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Fire Behavior and the Forest Manager

“The behavior of fires is an important factor
In the growth, harvesting, and regeneration
of forest crops. How often fires occur and
how hot they burn affect ... the ... quantity of
products harvested from the forest. The
forest manager may influence fire behavior
by the nature of his operations ... it is
important for forest managers

to know fire behavior and to be
able to evaluate the influence

of forest management operations
onit.” —J.S. Barrows (1951)




Purpose of Presentation:

Provide a overview (for the non-specialist)
of relevant fire behavior terms and
concepts, existing tools for predicting fire
behavior at the stand level (with particular
emphasis on crown fire), and finally, to offer
some suggestions for future direction

Outline of Presentation:

|. Fire Behavior Fundamentals

Il. Prediction of Fire Behavior .
Ill. Conclusions and Suggestions JEREE L
on Future Direction LR




l. “FIRE BEHAVIOR 101”: The Fundamentals

Fire behavior is defined as the manner In
which fuel ignites, flame develops,
fire spreads and exhibits other related
phenomena as determined by the
Interaction of fuels, weather, and
topography (i.e., the fire environment).




Fire Environment Factors

Fuel Characteristics:
* Quantity
* Moisture
« Size & Shape
* Depth/Height
* Arrangement

Weather Characteristics:
* Wind Speed & Direction
* Relative Humidity
* Air Temperature
» Rainfall Amounts & Duration
* Cloud Clover
« Atmospheric Instability

Topographic Characteristics:
» Slope Steepness & Aspect
 Elevation

« Configuration

» Barriers to Fire Spread




PARTS OF A FIRE
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Nominal Spread Rates for Wildland Fires
Ground or Subsurface Fires: < 0.01 m/min

Surface Backfires
In Forests:
0.1-1.0 m/min

Surface Head Fires
In Forests:
1-10 m/min

Crown Fires In Forests:
15 - 200 m/min

Grass Fires:
up to 250 - 350 m/min




Basic Features of a Forest Fire:

It spreads ...
It

consumes
or

“eats” fuel
and ...

It produces ... a visible
heat energy flaming
and light in combustion

reaction.




Fire Intensity
I = H X W X R

I U A

Fire Heat of Fuel Rate of Fire
Intensity  Combustion Consumed Spread
(kW/m) (18 000 kJ/kg) (kg/m?) (m/sec)

Fire Intensity Spectrum

10 kW/m — Lower limit of surface fire spread

1000 kW/m — Limit of suppression capability by
hand crews

10 000 kW/m — Active crown fires have developed oy
100 000 kW/m — Major conflagrations b




Fire intensity Is related to size of flames

// flame flashes
$

prevailing wind
:
flame length flame height

Flame depth compact surface layer

Simple Formula for Field Use For active

(for surface fires & crown fires,
Intermittent crown fires) flame height
| =300 x (L) ~ 2X

stand height

L = Flame Length (metres)



Extreme fire behavior represents a level of
fire activity that often precludes any fire
suppression action. It usually involves one
or more of the following:

* High Rate of Spread & Intensity
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* Prolific Spotting

» Large Fire Whirls @@=

* Well-developed
Convection Column




Comparison of Fire Behavior in a Pine

Plantation under High Fire Danger Conditions
(adapted from McArthur 1965)

Fire Description and Stand A_ Stand B
_Characteristics (pruned up to 5 m) (unpruned)
Type of fire Surface Crown

Forward spread rate (m/min) 5 10
Fuel Consumed (t/ha) 18 28
Head fire intensity (kW/m) 2700 8400
Flame height (m) 2 12
Fire area @ 1 hour (ha) 4.86* 19.44*
Fire perimeter @ 1 hour (km) 0.83 165
_Spotting distance (m) <200 up to 2000

*Area enlargement = (Rate of Spread Increase)?



The more important fire behavior
characteristics from the practical
standpoint of fire suppression are:

 Forward Rate of Spread

* Fire Intensity

e Flame Front Dimensions

* Fire Size and Shape

 Rate of Perlmeter Increase




ll. Predicting Fire Behavior

Systematic analysis that combines “art and science”

THE PROCESS OF JUDGING FIRE BEHAVIOR
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The most effective means of appraising or
evaluating potential fire behavior is
considered to be the coupling of

mathematical modelling with

experienced judgement (e.g., “expert
opinion”), and published case study

knowledge (e.g., experimental, wild and
prescribed fires)
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Probability of crown fire occurrence
< < =1
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10-m open wind speed (km/h)




Fuel dynamics and variation of flammability during the development
of jack pine/black spruce stands

NATHALIE LAVOIE
University of Alberta
NL1@gpu.srv.ualberta.ca

MARTY ALEXANDER

Canadian Forest Service
malexand@NRCan.gc.ca

ELLEN MACDONALD
University of Alberta
emacdonald@ualberta.ca

FIRE ENVIRONMENT EXPERT OPINION

Very little is known about the dynamics of the fuels during stand development and

L P———

108 years since fire

+ We first selected 14 stands belonging to the same chronosequence and
originating from a high intensity crown fire. The stands were between 1

and 109 years since fire.

FUELS

WEATHER

The ground, surface, ladder, and + The historical weather and Fire

aerial fuels were sampled in each
stand. Stand age/height data was
also collected.

Weather Index System components
were analysed for the closest
weather stations.

about the variation of flammability
the following methodology to

with time-since-fire... We used

learn more about the topic.

Fire Environment

Experimental Fires

Expert Opinion

Fire Behavior Models

Flammability versus Time-Since-Fire

EXPERIMENTAL FIRES

+ Experimental fires in young stands up to 4 years
since a stand replacing crown fire indicated that
a reburn is unlikely in those stands.

+ Only certain materials (i.e., stumps, punky
wood, logs) burnt during those experimental
fires despite, sometimes, extreme fire danger
conditions.

« Experimental fires in microplots also showed

that the patchy surface vegetation does not
burn in these young stands.

+ Whenever possible, we performed simultaneous

ignitions to observe the effect of different fuels
on the fire behavior, while keeping the weather
conditions constant.

Fire Behavior
Expert Survey

University of Alberta
2002

=

STAND "A” - DESCRIPTION

+ A scenario-based questionnaire allowed us to
tap the collective experience and the knowledge
of 50 forest fire behavior experts.

+ The survey provided us with relevant information
for the project based on a large number of fires -
more than it is usually possible to observe and
reproduce experimentally.

FIRE BEHAVIOR MODELS

+ Within the next few months, we will proceed to the integration of the data

Fire Weather Index (1978). ) Period
TOPOGRAPHY

System Components
« The stands selected were located on flat terrain to eliminate the slope
effect on fire behavior.

. ormial Period

In his hypothetical
model, the temporal
pattern of fires depends
as much upon the
| ACKNOWLEDGEMENTS [Eesewepe - . v *(C) 5 intrinsic shape of the
e . - B . 3 gt b = curve of flammability as
i % 3 on the occurrence of

droughts.

, o from: a) the characterization of the fire environment, b) the expert
: - P opinion, and c) the experimental fires.
: : 3 + That information will be supplemented with fire behavior models such as
= Y " those presented by Andrews (1986) and Cruz et al. (2002)
Lond (4ha) e - r
Vertical distribution of the fine of frequency » . = Ourc resiiis Wil e
fuels (needies and branches) in some of the Fire Weathor Index Systom % compared with the model
the canopy of a mature stand. components. | = 5 3 presented by Horn
up Index

Reburn of a 3-year-old stand (left) on the same day (June 28th, 2000) as an experimental
crown fire in a mature stand (right).

Horn (1976).

See Lavoie, N. 2004. Variation in flammability of jack pine/black spruce forests with time

since fire in the Northwest Territories, Canada. Ph.D. Thesis, University of Alberta. 332 p
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Conceptual Model of Scientifically-based

Forest Fire Management

INPUTS FUELS WEATHER TOPOGRAPHY 'GS:EEN SITE
A 4 \ 4 A 4
4 FIRE IGNITION FIRE BEHAVIOR FIRE IMPACTS
 Ease of ignition *Rate of spread *Scorch height
* Probability of sustained *Fire intensity *Defoliation height
flaming ignition -Flame height +Stem mortality
* Probability of sustained *Flame length +Stem damage
FIRE MODELS smoldering ignition *Flame depth *Soil heating
& < * Probability of x number of *Residence time » <Depth of burn
OUTPUTS lightning fires «Burn-out time *Mineral soil exposure
* Probability of x number of *Fire shape & growth *% duff reduction
human-caused fires *Fire acceleration *Tree mortality
*Fuel consumption etc.
*Spotting distance
k etc.
A\ 4 y
MANAGEMENT
APPLICATIONS v
FORECASTING CONTROLLING FUELS PRESCRIBED EVALUATING
FIRE DANGER WILDFIRES MANAGEMENT BURNING ECOLOGICAL

EFFECTS




Structure of
the
Canadian
Forest Fire
Weather
Index (FWI)
System

FOREST FIRE DANGER

Danger d'incendie de foret

MODERATE
(O oot 120
O - 10y
8 %‘
o
L -
| Fires

!

Fire Weather
Index
{(FWI)

Fire Temperature Wind Temperature Temperature
Weather Relative Humidity Relative Humidity Rain
Observations Wind Rain
Rain
h 4 h 4 h 4
Fuel Fine Fuel Moisture Duff Moisture Drought
Moisture Code Code Code
Codes (FFMC) (DMC) (DC)
Y l
Initial Spread Bulidup

Index Index

{1 (BUI)
Fire
Behavior
Indexes




Structure of the Canadian Forest Fire
Behavior Prediction (FBP) System

Inputs
FBP System FFMC, ISI Percent Slope Elevation Elapsed Time
Fuel Type & BUI Upslope Direction Lat./Long. Point or Line
Wind Speed Date Ignition
& Direction l l
Foliar Type &
Fuel Weather Topography Moisture Duration of
Content Prediction
Y
Canadian Forest Fire
Behavior Prediction
(FBP) System
Qutputs + *
Primary Secondary
Head Fire Rate of Spread Head, Flank & Back Fire Spread Distances
Fuel Consumption Flank & Back Fire Rates of Spread
Head Fire Intensity Flank & Back Fire Intensities
Fire Description Elliptical Fire Area & Perimeter
(Crown Fraction Burned Rate of Perimeter Growth
& Type of Fire) Length-to-Breath Ratio




Experimental Fire

Basis of FBP System
& Documentation

FIELD GUIDE TO THE
CANADIAN FOREST FIRE BEHAVIOR
PREDICTION (FBP) SYSTEM

Canadid

Wildfire




List of FBP System Fuel Types

General
Category

Fuel Type

Input Modifier

Coniferous

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 Conifer Plantation

C-7 Ponderosa Pine/Douglas-fir

Live Crown Base Height

Deciduous

D-1 Leafless Aspen

Mixedwood

M-1 Boreal Mixedwood-Leafless

M-2 Boreal Mixedwood-Green

M-3 Dead Balsam Fir/Mixedwood-Leafless
M-4 Dead Balsam Fir/Mixedwood-Green

% Conifer/Hardwood
% Conifer/Hardwood
% Dead Fir
% Dead Fir

Slash

S-1 Jack or Lodgepole Pine Slash
S-2 Spruce/Balsam Slash
S-3 Coastal Cedar/Hemlock/Douglas-fir Slash

Open

O-l1la Matted Grass
O-1b Standing Grass

% Degree of Curing
% Degree of Curing




Head Fire Rate of Spread (m min"}

100

10

Boraal Mixackood
(50P conifar)
- spring

Boreal Mixacwood
1507% conifar)
- summer

10

a0 40 50
Initial Spread Index (I1S1)




S

(Allowance for variable
crown base height)

n-

- ST

Experimental Fires in Red Pine Plantation,
Petawawa Forest Experiment Station, Ontario




ROS [m/min) CBH|, CC

Fuel Consumption (kg/m®)

Fire Intensity (kW/imx10%)
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Bilgilli (2003)
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(2 x 2 spacing)

Treatment; ———

thinnings at 20,

40 & 60 yrs — 30,

50 & 50% of
trees removed

CBH — Crown
Base Height
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Closure
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SFL — Surface
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Limitations of FBP System Fuel Types

e Some allowance for seasonal changes In
flammability and stand composition

* Fuel types are static and not “dynamic” in
nature (i.e., no variation in fuel complex structure
and fire behavior with stand age per se)

* Except for C-6, the emphasis todate has been
on natural fire-origin forest stands

* There is at present no capacity to alter any
crown fuel characteristics, other than crown base
height in C-6

« Slash fuel types reflect logging methods and
utilization standards of the 1960s



FBP System Software

Behave by Remsoft®

% Remsoft’

Sabtwora for Sustainakle Grosih

http://www.remsoft.com/

FBP ana:y Inputs - |FBP Frimary Outputs &
Fuel Type 1 Final 15| (wind & slope) 118

Grass weight ad tannes/ha Spread direst== ~=imuth 2906 *

Grass percant cured 80.0 % Metwecie UI.I'I|II.llS d 201 kph
Softwood comy %% Crfical rate of spread 21 m/min
Parcant dead fir % Crilical fire Intensity 8101 Kiifm

Fine fuel moisture code 90.0 Equilibrium Spread Rates

Euildup inde 81.3 Head fire rate of spread 54 mymin

10 matre wir. Inputs 204 kph Flank fire rate of spread 1.0 myjmin
Fercent slope 70 % Back fire rate of spread 0.0 m/min
Aspect of slope MNORTH Elliptical Outputs

Cardinal wind direction ESE Length-to-brasth ratio 259

Slope azimuth, upslope 1800 * 4 g Elliptical fire area 14 ha o

PROMETHEUS - Canadian Wildland Fire Growth Model

http://www.firegrowthmodel.com/

v Prometheus - ChisholmFire63-4.fgn =1oix(
File Llandscape Model Scenario Simulation Window Help
D@ RS0 a s B %37 R

enariol] Project: Chisholm it | ! =100

Il [Stats: Scen

holmFit

2001 11959 00:20
2001 10:39:59  00:40
¢ 2001 10:59:59  01:00

enariol”

[ Basic

Scenario Settings

&

Name: {Scenario! Scenaio Start | May 27,2000 10:00

“Scenariol tllscenaimEra e x|
FBP Op E
" 01 10:00
Caloulats fits front every 00 @ seconds || ¥ Acceleration on

IgnitionPoi

] hef0B3
E| If0E3

Comments:

Date and Timne | Time Step | Temperature (C)
12001 10:00:00  00:00

“Wectors - Fu
[m il
[ Iwf063 ¢
O 1063 2

Display fire front every 1200 € minutes

I3

BUI effect on

I | Tirain effect on
I Stop Fire Spread at deta boundary
2 2 2 ¥ Fire o
. ~Fie Resolution Seting:
Simulate Smoothly 1~ I Greerrup on
Angle Threshold [degrees): 71,09 [V Allows Breaching
Distance Threshold [grid cells] 100 = [A1a St
Cuting Degree [4] [T [ D Time Setting
Grass Fuel Load [Tons/Ha] [T7 | Elevation (m) |20 Time Zone [Mourtain
| Dizyiatt Sy
ceH= [f0 2 2
Plot Location =
Lsfitude (degrees] [52557 MBI it fcmgrens) | [TTB.CAON | o 2
£ South) & West

oK Cancel

27, 2001 10:00

ay 29, 2001}

15.0

15.0 Seenario B
15.0 | 263,17
150 65.0 135 18.4 0.0 805 8581113 30 141 0.62 1.04 418,67

466,48




U.S. Fire Behavior Predicition System

- Based largely on Rothermel’s

@& BehavePlus (1972) surface fire rate of spread
P e fire modeling system . -
B yersion 2.0 model involving laboratory test
H‘-'i'_s"r.'iﬁ'mﬁ-ﬂ User's Guide . .
i Falricia L. Andrews flres and phySICaI theory (Some

Colin O, Bavirs
Robert C. Sal

empiricalism)

| lh[ H

x\L num |

~ - .Limited validation

http://www.fire.org * Does not consider duff layer



BehavePlus System now
includes Rothermel’s (1991)
crown fire rate of spread model
which is based on an
empirically derived multiplier
(3.34) between the predicted
surface fire rate of spread and
a limited number of wildfire
observations (8).

Nearly all simulations undertaken
in the U.S. regarding the impacts
or effectiveness of fuel treatments
on fire behavior involve the
BehavePlus System (or its
derivatives — NEXUS, FARSITE,
Fuel Management Analyst), and
the Rothermel (1991) model.

Predicting Behavior
and Size of Crown
Fires in the Northern

Assessing Crown Fire Potential
by Linking Models of Surface
and Crown Fire Behavi

Measuring
Forest Restoration Effectiveness in




ew Models for Assessing Crown Fire Hazar

Re-analysis of the experimental data used in the
evelopment of the Canadian FBP System
undertaken by M.G. Cruz (Univ. MT/ADAI

Portugal), M.E. Alexander & Ron Wakimoto (Univ.

MT) In 1999-2005 has lead to the development of

more generic-based models for predicting crown

fire initiation and spread in conifer forest stands

Definition of a Fire Behavior Model Evaluation
Protocol: A Case Study Application to Crown
Fire Behavior Models

Miguel G. Cruz', Martin E. Alexander’, and Ronald H. Wakimoto'

pr—

Introduction

Assessing the probability of crown fire initiation
based on fire danger indices

4 Ronald H, Wakimoto:

Miguel G, Cruz’, Martin E. Alexan

Modeling the Likelihood of Crown Fire
Occurrence in Conifer Forest Stands
Miguel G. Cruz, Martin E. Alexander, and Ronald H. Wakimoto
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Development and testing of models for predicting
crown fire rate of spread in conifer forest stands

Miguel G. Cruz, Martin E. Alaxander, and Ronald H. Wakimoto

Introduction




Diagram of
Information flow for
predicting crown
fire initiation* and
spread potential
based on the
models developed
" by Cruz, Alexander

Yos 1 be

FU—— and Wakimoto

passive crowning

,. (2004, 2005).

Crown fire spread rate

*Alternatively, crown fire initiation can be predicting using

crown base height, 10-m open wind speed, and FWI
System components (Cruz, Alexander and Wakimoto 2003)



Model Inputs

* Estimated Fine Fuel Moisture (determined from
alr temperature, relative humidity, time of year &
day, and degree of shading)

« Surface Fuel Consumption (<1, 1-2 or > 2 kg/m?)*
* Fuel Strata Gap or Canopy Base Height*

* 10-m Open Wind Speed

« Canopy or Crown Bulk Density*

*These three characteristics of a forest stand or fuel

complex are subject to manipulation by silvicultural and
other vegetation management techniques



Canopy or Crown Bulk Density Concept

Vertical Crown bulk density (kg/m?3) =
Zfeo":r': Available crown fuel load (kg/m?)
( n’:) Vertical crown depth (m)
Stand
height
(m)
Live crown base height (m)

Available crown fuel load determined from stand data
(i.e., number of stems per hectare by DBH size class) and
foliage/twig vs. DBH relationships




80

® Active crown fire
& Pasgsive crown fire

60

Rate of spread (m/min)
I
o

20 +

0.0 0.1 0.2 0.3

I Canopy bulk density (kg/mB)

Critical threshold

Van Wagner’s
(1977) critical
minimum
spread rate
criterion for
active or
continuous
crowning as
related to
canopy bulk
density (curve)
In relation to
experimental
crown fire data



The Cruz, Alexander and Wakimoto (2003, 2004,

Porter Lake) as well as 57 wildfire observations
(43 Canadian & 14 U.S.) obtained from case
studies. The results have been quite favourable.

Model Evaluation

Observed rate of spread (m/min)

CLIMATIC CONDITIONS BEFORE

125 —— 125
o\ o AND DURING FOUR
@ o . (®) /o 2 sorc oer s
® ’ < [ }
100 —+ o / o4 100 + ° YA
‘&6 X ® / 1
2 /S
75 + 'g : 5+ @ J S
50 - +4 50 ® ', 7 .
/ v
s
25 7 1 27 // ® Canadian wildfires
/ O US wildfires
0 : : : 0 : : : : !
0 50 75 100 125 0 25 50 75 100 125

Cruz et al (2005)

Rothermel (1991)
T T 7

Predicted rate of spread (m/min)




Simulation Using the Models Contained in CFIS

T Maritime Pine Plantation,
© Portugal

Thinning levels (%)

Crown fiy | /

Untreated

stand
Surface - crown

fire transition
zone a

<&———Surface fire




&4 Crown Fire Initiation and Spread
Units

CFIS

Simulation of Crown Fire Initiation and Spread

Developed by :

Miguel G. Cruz - ADAI
Antonio M.G. Lopes - ADAI
Martin E. Alexander - FERIC

o
Am Associagao para o Desenvolvimento
da Aerodinamica Industrial
ﬁh Forest Engineering
Research Institute of Canada

Cruz,
Alexander
and
Wakimoto
(2003, 2004,
2005) crown
fire behavior
models have
now been
Incorporated
INto a
software
package


http://www2.dem.uc.pt/antonio.gameiro/ficheiros/CFIS.exe

4 Crown Fire Initiation and Spread
Lnits

| I:Il x | i Crown Fire Initiation and spread

Units

Iniiation | Decurence | Rate of Spread [ 1 Credts |

Quick help and useful references

Initiation IDccunencel Rate ofSpreadI Help I Eleditsl

QUICK HELP -]
This program allows the estimation of the likelihood of crown fire intiation and the
S ! b 2 i spread rate of crown fires from the knowledge of Canadian Forest Fire Danger Riating
Probability of Crown Fire Initiation Based on Canadian System (CFFD . weathet 3nd el conp

Forest Fire YWeather Index SyStE m Com pone nits The Tab - Iifiation - incorporates four distint madels that predict the likethoad of
crovn e oceurence fiom Canadlian Forest Fire D anger Raling System components
(Cruz. Alexandsr and Wakimoto 2003, see below)

The Tab - Dccunence - predicts the likelinood of crown fire occunence based on

thice vaiables, namely the speed fuel strata gap,
estimated moisturs content of fine dead fusls, and one firs behavior desoriptor -
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Relative Increases in Fire Intensity and Crowning
Potential due to fuel manipulation in a Lodgepole
Pine Stand* near Whitecourt, AB (as described by
Dam 2000) based on various fire behavior models

Treated plot

3.00 2.00

untr

eated plot

1.00 0.00 1.00 2.00 3.00

Relative variation in fire potential

*Dam, J. 2000. Effects of thinning in fire behavior: a case study in lodgepole pinein
Canada. M.Sc. Thesis, Wageningen University, Holland. 60 p.



I1l. Conclusions &

Some Suggestions for the Future
* Fire behavior is a multi-faceted subject area

* While acknowledging that the processes involved
are complex with numerous controlling factors,
gualitatively we know a great deal about fire
behavior

* Fire behavior research and associated model
development has matured greatly in recent years

 Rudimentary modelling of fire behavior potential
In relation to post-harvest stand development is
now possible; such efforts will no doubt identify
critical knowledge gaps and research needs

continued ...



* We know nothing specific about fuel and fire
behavior characteristics in young, post-harvest

stands in western Canada

* Existing knowledge should

be summarized and made
available to managers & other
researchers in order to continue
the process of communication
across disciplines

* Consider extension of the
Forest Vegetation Simulator to
post-harvest stand development
as a means of integrating and

“housing” our collective knowledge,

not just for fire considerations
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Science Basis for Changing
Forest Structure to Modify
Wildfire Behavior and Severi

Examples




Fire behaviour as a factor in
forest and rural fire suppression

Martin E. Alexander

Forest Research Bulletin No. 197
Forest and Rural Fire Scientific and Technical Series
Report No. 5

\.

forest [ research

... further major advances in
combating wildfire are
unlikely to be achieved
simply by continued
application of the traditional
methods. What is required
IS a more fundamental
approach which can be
applied at the design stage
... Such an approach
requires a detailed
understanding of fire
behaviour ...

Drysdale (1985)

Introduction to Fire Dynamics
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Wildland Fire Operations Miguel Cruz Ron Wakimoto
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Thank you for your attention! ©
See Supplementary Handout. Questions?
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