47 

20 0.45 0.43 0.41 0.39 0.37 0.35 0.34 0.32 0.31 0.29 

30 0.28 0.27 0.25 0.24 0.23 0.22 0.21 0.20 0.19 0.19 

40 0.18 0.17 0.16 0.16 0.15 0.15 0.14 0.14 0.13 0.13 

Note: e.g., Wind Speed = 15 km/h and KA = 0.56. 

Table 9. Area shape factors (KA) versus wind speed at a height of 10 m in 
the open on 1 eve 1 terrain for free-burning fires in non-forested 
fuel types. 

Wind 
speed a 1 2 3 4 5 6 7 8 9 
(km/h) 

KA 

a 0.79 0.71 0.52 0.43 0.38 0.34 0.31 0.2Q 0.27 0.26 

10 0.25 0.23 0.23 0.22 0.21 0.20 0.20 0.19 0.19 0.18 

20 0.18 0.17 0.17 0.17 0.16 0.16 0.16 0.15 0.15 0.15 

30 0.15 0.15 0.14 0.14 0.14 0.14 0.14 0.13 0.13 0.13 

40 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.12 

Note: e.g., Wind Speed = 15 km/h and KA = 0.20. 
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Table 10. Perimeter shape factors (Kp) versus length-to-breadth ratios 
(LIB) for free-burning ~ldland fires. 

LIB .0 .1 .2 .3 .4 .5 .6 .7 .8 .9 

Kp 

1 3.14 2.93 2.84 2.77 2.71 2.66 2.62 2.58 2.55 2.53 

2 2.50 2.48 2.461 2.45 2.43 .' 2.42 2.49", 2.39 2.38 2.37 

3 2.36 2.35 2.35 2.34 2.33' 2.33 2.32' 2.31 2.31 2.30 

4 2.30 2.29 2.29 2.29 2.28 2.28 2.27 2.27 2.27 2.27 

5 2.26 2.26 2.26 2.25 2.25 2.25 2.25 2.24 2.24 2.24 

6 2.24 2.24 2.23 2.23 2.23 2.23 2.23 2.23 2.22 2.22 

Note: e.g., L/B = 2.0 and Kp = 2.50. 

Fire Area Plotting 

The perimeter of a free-burning fire is often highly irregular in 
detail but the overall pattern can usually be represented by a smooth 
ell ipse. the ell ipti cal fi re shape that can be drawn or plotted on a map 
shoul d correspond roughly to the actual outl i ne of the burned area and the 
approximation of fire size. Use the following procedures to plot the pro­
jected fire area: 

Step 1. Calculate the Map Distance (mm or cm) by rultiplying the Spread 
Distance by the Map Conversion Factor (see Table 11) appropriate to 
the scale of the map being used to plot fire area OR determine the 
Map nistance using the map scale bar as a reference guide. 

Step 2. Assess the roost likely direction of fire spread considering wind 
direction and topographic features. 

Step 3. Mark the known or a suspected i gniti on poi nt on the map with a "+". 

Step 4. Draw a line on the map in the direction of probable fire spread and 
eoua 1 in 1 ength to the Map Di stance. Pl ace an arrow at the end of 
the line to indicate the direction of fire spread. The resulting 
line represents the length (l) of the ellipse (see Fig. 19). 

Step 5. Determine the length/Breadth Ratio (see Fig. 20) of the elliptical 
fire shape based on the wind speed at a height of 10 m in the open. 

USER NOTE: Pabu7,tZrI vezesions of Pigrn¥J 20 aN pNSented as BUpp7,ementa7, 
aids fo7,7,Mng Page 73 of this zeepol"t. 
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Step 6. Calculate the map equivalent length of the ellipse's maximum Breath 
(B) or width (see Fig. 19) by dividing the length of the L line by 
the Length/Breadth Ratio. A clear plastic ruler (metric scale) will 
serve as a handy aid in drawing the Land B lines. 

Step 7. Draw the B 1 ine on the map starting at the midpoint of and perpen­
dicular to the L line. The length of the B line on either side of 
the L line should be t the total length calculated in Step 6 above. 

Step 8. Using the elliptical shapes illustrated in Figure 19 as a guide, 
sketch in the outline of the fire's perimeter using both ends of the 
Land B lines as reference points. 

Fire growth for successive time intervals could be represented by a series 
of "nested" ellipses (see Fig. 19) using the above procedures. This would 
involve computing a ROS prediction and repeating Steps 1-8 for each time 
interval selected. 

The procedures for portr ayi ng fi re growth on a map as descri bed 
above are for the most part applicable to the initial spread pattern exhib­
ited by wildfires during their first major burning period, spot or jump 
fires, or at "excursion" points along the controlled line of campaign fire 
(i.e., point ignitions). In such cases, the wind is generally pushing the 
fire in one principal direction. Any fire which remains out of control for 
days or weeks is likely to be subjected to considerable changes in wind 
direction and in other fire weather elements, fuel type differences, and 
topographic variations which collectively determine the direction of fire 
spread, growth, etc. on any particular day. Under these circumstances, a 
large portion of the fire perimeter may remain active for an extended time 
period. Rothermel (1983) has described the concept and techniques involved 
in projecting area growth and spread from the uncontrolled edge of a large, 
irregular shaped wildfire. There are no "cookbook" procedures to this 
aspect of fire behavior prediction. Instead, the following guidelines are 
offered, some of which are also applicable to point ignition fires. These 
consist of five steps: 

Step 1. 

Step 2. 

Step 3. 

Assembling Fire Environment Data and Information.--Gather together 
all relevant data and information requlred to make fire behavior 
predictions such as cover or fuel type maps, topographic maps, area 
and spot fire weather forecasts, current fire progress map, fire 
weather observations and fire danger ratings, intelligence reports, 
etc. 

Selection of Prediction Points.--Pick a few points along the peri­
meter that are likely to experience the most significant fire 
spread. Forecasted weather and surrounding fuel/terrain conditions 
will influence the number and location of prediction points. 

Determination of Prediction Time Interval (s).--Choose time intervals 
when burm ng condl tl ons are expected to be reasonably constant. 
Concentrate on the period of major fire activity (i .e., 1200-2000 
h). Predictions can be made for sequential time periods (e.g., 



53 

Table 11. Conversion factors for medium- and large-scale cover type and 
topographic maps commonly used in forest fire management. 

Map Scale Map Conversion Factor 

Ratio in. /mil e cm/m cm/km 

1:126 720 0.5 0.00079 0.79 

1: 125 000 0.507 0.0008 0.8 

1: 100'·000 0.634 0~001 1.0 

1:63 360 1.0 0.00158 1.58 

1:50 000 1.267 0.002 2.0 

1:40 000 1.584 0.0025 2.5 

1:31 680 2.0 0.00316 3.16 

1:25 000 2.534 0.004 4.0 

1:20 000 3.168 0.005 5.0 

1.15 840 4.0 0.00631 6.31 

1: 15 000 4.224 0.00667 6.67 

1: 10 000 6.336 0.01 10.0 

1:5 000. 12.67 0.02 20.0 

Notes: Map Conversion Factor (cm/m) = 100/Map Scale Ratio and Map Conver­
sion Factor (cm/km) = 100 OOO/Map Scale Ratio. 

1200-1400, 1400-1600, etc.). Be aware of forecasted changes in wind 
speed and direction. To determine the time required for the fire to 
advance from one fuel type to another, divide the width of fuel type 
zone by the predicted rate of spread. 

Step 4. Calculations of Fire Spread.--From each prediction point, calculate 
the fire's Spread Oistance (predicted rate of spread X time inter­
val). Then calculate or estimate the Map Distance (Spread Distance 
X Map Conversion Factor or use map scale bar). Indicate the direc­
tion of fire spread from each prediction point with an arrON line 
equal in length to the Map Distance. 

Step 5. Plotting Position of Fire Perimeter.--Using the prediction point 
arrON lines as reference guides, sketch in the probable location of 
the fire front at the end of each time interval taking into account 
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natural fuel-breaks that could hinder lateral fire spread (e.g., 
lakes, aspen stands after leaf flush). Total fire size and growth 
during the prediction time interval could be determined with a dot 
grid or planimeter. Similarly, perimeter could be determined manu­
ally with a map measurer. 

Persons making predictions should be extremely cognizant of amendments to 
fire weather forecasts and revise their projections accordingly. 

Projecting fire growth from a line source is obviously a complex 
process. The amount of detail that can be achieved and the degree of accu­
racy that can be expected will depend upon the time available for making 
predictions, availability of timely and reliable weather forecasts, the 
heterogeneity in the fuel type mosaic and terrain, fire size, etc. 

Conversion Factors 

Making predictions of fire behavior usually involves conversion of 
values from one system of measurement to another. This unit conversion pro­
cess must be done carefully to avoid major errors in interpreting the 
results of fire behavior prediction exercises. All units of measurement in 
the FBP System are given in the International System (S1) to conform with 
national forestry sector standards. Table 12 has been provided to assist 
the user with conversion of values in SI units to comparable units in the 
Engl ish system. Conversion factors are provided for units of rate of 
spread, spread distance, rate of perimeter increase, perimeter length, rate 
of area growth, and area burned. Convers i on factors are gi ven in Table 12 
to five significant digits, unless the conversion factor is exact with a 
lesser number of digits. 

FBP System Worksheet 

The FBP System Worksheet included on page 60 (blank copy included 
for photocopying) provides a step by step recording of input data, results 
of Fine Fuel Moisture Code (FFMC) adjustments for time and slope/aspect, 
rate of spread (ROS) calculations, fire size calculations and fire area 
plotting information. Lines 1 through 13 document the input data required 
for predicting rate of spread with the FBP System. Lines 14-27 of the work­
sheet are intended to present the results of calculations, and display 
results needed for plotting fire area. Data inputs and fire behavior 
prediction outputs are described briefly below, line by line, to assist in 
correct use of the worksheet. 

Heading. Enter Fire Number and/or Name; Date and Time calculations are made 
(24 hour clock, standard time or daylight saving time when in 
effect); Prediction Date and Time Interval. All calculations made 
on one sheet should be for the same time interval. Use a new sheet 
for each successive or new time interval. 
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Table 12. International System (SI)/English unit conversion factors for 
various Quantities connonly used to describe the rate of spread 
(1 inear and perimeter gr"OIlIIth or increase), rate of area growth, 
spread distance, perimeter, and area of wildland fires. 

I f Un i ts Are: Mu 1 tip 1 y by: 

Metres per minute (m/min) 0.06 

Metres per minute (m/min) 3.2808 

Metres per mi nute (m/mi n) 2.9826 

Metres per minute (m/min) 0.03728 

Kilometres per hour (km/h) 54.680 

Kilometres per hour (km/h) 49.709 

Kilometres per hour (km/h) 0.62137 

To Obtain: 
Inverse 
Factor* 

Kilometres per hour (km/h) 16.667 

Feet per minute (ft/min) 0.3048 

Chains per hour (ch/hr) 0.33528 

Miles per hour (mi/hr) 26.822 

Feet per minute (ft/min) 

Chains per hour (ch/hr) 

Miles per hour (mi/hr) 

0.018288 

0.020117 

1.6093 

Hectares per hour (ha/h) 

Metres (m) 

2.4711 Acres per hour (ac/hr) 0.40469 

Metres (m) 

Metres (m) 

Metres (m) 

Kil ometres (km) 

Kilometres (km) 

Kilometres (km) 

Hectares (ha) 

0.001 Kilometres (km) 1000.0 

3.2808 Feet (ft) 0.3048 

0.049709 Chains (ch) 20.117 

0.00062137 Miles (mi) 

3280.8 

49.709 

0.62137 

2.4711 

Feet (ft) 

Chains (ch) 

Miles (m;) 

Acres (ac) 

1609.5 

0.0003048 

0.020117 

1.6093 

0.40469 

*Note: To convert En91ish (or S1) values to SI, multiply by the inverse 
factor in the right-hand column. 

Line 1. Prediction Point. This is a place from which fire spread rate and 
fire area and perimeter growth will be predicted. Record the 
number of a prediction point at the top of a column and place the 
same number at the corresponding prediction point on the fire map. 
All subsequent data in the column should pertain to fire spread 
from that point. Specify whether the Prediction Point refers to a 
point i9nition (P.I.) or active perimeter source (A.P.S.). 
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Lines 2 to 6. Fuel Type Information. 

Line 2. FBP System Fuel Type. Enter the Fuel Type Identifier (e.g., C-2) 
whi ch best app 1i es to the fuels expected to be encountered by the 
fire ahead of the prediction point. In the case of Fuel Type C-6 
(Red Pine Plantation), specify the mean stand height in brackets; 
e.g., C-6 [la-20m]. If a fuel type change is encountered or 
expected, begin a new column with a new prediction point. 

Lines 3 and 4. Softwood and Hardwood Species Composition (%). If Fuel Type 
is M-1 (Boreal MixedWood-leafless) or M-2 (Boreal Mixedwood-summer) 
specify and enter the percent tree species composition of the stand 
by softwood (S) and hardwood (H) components. These proportions are 
requi red for 1 ater use as inputs when the appropri ate ROS model 
(equation, table or graph) is entered (Line 16). The sum of Lines 3 
and 4 must total 100%. 

Line 5. Cured/Dead Grass (%). If Fuel Type is 0-1 (Grass), specify and 
enter the proportion (as percent) of the current year standing crop 
of grass that is cured or dead, based on ocular estimate. Thi s 
value is used as an input to the Grass ROS ~odel (Line 16). 

Line 6. Grass Fuel Weight (t/ha). If Fuel Type is 0-1 (Grass), the total 
weight of grass, living and dead (dry weight basis) is specified and 
entered as either 3 t/ha, as in the standardized grass fuel type 
description, or some other proportional weight, known or estimated. 
Grass fuel weights other than 3 t/ha can be accommodated only in the 
equation form of the ROS model for Fuel Type 0-1; the graph and 
table forms present ROS only for the standard fuel weight of 3 t/ha. 

Lines 7 to 12. Fine Fuel Moisture Code (FFMC) Time & Slope/Aspect Adjust­
ments. 

Line i. Standard Daily FFMC. Enter the calculated value of FFMC determined 
from the standard "noon" weather observati ons taken on the day for 
which an afternoon rate of spread prediction is desired. (If morn­
ing hour rate of spread predictions are desired, the previous day's 
standard daily FFMC is required and an observation or estimate of 
the morning relative humidity at the time of prediction.) Standard 
daily FFMC can be calculated from tables for the FWI System or from 
an appropriate computer program for the FWI System. 

Line R. Time "Til. Select and enter an hour between 1200 and 2000 Local 
Standard Time (LST) for cal cul ati on of adjusted FFMC. If fi re 
behavior predictions are desired over an interval of several hours 
duration, additional times liT II can be selected and entered in suc­
cessive colu~ns on Line 8, in effect each successive Time "T" defin­
ing a ne.»N prediction point (Line 1). Alternatively, Time "T" can be 
selected as 1600 to coincide with the daily peak of fire danger, as 
built in to the standard daily FFMC. 

Line 9. FFMC at Time "T". Enter FFMC at time "T" as determined from Table 
4. (See Time of Day secti on for procedures if Time liT II is other 
than 1200 to 2000 h.) 
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Line 10. Aspect (~', E, S, O~ W). Enter the letter standing for the cardi­
nal direction most closely representing the direction that the area 
ahead of the prediction point faces (north, east, south O~ west). 
If FFMC topographic adjustment is required, record the aspect of the 
weather observation point in brackets (use 'L' for Level); e.g., 
SEE]. 

Line 11. Ground Slope (%). Enter the estimated or measured percent slope 
of the ground ahead of the prediction point, disregarding minor 
fluctuations. If FFMC topographic adjustment is required, record 
the slope of the weather observation point in brackets (use 'L' for 
Level; e.g., 50[15]. Slope can also be determined from a topo­
graphic map of the area (see Slope Adjustments). The value in Line 
11 is used both in FFMC adjustments (if necessary) and in ROS calcu-
1 ations. 

Line 12. Adjusted FFMC. If Fuel Type Group is Slash or Open, month is 
Mar., Apr., Aug., Sept., Oct., day is clear to partly cloudy, Time 
"T" is between 1200 and 2000 and s i gni fi cant differences exist -in 
slope and aspect between point where weather observations were taken 
and the prediction point, determine Adjusted FFMC from Table 5 and 
enter it here. If all the above conditions are not met, enter FFMC 
at TinE "T" as Adjusted FFMC. 

Lines 13 to 17. Rate of Spread (ROS) Calculations. 

Line 13. 10-m Wind Speed (km/h). Enter the measurement, estimate or fore­
cast val ue Of the 10-m open wi ndspeed for the predi cti on poi nt and 
time interval of the prediction. Ideally, this will be an updated 
value from the standard "noon" observation if the prediction is for 
the afternoon. Record in brackets, beside 10-m Wind Speed value, 
the case number for direction of fire spread relative to wind and 
slope (see Slope Adjustments and Table 7); e.g., 15[1]. 

Line 14. Initial Spread Index (lSI). Enter the lSI as calculated from: a) 
10-m Wind Speed given at Line 13 (Cases 1 and 4) OR zero windsoeed 
(Cases 2 and 3) and b) Adjusted FFMC (Line 12) using Table 7 of the 
FWI System Tables. If the fuel type is subject to crowning and the 
fire is spreading on level to gently undulating ground or downslope, 
denote crown fire spread with an asterisk (*), if applicable (see 
Crown Fire Thresholds); e.g., 16*. 

Line 15. Spread Factor (SF). Using Ground Slope (Line 11), and Table 6, 
derive the appropri ate Spread Factor (SF) to adjust ROS for fi res 
burning upslope. Table 6 is valid only for slopes up to 60%. For 
fires burning downslope or on level to gently undulating ground, let 
SF = 1.00. Enter SF in Line 15. 

Line 16. ROS on Level (m/min O~ km/h). Using the appropriate Fuel Type 
Information (Lines 2 to 6) and lSI (Line 14), determi ne the ROS on 
Level to gently undul ating ground from the appropri ate ROS model 
(equation, graph or table) for the Fuel Type of concern (Line 2). 
ROS equations yield output in m/min; ROS tables and graphs are 
readable in units of m/min or km/h. Enter ROS on Line 16, 
indicating units chosen. 
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Line 17. ROS[16] X- SF[15] (m/min 01" km/h). By rrultiplying ROS on Level 
ground (line 16) by SF (Line 15), ROS adjusted for slope is calcu­
lated (i.e., upslope fire spread). Alternatively, Equation (15) in 
the Rate of Spread Equati ons secti on can be used with ROS on Level 
ground (Line 16) and percent ground slope (Line 11) to calculate up­
slope ROS in m/min. Enter ROS adjusted for slope in Line 17, indi­
cating units chosen. If the fuel type is subject to crowning and 
the fi re is spreadi ng upslope, denote crown fi re spread with-an 
asterisk (*), if applicable (see Crown Fire Thresholds); e.g., 
19.6*. 

Lines 18 to 24. Fire Size Calculations. 

Line 18. Elapsed Time (min 01" h). Enter Elapsed Time, corresponding to the 
Prediction Time Interval, indicating units of either min or h, mak­
ing sure that the units are compatible with those used for ROS (Line 
17); i.~., m/min and min or km/h and h. 

Line 19. Spread Distance (m 01" km). Multiply the ROS calculated at Line 
17 by Elapsed Time (Line 18) to obtain Spread Distance (m or km), 
representing the actual length of the fire in (horizontal) ground 
distance. Enter Spread Distance in Line 19, indicating units 
chosen. -

Line 20. Area Shape Factor (KA). If predictinq fire growth for a point 
i gniti on, determi ne KA by enteri ng either Tabl e 8 (for standi ng 
timber fuel types) or Table 9 (for non-forested fuel types) with 
10-m Wind Speed (Line 13). KA is a unitless value derived from 
the length-to-breadth ratio of a simple ellipse as determined by the 
fuel type and prevailing wind velocity. Enter KA in Line 20. If 
projecting fire growth from an active perimeter source, leave this 
1 i ne blank. 

Line 21. Area Burned (ha). If predicting fire growth for a point ignition, 
mul tiply KA (Line 20) by the square of the product of ROS (Line 
17) times Elapsed Time (Line 18) using Equation (16). The result is 
area burned in m2 or km2 , depending on units used· for ROS and 
E1 apsed Time, assumi ng an ell iptical fire shape. Convert this 
result to Area Burned in ha by dividing m2 by 10,000 or multiplying 
km2 by 100. If projecti ng fi re growth from an acti ve perimeter 
source, determine the burned area with a dot grid or planimeter~ 
Enter Area Burned (ha) in Line 21. 

Line 22. Length/Breadth Ratio (L/B). The ratio of total length to maximum 
breadth (L/B) of a free-burning fire having an elliptical shape 
depends on wind speed in a given fuel type. Relationships are 
presented (Fig. 20) for two broad fuel type categories: non­
forested and standing timber. If predicting fire growth for a 
point igntion, determine from Figure 20 the L/B ratio for the 10-m 
open wind speed (Line 13) and appropriate fuel type category. 
Enter LIB in Line 22. If projecting fire growth from an active 
perimeter source, leave this line blank. 

USER NOTE: Tabu1.a7' V6l"Sions of Figure 20 azoe pzeesented as supp1.ementtiL 
aids foUowing page 73 of the 1!'epOrt. 
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Line 23. Perimeter Shape Factor (Kp). If predicting fire growth for a 
point ignition, determine Kp by entering Table 10 with the L/B 
ratio (Line 22). Kp is a unitless value derived from the length­
to-breadth rati 0 of a simpl e ell ipse based on its ci rcumference. 
Enter Kp in Line 23. If proj ect i ng fi re growth from an active 
perimeter source, leave this line blank. 

USER NOTE: . It Jt1i,tt be nscessazey to inte1!'1)(iLate between adjacent cotumns and 
POIiI8 to dst81!f'lli.ne ICp r.ihen entePi.ng ~te 10 wlth a LIB t7al.ue 
obtained f1!'01ll the tabutaP V87."8ionB of Pi.{/U1!'8 20 that a1!'e 

p1!'e8ented as supptemerrtat aids fot7,Mng Page 73 of this 
1!'ep01!'t. 

Line 24. Perimeter Lenqth (m O~ km). Perimeter Length for a point ignition 
fire having a burned area as determined in Line 21 can be approxi­
mated by nultiplying Kp (Line 23) by Spread Distance (Line 19) us­
ing Equation (17). This procedure tends to underestimate actual 
fire perimeter length because of irregularities in the fire edge not 
accounted for in the formul a. If projecting fire growth from an 
active perimeter source, determine the length of the perimeter with 
a map measurer. Enter Perimeter Length in Line 24, indicating units 
chosen. 

Lines 25 to 27. Fire Area Plotting. Note Map Scale (ratio or in./mile). 

Line 25. Map Conversion Factor. Determine the Map Conversion Factor from 
Table 11 appropriate to the topographic or cover type map being used 
to plot the predicted fire size and area burned. Enter Table 11 
with Map Scale expressed either as a ratio or in./mile and determine 
the appropriate Map Conversion Factor, either as cm/m or cm/km. 
Enter the Map Conversion Factor in Line 25, indicating units chosen 
(cm/m or cm/km) in parentheses. 

Line 26. Map Distance (cm). Calculate Map Distance (cm) by multiplying 
Spread Distance (Line 19) by Map Conversion Factor (Line 25), mak­
ing sure that the units are compatible; i.e., m and cm/m or km and 
cm/km. When plottin~ fire area for a point ignition, this distance 
represents the length (L) of the elliptical fire area map plot. 
When plotting fire area from an active perimeter source, this dis­
tance represents the fire spread from an individual prediction 
point. If plotting fire area for a point ignition, calculate the 
map equivalent length of the ellipse's maximum Breadth (B) by 
dividing length of the L line by the L/B ratio (Line 22). Enter the 
Map Distance values of both Land B lines for point ignition fires 
(e.g., 6.2/3.1) or single value for active perimeter source fires in 
Line 26. 

Line 27. Wind Direction. Record Wind Direction to guide plotting of fire 
spread direction from Prediction Point. 

USER NOTE: n1Je 140wheet 8a11Pte cczZcutations a1!'e gi.1Jen at the end of this 
pepo1!'t. 
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DOCUMENTATION-OF WILDFIRE SPREAD RATES 

While a number of well-documented wildfires were used in devel­
oping this interim edition of the FBP System, much more information 
remains to be collected in order to evaluate the ROS relationships out­
lined, and to allON for the future expansion of the FBP System to 
include other important Canadian fuel types. The purpose of this sec­
tion is to provide guidance and methodology to user agencies in gather­
ing ROS data in a systematic and reliable fashion on wildfires in order 
to rationally verify and adjust their fire behavior predictions. This 
is not an easy task at all, primarily because wildfire occurrence is 
unpredictable as to time and place, and numerous logistical problems 
arise when attempting to observe and monitor wildfire behavior. How­
ever, fire suppression personnel are generally in a position to make a 
few key observations on wildfires and, if properly trained, to document 
these observations in a systematic fashion. An excellent outline of the 
principles of wildfire documentation is provided by Rothermel and 
Rinehart (1983). 

Rate of Spread Monitoring ! 

The forward rate of spread is the most important fi re behavi or 
parameter to measure on a wildfire. Identification of the position of 
the head fire at various times throughout the peak late afternoon-early 
evening burning period would be optimum. Even marking the beginning and 
end points of major, sustained runs (e.g., ROS in excess of 2 km/h for 
more than 3 hours) would be most useful information. The most common 
weakness with conventional mapping on campaign wildfires is that it is 
usually not done at the time when the fire is actively spreading. Maps 
and records officers traditionally map the fire perimeter in the early 
morning and/or late evenin9. Mapping during peak spread periods is dif­
ficult due to turbulence and visibility problems caused by large volumes 
of smoke and significant convective activity. Conversely, "blow-upll 
fire periods are too dangerous for suppression activities and this time 
could be used for documentation. 

The position of the head and flanks of a fire, and the direction 
of spread, should be plotted on a map in relation to major identifiable 
landmarks and topographic features (e.g., rivers, lakes, ridges, roads, 
seismic lines, power lines). Flank fire position, when combined with 
head fire location, will allow calculation of the fire's length-to­
breadth (LIB) ratio. The use of topographic maps (1:50 000 scale or 
larger) or forest cover type maps would provide additional information 
of value. Additional equipment, such as a hand-held portable tape 
recorder and a camera with a IIdata back" timing attachment, would prove 
very useful in documenting fire spread. The interviewing of suppression 
personnel and pilots during the fire, and the examination of radio log 
records can also provide valuable information. 
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Fire Weather Observations 

Ideally, a fire weather station located at the fire site should 
be used to monitor the fire weather parameters (temperature, relative 
humidity, wind speed, precipitation) used in calculating the component 
codes and indexes of the FWI System relative to that particular fire. A 
variety of portable and/or electronic fire weather stations are avail­
able, at a reasonable cost, for temporary installation at a fire camp. 
The station location should be representative of the fire area, and the 
station should be established according to the criteria outlined in 
Turner and Lawson (1978). Weather observations should be recorded every 
hour during periods of major fire activity. 

In most cases, however, major fire runs occur before fire camps 
are in place and weather stations set up. In these situations, an 
observer documenting fire behavior must resort to using a portable belt 
weather kit which wi 11 allow him to measure local fire weather param­
eters in a reasonably accurate manner. A sling psychrometer and a hand­
held anemometer are the main components in each kit. The Beaufort Wind 
Scale (Turner and Lawson 1978) is also a quite useful means of estimat­
ing wind velocity in this type of situation. Ideally, the observer 
should collect some moisture content samples for selected fuels for 
later analysis. 

In the absence of on-site weather observations during periods of 
major fire spread, it is necessary to collect weather data from the 
nearest permanent weather station. Each province has a broad network of 
fire weather stations from which 1200 h LST data can be obtained. In 
addition, the Atmospheric Environment Service (AES) has a number of 
synoptic weather stations across Canada which provide hourly observa­
tions of numerous weather parameters. 

Every attempt should be made to co 11 ect, from any source, as 
much accurate and representative weather data as possible for correla­
tion with observed fire behavior parameters. Good weather data is 
invaluable to a proper understanding and explanation of the behavior of 
wildfi res. 

We ll-documented cases of hi gh wil dfi re spread rates wi 11 be 
invaluable in evaluating and expanding this version of the FBP System. 
The CFS Fire Danger Group would appreciate receiving this- type of infor­
mation, including copies of ROS maps, written accounts, weather data and 
weather station location, etc. This data could be sent to the appropri­
ate member listed in the Preface of this report. 
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FIRE BEHAVIOR PREDICTION 

This interim edition of the FBP System represents the best 
available information on fire spread in Canada. Hence, the fire manager 
would appear to be in a good position to predict head fire rate of 
spread with reasonable assurance under a variety of fuel and fire 
weather conditions. However, any system for predicting fire behavior is 
a mechanical scheme and will not give an exact answer every time. Many 
variables determine fire behavior and these are interrelated in complex 
ways. Prediction accura~ is dependent upon the skill and knowledge of 
the user and the degree of uniformity in environmental conditions. 

The FBP System is intended to supplement, rather than replace, 
the experience, local knowledge, and judgement of fire managers. 
Persons combinin~, in a systematic fashion, the products of the FBP 
SYstem with their own fire experience can be expected to make the most 
accurate fire behavior predictions. Practice and experienced judgement 
in assessing the fire environment, coupled with a systematic method of 
calculating fire behavior, can yield surprisingly good results. Pre­
dicting quantitative rates of fire spread and other features of fire 
behavior in wildland vegetation complexes remains an art. It must be 
done at the fire site by a highly trained and experienced fire special­
ist who must observe a vast number of interacting parameters and evalu­
ate them in his mind in view of existing and predicted short term 
changes in fuel, weather, and topographic factors of the fire environ­
ment. 

The FBP System provides Canadian forest fire managers with site­
specific fire behavior information for fuel types of major concern. It 
will be a number of years before all important Canadian fuel types are 
properly covered. This edition wi·ll assist in meeting the present day 
planning and immediate operational requirements of Canadian fire manage­
ment agencies primarily concerned with fire behavior in major standing 
timber fuel types. 

The future development and effective use of more sophisticated 
procedures for fi re behavi or predi cti on di ctate improved weather data 
collection and weather forecasting procedures, an increased data­
handling capability by the operational agency, and some indication that 
the fi re manager I s abil i ty to predi ct changes in fi re behavi or over 
short time spans and on small areas is of real practical importance in 
relation to suppression activities, and will contribute to a saving in 
fire management costs and fire damages. 
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APPENDIX I - DERIVATION AND INTERPRETATION OF MATHEMATICAL FUNCTIONS 

The rate of spread (ROS) equations for most fuel types were 
developed by grouping into appropriate subsets data from a larger data 
set consisting of 290 fire observations for which spread rate and 
necessary weather information were available. This data base comprises 
245 experimental and operational prescribed fire observations, and 45 
wildfire observations from all available Canadian sources3 (e.g., Van 
Wagner 1963, 1964, 1965, 1966, 1968, 1973, 1977c; Howard 1968; Kiil 
1970, 1975; Muraro 1971; Ouintilio 1972; Stocks and Walker 1972, 1973; 
Walker and Stocks 1972; Lawson 1973, 1977a, 19R2; Stocks 1975, 1977; 
Stocks and Alexander 1980; Alexander 1983; Alexander et al. 1983; 
Newstead and Alexander 1983; Ouintilio et a1. 1984) as well as from 
adjacent states of the U.S. (e.g., Johnson 1962; Randall 1966; Sando 
1972; Sando and Haines 1972; Perala 1974; Alexander 19A2b, 1984; Oyrness 
and Norum 1983; Simard et al. 1983). Some large wildfires known to have 
burned through several forest types were included in more than one fuel­
type subset. 

For all equations derived directly from the data base, the 
independent variable is the Initial Spread Index (ISI). Because this 
index is a compound quantity, comprising functions of fine fuel moisture 
and wind, all fuel-type subsets were tested for multiple correlation of 
ROS with these two variables expressed separately. No advantage was 
found over the lSI alone. An effect of Buildup Index (BUI) on ROS (Van 
Wagner 1973) was also tested for but not found. The lSI was therefore 
retained as sole independent variable for these fuel types. Table 13 
shows various statistics, including ranges of ROS, lSI, BUI, numbers of 
fires, as well as the correlation coefficients (r2) between actual 
versus calculated ROS values for all data-based fuel types. Figure 16 
(page 30) shows the comparative position of ROS/ISI curves for all 14 
fuel types. 

The final equation forms were chosen after some trial and 
judgement. Special attention was paid to reasonable fit with data at 
low lSI, and for consistency among fuel types. The principle that ROS 
probably levels off at very high lSI was adopted as an appropriate 
conservati ve approach in the absence of fi rm knowl edge on thi s poi nt. 
Some fuel types are served by two eouations for lower and uoper ranges 
of lSI, with a smooth junction at the lSI changeover value. Where data 
existed for a low range of lSI- only, the curves were extrapolated by 
judgement and informal experience. 

Because of the empirical nature of the data, the transition from 
surface fire to crown fire among the coniferous fuel types is accounted 
for automatically in the ROS equations. Among the boreal coniferous 
fuel types especially (C-I, C-2, C-3, and C-4), the steeper section of 

3 Donors of unpublished fire spread data are thanked especially. These 
include R.A. Lanoville (Indian and Northern Affairs Canada, Regional 
Fire Centre, Fort Smith, N.W.T.) and A.H. Johnson (formerly with 
Faculty of Forestry, University of British Columbia, Vancouver). 



the curves at intermediate lSI represents this process. Crowning is 
considered unlikely in type C-5 and occurs only at very high lSI levels 
in type C-7, due to the very open nature of the forest in these fuel 
types. All ROS curves were forced through the origin, with the 
except i on of type C-4 where the dense nature of the stands precluded 
fire spread at lSI values below 4. lSI crowning thresholds were set by 
informal experience (Table 13). Fuel type C-6 is dealt with below. 

Several equations were not derived directly from the data base: 

a) The Boreal Mixedwood Fuel Types (M-1 and M-2), which occur wide­
ly throughout Canada, are served by a blend of the ROS equations 
for Boreal Spruce (C-2) and Leafless Aspen (0-1). Fuel Type M-1 
(leafless-for spring and fall periods) uses these two equations 
directly in proportion to the amount of softwood (S) and hard­
wood (H). Fuel Type M-2 (for summer period) is similar except 
that the ROS equation for Fuel Type 0-1 is used at 1/5 
strength. The i nfl uence of hardwood compos i t i on on ROS and 
crowning potential is taken into account. 
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b) The Red Pine Plantation Fuel Type (C-6) utilizes the ROS equa­
tions of other coniferous fuel types for three mean stand height 
ranges. This approach was adopted in view of 1) the importance 
of height to plantation fire behavior, and 2) the limited number 
of ROS observations in this fuel type. 

c) The Grass Fuel Type (0-1) equation is based on the Australian 
grassland fire danger/behavior research of McArthur (1962, 1966, 
1977), with supporting evidence from early Canadian grass fire 
research (Wright and Beall 1938). The basic ROS equation 
assumes a fuel load of 3 t/ha (1.3 T/ac) and is for use in 
instances where actual grass loading is unknown. For cases in 
which grass loading is known, a second equation which utilizes 
fuel weight as a variable, is provided. Both equations provide 
for incorporating an estimate of the proportion of cured or dead 
fuel. 

_ The fuel-type subsets into which the main data base is divided 
are not all significantly different. Some of the ROS curves, therefore, 
resemble each other to some degree. This was allowed on grounds that it 
was better to identify and distinguish the important fuel types rather 
than to pool certain large types together. This separation provides 
also for collecting further fire behavior data and assigning them logi­
cally. 

Fire length-to-breadth ratio versus wind speed relationships 
(Fig. 20) are presented in this interim edition of the FBP System for 
two broad fuel type categories: 

Non-forested Fuel Types 

L/B = 1.1 WO.464 ,W2:. 1 (18) 
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Standing Timber Fuel Types 

LIB = 1 + 0.0012W2.154 ,W ~ 50 (19) 

where, LIB = length-to-breadth ratio and W = wind speed at a height of 
10 m in the open on level terrain, km/h. It is recommended that 
Equation (18) be used for winds greater than 50 kmlh, regardless of the 
fuel type. 

Equation (18) is from Cheney (1981) based on McArthur's (1966) 
original empirical work on Australian grassland fires. A graph of the 
relationship also appears in Luke and McArthur (1978). Equation (19) 
was derived using the Initial Spread Index (ISI) component of the FWI 
System (Van Wagner and Pi ckett 1984) and by assuming for reasons of 
simplicity that flank fire spread is independent of wind speed. LIB 
rati os were computed for wi nd speeds between 0 and 50 km/h as fo 11 ows: 
LIB = (lSI at zero wind + lSI at given wind)/2 (lSI at zero wind). The 
resulting LIB ratios were plotted over wind and fitted to the equation 
form Y = 1 + aXb so that LIB = 1.0 when wind = O. Comparisons of pre­
dicted LIB ratios for Equation (19) with actual values from published 
case histories of selected wildfires in natural and man-made forests 
(e.g., Van Wagner 1965; McArthur et al. 1966; Stocks and Walker 1973; 
Geddes and Pfeiffer 1981; Alexander et al. 1983; Simard et al. 1983) 
show good agreement. 

The perimeter shape factors (Kp) contained in Table 10 were 
formulated by using the approximate expression for the circumference (C) 
of an ellipse: 

(20) 

where, a and b are the long and short semiaxes of the ellipse (Fig. 
19). The following empirical equation linking Kp to the length-to­
breadth ratio (LIB) of a simple ellipse was derived: 

Kp = (L/B)/[-0.14145 + 0.47034(L/B)] (21 ) 

The resulting Kp values, which varied from 2.22 (LIB = 7.0) to 2.92 
(LIB = 1.1), were consistent with general rules of thumb (i .e., Kp = 
2.5) for estimating perimeter length andlor rate of perimeter growth 
(McArthur 1966; Anderson 1983). 



Table 13. Statistics and related infonnation associated with the data base and rate of spread (ROS) 
functions eMbodied in the 1984 interim edition of the Canadian Forest Fire Behavior Prediction 
(FOP) System. The r2 values refer to the correlation between actual and equation spread rates 
(lSI = Initial Spread Index, FFMC = Fine Fuel Moisture Code, and BUI = Buildup Index). 

Fuel 
type 

C-l 

C-2 

C-3 

C-4 

C-5 

C-6 

C-7 

0-1 

S-1 

S-2 

S-3 

Number 
of 

fires 
en) 

8 

43 

56 

29 

15 

12 

12 

34 

53 

52 

12 

ROS 
range 

(m/min) 

0.6- 51.4 

0.3-107.0 

0.4-107.0 

0.7-107.0 

0.3- 7.5 

0.9- 27.4 

0.3- 26.8 

0.3- 10.7 

0.6- 37.7 

0.1- 31. 7 

0.4- 12.0 

lSI 
range 

3.2-31.1 

2.5-68.0 

3.3-68.0 

5.8-68.0 

3.0-18.0 

5.0-13.0 

7.0-41.0 

3.2-28.1 

1.0-16.4 

1.0-38.8 

1.0-11.0 

FfMC 
range 

80.0-93.0 

84.8-96.2 

87.2-96.2 

89.0-96.2 

81.0-92.0 

87.0-93.0 

89.0-97.5 

87.0-95.0 

72.4-95.2 

56.0-95.2 

74.0-92.0 

1 As measured at 10 m in the open on level terrain. 

Windl 
range 
(km/h) 

14.5-34.6 

2.8-51.0 

3.0-51.0 

6.0-51.0 

3.0-25.0 

7;0-19.0 

0.0-40.0 

3.0-28.0 

4.8-32.2 

2.3-32.0 

2'.0-32.0 

x 

71 

78 

59 

61 

48 

60 

97 

29 

38 

75 

32 

BUI 
SD Range 

4.6 63- 75 

39.3 30-160 

24.8 24-128 

27.6 27-128 

23.2 

20.5 

37.1 

12.8 

20.6 

18.5 

14.4 

17- 97 

34-109 

33-135 

13- 57 

7- 87 

45-114 

13- 65 

Correlation 
coefficient 

(r2 ) 

0.95 

.91 

.91 

.84 

.91 

.92 

.69 

.60 

.74 

.69 

lSI 
crowning 

threshold2 

16 

12 

18 

8 

8/18/--

25 

M/A 

M/A 

N/A 

2 Crown fire spread in the Boreal Mixedwood Fuel Types M-l (leafless) and M-2 (summer) was judged to occur, in forest 
stands having at least a 50 percent softwood component, when the ROS is >17 m/min and >21 m/min, respectively. 
Thus, the lSI crowning thresholds for the three softwood (S)/hardwood (HT species composition combinations used in 
the ROS Graphs and Tables sections of this report are as follows: M-1 75S:25H - 16, M-1 50S:50H and M-2 75S:25H -
20, M-2 505:50H - 30, and M-l 255:75H and M-2 255:75H - crowning unlikely. 

..., 
eN 



SUPPLEMENTS 

Users may find the graphical (Fi~. 20) or equation method of determining 
lenoth-to-breadth ratio (LIB) inconvenient. Tabular summaries of Equations 
(18) and (19) are presented below. LIB can also be approximated by usinQ 
Tables 8 or 9 and the followino formula: LIB = ~/r.4KAJ. . 

LenQth-to-breadth ratios (LIB) versus wind speed at a height of 10 m in the 
open on level terrain for free-burning fires in standing timber fuel types. 

Wind 
speed 0 1 2 3 4 5 6 7 8 9 
(km/h) 

LIB 

o 1.00 1.00 1.01 1.01 1.02 1.04 1.06 1.08 1.11 1.14 

10 1.17 1.21 1.25 1.30 1.35 1.41 1.47 1.54 1.61 1.68 

20 1.76 1.85 1.93 2.03 2.13 2.23 2.34 2.45 2.57 2.70 

30 2.82 2.96 3.10 3.24 3.39 3.54 3.70 3.86 4.03 4.21 

40 4.39 4.57 4.76 4.96 5.16 5.37 5.58 5.80 6.02 6.25 

Note: e.g., Wind Speed = 15 km/h and LIB = 1.41. 

LenQth-to-breadth ratios (LIB) versus wind speed at a height of 10 min-the 
open on level terrain for free-burning fires in non-forested fuel types. 

Wind 
speed 0 1 2 3 4 5 6 7 8 9 
(km/h) 

LIB 

o 1.00 1.10 1.52 1.83 2.09 2.32 2.53 2.71 2.89 3.05 

10 3.20 3.35 3.48 3.62 3.74 3.86 3.98 4.10 4.21 4.31 

20 4.42 4.52 4.62 4.71 4.~1 4.90 4.99 5.08 5.16 5.25 

30 5.33 5.41 5.49 5.57 5.65 5.73 5.80 5.88 5.95 6.02 

40 6.09 6.16 6.23 6.30 6.37 6.43 6.50 6.57 6.63 6.69 

Note: e.o., Wind Speed = 15 km/h and LIB = 3.86. 



The following illustrations have been prepared to further assist users in deter­
mining rate of spread in relation to direction fire is spreading with respect to 
wind and slope (see Slope Adjustments and Table 7 in the text, pgs. 42-46). 

FIRE SPREAD DIRECTION UPSLOPE; WINO FIRE SPREAD DIRECTION UPSLOPE; WINO 
DIRECTION UPSLOPE OR UPWARD CROSS-SLOPE DIRECTION DOWNSLOPE OR DOWNWARD CROSS-SLOPE 

~ 

~j/ \ 

~ 1· ~n calculating ROS, use: ~\ \ J>~ calculating ROS, use: 

( 

q"o.o. 1) given Wi nd Speed to } ~Q) 1) zero Wi nd Speed to 
~~ compute 1St and 2) SF ~~ compute I S I and 2) SF 

.~q" for given % Ground Slope ~~q" for given % Ground Slope 
~'" Case 1 ~ Case 3 

FIRE SPREAD DIRECTION DOWNSLOPE; WIND FIRE SPREAD DIRECTION DOWNSLOPE; WINO 
DIRECTION UPSLOPE OR UPWARD CROSS-SLOPE DIRECT·ION DOWNSLOPE OR DOWNWARD CROSS-SLOPE 

Case 2 

"'­I' ~ ~~qf>?:' 
.~fb 

~'" 

In calculating ROS, use: 
1) given Wind Speed to 
compute lSI and 2) SF 

for 0% Ground Slope 
Case 4 

The four cases of fire spread direction with respect to wind direction and slope 
(adapted from Rothermel and Rinehart 1983) and input information for determininQ 
rate of spread (ROS) in regards to the Initial Spread Index (lSI) and relative 
Spread Factor (SF). 

/UPSLOPE~ 

/ ~ 
UPWARD UPWARD 

CROSS-SlOPE CROSS-SLOPE 

( \ 
\ J 

DOWNWARD DOWNWARD 
CROSS-SLOPE CROSS-SlOPE 

~ / 
"--DOWNSlOpe.-/' 

The four t,ypes of slope winds 
according to Rothermel and Rine­
hart's (1983) definitions: 

Upslope Wind is within a t 30° 
quadrant of the maximum ground 
slope. 

Downslope Wind is within a t 30° 
quadrant of the maximum fall line. 

Upward and Downward Cross-slope 
Winds consist of all remaining 
angles that are not upslope or 
downslope. 
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CANADIAN FOREST FIRE BEHAVIOR PREDICTION (FBP) SYSTEM WORKSHEET 

Fire Number/Name SA~Pl.e CALCUL.AiIONS Date & Time 2'1/04/84 I~OO LST 

Prediction Date & Time Interval .30/04-L84- from 12.00 to 1300 LSr 
» 

1. Prediction Point I 2 3 4- .s 
Fuel TYEe Information P. I. P. I. A. P. S. A. P.S. p.r. 

Z'~ FBP System Fuel Type C-4 /'4-/ D-/ $-2 0-1 
3 Softwood Species Composition (%) 75 
4 Hardwood Species Composition (%) - 25 
5 Cured/Dead Grass (%) C:;S 

6 Grass Fuel Weight (t/ha) - 3 

Fine Fuel Moisture Code (FFMC) 
Time & SloEe/Aspect Adjustments 

7 Standard Daily FFMC '13 95 9a q4- q4-
a Time IIT" 12.00 /200 /200 ..1200 i20D 
9 FFMC at Time "T" ql 93 S9 9.2 q2. 

10~ Aspect (N, E, S, 07" W) N IE. s[E1 w [1..1 
11: Ground Slope (%) 0 14- /0 so ,'5] 18 Cl..l 
12 Adjusted FFMC 9/ 93 85 9~ 92 

Rate of Spread (ROS) Calculations 
13 10-m Wind Speed (km/h) 23 L5[1] .3 (2.J 5[3] 1~[4] 

14 Initial Spread Index (lSI) [6* 14- 2.0 9 12-
15 Spread Factor (SF) /.00 /.4-0 1.00 4.hS /.00 

16: ROS on Level (m/min 07" km/h) 26 14 0.2. 6.9 19 
IT ROS[16] x SF[15] (m/min 07" km/h) 26 £9.6* 0.2. 32.1 19 

Fire Size Calculations 
18 Elapsed Time (min 07" h) 60 60 ~O Go 60 
19 Spread Distance (m 07" km) I S{;;O Jl7tO 1'2. 192b 1140 
20 Area Shape Factor (KA) 0.3Q o.S6 0.20 
21 Area Burned (ha) C;S 77 2b 
22 Length/Breadth Ratio (L/B) 2.0 1.41 3.86 
23 Perimeter Shape Factor (Kp) 2.S0 2.72- 2.30 
24 Perimeter Length (m 07" km) 390Q 319Cf 2~Z2. 

Fire Area Pl otti ng I: 2S 000 

25 Map Conversion Factor «('rII/tfI) 0.004 0.004 0.004- 0.004- O.Qo4-
26 Map Distance (em) 6.2jJ.1 4.7!J.~ 0.' 7.7 4-.6/1.2. , I 

27 Wind Direction S-SW NW S£ N E 


