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The goal of this workshop is provide participants with a 
summary of the results emanating from the Joint Fire 
Science Program sponsored project “Crown Fire Behavior 
Characteristics and Prediction in Conifer Forests: A State 
of Knowledge Synthesis” (JFSP 09-S-03-1) that began in 
October 2009. 



Workshop Objectives 

The current state-of-knowledge with respect to crown fire 
initiation and propagation in relation to fuel complex 
characteristics and surface weather conditions will be 
described with time for questions and discussion. 
Workshop participants will also have the opportunity to 
share their experiences and observations regarding crown 
fires, including thoughts on future research needs and 
knowledge gaps.  



In October 2009, a 3-year project supported 
by the Joint Fire Science Program was 
initiated that aims to 
synthesize the currently available 
information on crown fire behavior in 
conifer forests (e.g., the  
onset of crowning, type  
of crown fire and the  
associated spread rate 
and fireline intensity). 
 
9-month extension requested in July 2012   



Marty Alexander, University of Alberta, Dept. of  
Renewable Resources, Edmonton, Alberta 

 
Miguel Cruz, CSIRO Ecosystem Sciences and  
Climate Adaptation Flagship, Canberra, Australia 
 
Nicole Vaillant, USDA Forest Service,  
Western Wildland Environmental  
Threat Assessment Center, Prineville, Oregon 
 
Dave Peterson, USDA Forest Service,  
Pacific Wildland Fire Sciences Laboratory,  
Seattle, Washington 

Project Team Members 



A critical synthesis on crown fire behavior 
must rest upon as solid a foundation of 
knowledge as is possible at this time.  

A sufficient body of scientific, 
peer-reviewed and technical 
literature of a practical nature 
does in fact presently exist to  
be able undertake a synthesis 
on crown fire behavior. 



In addition to summarizing 
the existing scientific and 
technical literature on crown 
fires, project members are 
also seeking assistance from 
individuals in the form of 
field observations of crown  
fires and related  
experiences as well as 
still pictures and video 
footage. 



Getting the word out 



9 

Over 6,000 invitations sent out to join the Neighborhood 



Fire Behavior 
Sub-Committee 

Throughout the process there has been liaison 
and dialogue with:  

Conference calls and a in person meeting. 
Progress reports and provided documents. 
E-mails. Reviews by FBSC members. 



Project Website 



Results to Date 



The chapter on crown fires for Volume II -- Fire Behavior Specialists, Researchers and 
Meteorologists has been completed and reviewed, and is currently undergoing editorial review 



Peer-Reviewed Journal Articles 

14 



Peer-Reviewed Journal Articles 

15 



Software 



JFSP Website 



Planned Products 



Final End Products 
 

 Book pattern after Australian “Grassfires” 
 

• Text to be completed  

     July 2013. 

 

• Publication of book not  

     likely until early 2013-4. 



Final End Products (cont.) 

 

 Special issue of Fire Management Today 
that will summarize the content of the book. 

 

Looking at late 2013 for 
publication. 



Crown Fire Behavior in Conifer Forests 
8:00 am – 3:00 pm 
Instructors:  Marty Alexander, University of Alberta, Miguel Cruz, 
CSIRO Australia, Nicole Vaillant, USFS, PNW Research Station 
The current state-of-knowledge with respect to crown fire initiation 
and propagation in relation to fuel complex characteristics and 
surface weather conditions will be described with time for questions 
and discussion. Workshop participants will also have the opportunity 
to share their experiences and observations regarding crown fires, 
including thoughts on future research needs and knowledge gaps. 
Participants will be asked to submit a color photo of a crown fire to 
be projected during the workshop and be prepared to orally provide 
a short description of the image.  The instructors will elicit input on 
fuels and fire behavior characteristics that are unique to the southern 
United States in regards to crown fire behavior in conifer forests. 

The Icebreaker 



International Association of Wildland Fire 4th Fire Behavior and Fuels Conference 
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Workshop Icebreaker  

CROWN FIRE BEHAVIOR IN CONIFER FORESTS:  
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Brad Reed 
Little Salmon Fire 2003 cresting the Ridge. 
 
Note the wind sock in left foreground. 

Column interaction of same fire 



Grant Pearce 
Berwick Forest Fire, NZ, Feb. 1995 



Jim Prevette 
Pains Bay 



Jim Reardon 
Nothing received…. Soil Heating Associated with Crown Fires in NWT 



Sara McAllister 
NWT fine vs. coarse fuel - VIDEO 



Sara McAllister 
Salt Fire - VIDEO 



Steven Miller 
Benton Fire 



Steven Miller 
District dozer waiting for spots 



Steven Miller 
Scrub burning hot 



Steven Miller 
Crown fire in scrub, Buck Lake 



Steven Miller 
Scrub burn at Buck Lake - VIDEO 



Wesley Page 



David Finn 
 

My topical submission is regarding the transition process for surface to crown fire in 
open bole pine stands.  

 
The current Canadian Forest Fire Danger Rating System uses the formula: 

CSI=(0.001xCBH^1.5x(460+25.9xFMC))^1.5 
where CSI = Critical Surface Intensity in kW/m, CBH=Crown Base Height in meters, 

FMC=Foliar Moisture Content in %(gravimetric).  
 

CSI is the threshold heat output level where surface fire intensity creates enough 
open air convective energy to cause ignition in the overstory canopy.  

 
My observation in the field is that there is an entirely different mechanism that 

carries fire into the canopy, and that is the focused convection present in lee-side 
vorticity.  My photos show this phenomenon and my drawing shows my hypotheses 
of what is happening. Other factors to consider are bark flake ease of ignition, bark 

flake fuel loading, tree and canopy shape,  and in-stand wind conditions.  
 
 



David Finn 



David Finn 



David Finn 



LaWen Hollingsworth 



Morris Johnson 
Wallow Fire – Fuel Treatments 
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General Background 
Information on Crown Fires  



Why are crown fires significant? 

Resource Damages & Impacts Firefighter Safety 

Suppression 

Expenditures 
Community  

Protection 

Use of Fire 





Basic Features of a Forest of Wildland Fire: 
It spreads but it also … …  

 consumes 

or  

“eats” fuel 

and … 

it produces 

heat energy 

and light in 

… 

… a visible 

flaming 

combustion  

reaction. 



Basic descriptor  

of a spreading heat source: 

I = H . w . r 
 

 I – Byram’s (1959) fireline intensity (kW/m) 

 
H – Net low heat of combustion (~18 000 kJ/kg) 

 

w – Fuel consumed in active flaming front (kg/m2) 

 

r – Linear rate of fire spread (m/sec) 

 



Fire  

behavior 

characteristics 

chart 

 

Onset of crowning: 

• 5-10 m min-1  

• >4000 kW m-1 

 

Continuous active 

crowning: 
• 15-30 m min-1 

• >10 000 kW m-1 



    

          Flame front residence time -- tr (sec) 

 
tr = D/r     

 

D = Flame depth (m) 

 
r = Rate of fire spread (m/sec)                                                                                                
 



A “crown fire” is defined as:  

A fire that advances through the crown fuel layer, usually 

in conjunction with the surface fire.  Crowning can be 

classified according to the degree of dependence on the 

surface fire phase. 

 

 

“Crowning” is defined as: 
 

A fire ascending into the crowns of trees and spreading 

from crown to crown. 

from Merrill and Alexander (1987) – Glossary of Forest Fire Management Terms 

What is a “crown fire”? 

What is “crowning”? 



What types of crown fires are there? 

See Van Wagner (1977) Conditions for 

the start and spread of crown fire. CJFR  



Available Crown Fuel Load: needle foliage, lichens, small dead and live (a 

proportion) twigs < 1 cm in diameter 



Type of Crown Fire:  

Passive or Dependent  



Passive Crown Fires can occur under two broad 

situations: 

 

• Canopy base height and canopy bulk  

  density are considered optimum but  

  fuel moisture and wind conditions are  

  not quite severe enough to induce  

  full-fledged crowning 

 

• Canopy base height and canopy bulk  

  density are, respectively, above and  

  below the thresholds generally  

  considered necessary for crowning  

  so that even under severe burning  

  conditions full-fledged crowning is  

  not possible, although vigorous,  

  high-intensity fire behavior can occur. 



Type of Crown Fire:  

Active, Running or Continuous  



Active Crown Fires are most likely  

to occur in forests that have: 

 

 

• Ground and surface fuels that  

  permit development of a  

  substantial surface fire 

 

• A moderately high canopy or  

  crown base height 

 

• A fairly continuous crown  

  layer of moderate to high  

  bulk density and low to  

  normal foliar moisture  

  content 



Type of Crown Fire: 

Independent  

Adapted from Brown and Davis (1973) 

“The crown phase will ... No 

longer depend in any way on 

the surface phase and can 

run ahead on its own.” 

– Van Wagner (1977) 

“In other words, the spread of crown fire independent of 

any surface fire is essentially ruled out as a stable 

phenomenon on level terrain. …” – Van Wagner (1993) 



Understanding Crown Fire Behavior from 

Experimental Fire and Wildfire 

Observations 



Red Pine Plantation, Petawawa, Ontario 



Lodgepole Pine Stand, central British Columbia 



Mature Jack Pine Stand, 

Northeastern Ontario 

Mature Jack Pine Stand,  

Northeastern Alberta 



Immature Jack Pine Stand, Northeastern Ontario 



Spruce-budworm Killed Balsam Fir Stand,  

Northeastern Ontario 



Spruce-Lichen Woodland Stand,  

Northwest Territories 



Lowland Black Spruce Stand, North-central Alberta 



Plot 9 - June 19, 1999 

International Crown Fire Modelling Experiment 

(ICFME), Northwest Territories 



Wildfire 

Observations 



General Value of Case Studies 

“Time and time  

again case histories 

have proven their 

value as training 

aids and as sources 

of research data.”   

 

Chandler (1976)  
Craig C. Chandler  

USFS Fire Research Director 
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Crown Fire Initiation and 
Sustained Propagation 



Wind  

direction 

Cross section of a wind-driven surface fire 



Van Wagner’s (1977)  

Crown Fire Initiation Model 
 

Vertical fire spread into the overstory 

canopy will occur when the surface  

fire intensity (Is) attains the critical  

value Io as determined by z and m.  

 

Is < Io:  

Surface Fire 
Is ~ Io: Surface Fire -

Crown Fire Transition  

 Is > Io: 

Crown Fire 



 

Van Wagner’s (1977) Theory on Initiation of 

Crowning: Starting with two basic equations 
 

Temperature rise (ΔT) at height z over a line heat source, I 
(after Thomas 1963) 

 

ΔT α  I2/3/z 
 

Heat of ignition (h – kJ/kg) in relation to foliar moisture content 

(m - %) (from Van Wagner 1968) 
 

h = 460 + 25.9 . M 
 

Replacing ΔT/ho with an empirical quantity C yields: 
 

Io = (C . z . h)3/2 

 

where Io  is the critical surface intensity (kW/m) needed to 

initiate crowning and C is a criterion for initial crown 

combustion 



Van Wagner’s (1977)  

Criterion for Initial Crown Combustion 

 
 

 

 

 

A value of 0.010 was derived for C from an  

experimental fire in a red pine plantation  

(z = 6 m and m = 100%) exhibiting an  

intensity of ~ 2500 kW/m just prior to  

crowning as follows: 
 

C = Io 
3/2/(z . h) 

 

C = 25003/2/(6 . (460 +26 . 100)) 

 

C = 0.010 

“The quantity C is best regarded as an empirical 

constant of complex dimensions whose value is to be 

found from field observations.” – Van Wagner (1977) 



Van Wagner’s (1977)  

Crown Fire Initiation Model 



Van Wagner’s (1977)  

Crown Fire Initiation Model 



Van Wagner’s (1977) Crown Fire Initiation Model: 

Strengths and Weaknesses 
 

Simplicity: 

Only two crown fuel properties (z and m) and an estimate of 

potential surface fire intensity required as inputs 
 

Limitations: 

• Truth of the matter is, that separate C values are required for 

distinctly different fuel complexes – furthermore, currently used 

value (0.010) is essentially based on a single observation.  

• Doesn’t allow for variable duration of heating (presently the 

flame front residence time is a constant 50 sec) – thus, quite 

possible for two surface fires to have the same intensity but 

significantly different residence times (e.g., grass vs. conifer 

needle forest floor). 

• Surface burning conditions (i.e., temp, RH, plus in-stand wind 

and thus fire plume angle) a constant rather than a variable. 



• Comprehensive 

review of the literature 

 

• Number of variables 

examined 

 

• Data available for 34 

surface fires & 37 

crown fires (principally 

Canadian but a few 

fires from Portugal and 

Australia) 

Cruz, Alexander and Wakimoto (2004)  

Crown Fire Occurrence Probability Model 



Plot 9 - June 19, 1999 
Immature Jack Pine Stand, Northeastern, 

ON 

Spruce-Lichen Woodland Stand, NWT 

Red pine plantation, Ontario 

Lodgepole pine stand, BC 



Logistic regression model 

requires three environmental 

inputs: 
 

• 10-m open wind speed (U10); 

• Canopy base height (CBH) or 

fuel strata gap (FSG); 

• Estimated fine fuel moisture 

(EFFM); and one fire behavior 

description: 
 

• Surface fuel consumption 

(SFC) class (<1, 1-2, >2 kg/m2) 
 

 

Threshold for Crown Fire 

Occurrence judged to be 50% 

Probability. 

Cruz, Alexander and Wakimoto (2004)  

Crown Fire Occurrence Probability Model 

October 2004 – Forest Science 



Effect of 10-m Open 

Wind Speed (U10) under 

variable Fuel Strata Gap 

(FSG) 

 

Assume: 

 

EFFM = 6%  

SFC = 1-2 kg/m2  

Threshold for crown fire occurrence (0.5) 

Cruz, Alexander and Wakimoto (2004)  

Crown Fire Occurrence Probability Model 



Wind  

direction 

Cross section of a wind-driven surface fire 



PROGRAM A : Safe 

Prevention, 

Preparation and 

Suppression 

Wind  

direction 

4TE SB ××= se

fluxHeat µ
¶

¶

t

T

pp UT ,

Heat transfer to 
fuel particles 

Plume base 

Heat flux =  

Radiative f (E) 

+ 

Convective f (Tp,Up) 

Cruz et al. (2006)  

Crown Fuel Ignition Model 

(CFIM) 



Pine plantation fire 

behaviour 

Fuel complex description: 
Surface fuel layer 
Canopy fuel layer 

Weather/climate inputs: 
Wind speed profile 

Air temp./RH 
Fuel moisture 

Basic surface fire properties 
Rate of spread 
Residence time 

Flame geometry (depth and height) 
Fireline intensity 

Flame Temperature - Time profile 

Conditions 
that  

define 
Energy 
source Radiative  

energy source 
Convective 

 heat source 

Heat balance 
 equation 

"q
t

T
VC p =

¶

¶
r

 
 Is Fuel Temp  

320 C 
? 

Crown fire  
initiation possible 

Ignition of canopy  
fuels unlikely  

Yes No 

Cruz et al. 

(2006) 

Crown 

Fuel 

Ignition 

Model 

(CFIM) 



Cruz et al. (2006)  

Crown Fuel Ignition Model (CFIM):  
 

Evaluation Protocol 

• Sensitivity analysis of input parameters 

• Comparison against other models (Van Wagner 1977; 

Alexander 1998; Cruz, Alexander and Wakimoto 2004) 

• Experimental fires (correctly predicted 14 of the 15 fires) 



CFIM evaluation: critical wind speed for 

crowning under variable canopy base height. 



CFIM evaluation: sensitivity analysis 



Ignition of dead crown fuels 
 

Photo from Martin Simard 



Ignition of dead crown fuels – application 

of Van Wagner crown fire initiation model 

From Jenkins, Page, Hebertson and Alexander, 2012 FEM 



Crown Fire Propagation 



Van Wagner’s (1977)  

Criteria for Solid Crown Flame 
 

Based on rearranging a simple heat balance equation (cf. 

Thomas et al. 1964) for fire spread in wildland fuel the 

following relation was proposed: 
 

Ro = So /CBD 
 

Where Ro is the critical minimum spread (m/min) in order to 

sustain a continuous flame front within the crown fuel layer, 

So is the critical mass flow rate for solid crown flame (kg/m2-

min), and CBD is the canopy bulk density (kg/m3). 

 

So is regarded as an empirical constant to  

be derived from field observations.  Best  

available estimate (3.0) based on  

experimental fires in red pine plantations.  



from Cruz, Alexander and Wakimoto (2005) 

Van Wagner’s (1977) 

Ro = 3.0/CBD relation 

Experimental crown 

fires used in the 

development of the 

Canadian FBP 

System plotted.  

 

Points of note: 

 

• No passive crown 

fires with CBD  

< 0.05 kg/m3 

 

• No active crown 

fires with CBD  

< 0.11 kg/m3 



Cruz et al. 2005 



Alexander et al. (1991) found in 

the Porter Lake Project that Van 

Wagner’s (1977) Ro relation 

worked reasonably well in a fuel 

type that you would consider as 

discontinuous or non-uniform 

from a crown fuel layer 

perspective, at least as the 

stand level. 



Linking crown fire initiation and propagation theories 
 



 

 

 

Intermittent crown fire propagation 



 

 

 



Phase U10 (km/h) ROS (m/min) 

1 (C) 11.0 24.3 

2 (S) 8.3 5.6 

3 (C) 14.3 54.0 

Onset of crowning: effect on fire spread  

ICFME Plot 8; Taylor et al. 2004; Stocks et al. 2004) 
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R1 

R2 

R3 

Intermittent crown fire propagation 



 

 

 

Intermittent crown fire propagation 



Conditional Crown Fire  

A conditional crown fire represents a situation where conditions exist to 
support an active crown fire but would not result in the initiation of a 
crown fire (Scott and Reinhardt 2001). 

• Relatively high CBH and CBD.  
• More extreme conditions (of wind and fuel moisture) are required 
to initiate crown fire than to maintain active crown fire. 

Conditional 
Crown Fire 

Active  
Crown Fire 

Passive  
Crown Fire 

Surface Fire 



Typical conditional crown fire situation 



Effect of transient wind speed in 

simulated crown fire spread rate 
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Crown Fire 
Characteristics  



  Crown Fire  

Rate of Spread         
 

                           



Canadian FBP 

System 

 

• Interim edition in 

1984 

 

• First complete 

edition in 1992 

 

• Update in 1997 

 



Canadian FBP System:  

Surface & Crown Rate of Spread 
(Natural Forest Stands) 

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



Assessing the effect of foliar moisture on the spread rate 
of crown fires 



Assessing the effect of foliar moisture on the spread rate of crown 
fires.  

 
 

Reference 

 
Dominant species  

and principal location 

No. 
of 

fires 

Range in 
LFM 
(%) 

Range in 
ROS 

(m min-1) 

Correlation 
coefficient  
(p-value) 

Thomas (1970) Calluna vulgaris (GB) 12 10 - 60 1.1 - 18 --A 
Lindenmunth and 
Davis (1973) 

Quercus turbinella 
(Arizona, US) 

32 71 - 142 up to 14  0.08 (>0.05) B 

Van Wilgen et al. 
(1985) 

Leucadendron laureolum  
(South Africa) 

14 58 - 147 2.4 - 53 -0.30 (0.29) 

Marsden-
Smedley and 
Catchpole (1995) 

Gymnoschoenus 
sphaerocephalus  
(Tasmania, AU) 

68 23 - 132 0.6 - 55 0.06 (0.69) 

McCaw et al. 
(1995) 

Eucalyptus tetragona  
(Western Australia, AU) 

9 68 - 90 7.7 - 40.5 -0.17 (0.66) 

Catchpole et al. 
(1998) 

Heath and mallee (NZ and 
AU) 

133 --C 0.6 - 60.0 -- D (>0.05) B 

Fernandes et al. 

(2000) 

Erica umbellata, 

Chamaespartium 
tridentatum (PT) 

44 66 - 112 0.7 - 14.1 0.26 (>0.05)B 

Fernandes (2001) Ulex sp., Erica sp., 
Chamaespartium 
tridentatum (PT) 

29 72 - 113 0.7 - 20.0 -- D (>0.05)B 

Bilgili and 
Saglam (2003) 

Quercus coccifera, 
Arbutus andrachnea (TR) 

25 28 - 51 0.8 - 6.6 0.36 (0.075) 

Saglam et al. 

(2007)  

Quercus coccifera (TR) 17 69 - 109 0.6 - 8.4 -0.42 (0.09) 

Saglam et al. 

(2008) 

Arbutus andrachnea, 

Pistacia lentiscus (TR) 

18 60 - 164 0.4 -7.4 0.36 (0.138) 

Davies et al. 
(2009)  

Calluna vulgaris, 
Vaccinium myrtillus (GB) 

26 55 - 97 0.5 - 12.6 --E 

Cruz et al. (2010) Eucalyptus calicogona, E. 
diversifolia (South 

Australia, AU) 

28 51 - 93 1.2 - 55 0.17 (0.39) 

 1 



Rothermel (1991) Rate of Spread “Model” for  

Wind-driven Crown Fires 

A statistical correlation 

between the predicted 

surface fire rate of 

spread for Fuel Model 10 

(wind reduction factor 

0.4) and 8 western U.S. 

wildfire observations  

Ave. Crown Fire ROS =  

3.34 x Surface Fire ROS 

 

Max. Crown Fire ROS = 

1.7 x Ave. Crown Fire ROS 



Cruz, Alexander and Wakimoto (2005) 

Crown Fire Rate of Spread Models 



Cruz, Alexander and Wakimoto (2005) 

 

Crown Fire Rate of Spread Models: The Equations 
 

 

Active Crown Fires: CAC > 1.0 
 

CROSA = 11.02 . (U10)
0.9 . CBD0.19 . exp(-0.17 . EFFM)    

 

 

Passive Crown Fires: CAC < 1.0 
 

CROSP = CROSA . exp(-CAC) 

 

where CAC is the criterion for active crowning dimensionless), 

CBD is the canopy bulk density (kg/m3), U10 is the 10-m open 

wind speed km/h), EFFM is the estimated fine fuel moisture 

(%), CROSA is the active crown fire rate of spread (m/min), and 

CROSP is the passive crown fire rate of spread (m/min).  



Crown Fire Rate of 

Spread Models: 

Evaluation Against 

Experimental Active 

Crown Fires 

 

 

Rothermel (1991) 

under-predicts by a 

factor of 2-5 and 

shows little 

sensitivity to burning 

conditions. 

Cruz, Alexander and Wakimoto (2005) 

Model Evaluation – experimental data 



Model Evaluation – wildfire data 

The Cruz, Alexander and Wakimoto (2005) model outputs 

have been compared to 57 wildfire observations (43 

Canadian & 14 U.S.) obtained from case studies. The 

results have been quite favourable.  

From Alexander and Cruz (2006) 



Crown fire potential in FCCS (Schaaf et al. 2007; CJFR) 

Reparameterization of 

Rothermel (1972) and 

(1991) models with updated 

linkages; 

 

Aimed to describe crown fire 

potential with Fuel 

Characteristics Classification 

System. 

 

Outputs are: 
•Torching potential (TP) 

•Active crowning potential (AP) 

•Crown fire rate of spread 

 

 



 

 

 

 

 

Model output 

showed under-

prediction trend. 

 

Need further 

evaluation against 

other fuel types. 

Schaaf et al. (2007) model: Comparison Against 

Experimental Crown Fires  

(black spruce –feather moss fuel complex) 



Canadian Journal of Forest Research 

July 2004  
Dr. Frank Albini  

ICFME 1997 

In the mid to late 90s Dr. Frank 

Albini was supported by the 

Canadian Forest Service and 

USDA Forest Service to 

develop a new physically-based 

rate of spread model for crown 

fires. The testing and calibration 

of this model was largely the 

impetus for ICFME. 



 

 

 

 

 

This included 

experimental active 

crown fires in 

immature jack 

pine, red pine 

plantation, and 

black spruce-lichen 

woodland.  

 

Model output 

showed large 

over-predictions. 

Albini Physically-based Crown Fire Rate of Spread Model: 

Comparison Against Other Experimental Crown Fires 



                                                                                                                                           
Linn et al. (2012) 
compared FIRETEC rate 
of fire spread 
predictions with 
observed values for two 
of the 10 ICFME 
experimental crown 
fires.  
 
The FIRETEC rate of 
spread predictions were 
in close agreement with 
the observed spread 
rates. 
 



Crown Fire Intensity 
and Flame Size 



The W in I = H . W . R  includes  an estimate of crown fuel 

consumption (CFC) that generally takes the following form: 
 

CFC = CFL . CFB 
 

where CFL = available crown fuel load. 

Crown Fire Intensity 



Evaluating regression model estimates of canopy fuel stratum 
characteristics in four crown fire-prone fuel types in western North 
America. 

Evaluation of the Cruz et 
al. 2003 regression 
equations to predict CBH, 
CBD & CFL from stand 
characteristics 
 
Comparison to original 
data treated and 
independent PP data set 

Observed vs. expected CFL for 16 PP stands in the Black 
Hills, SD 



Summary on Crown Fuel Consumption  

for the 10 Primary ICFME Fires Based on Post-burn 

Crown Weight Sampling 

(from Stocks, Alexander, Wotton et al. 2004) 

 

Needles – 100% 
 

< 0.5 cm roundwood (overstory & understory – 86% 
 

0.5-1.0 cm roundwood (overstory) – 70% 
 

0.5-1.0 cm roundwood (understory) – 80% 
 

1.0-3.0 cm (overstory) – 42% 



     Surface vs. Crown Fire Flame Lengths                                                                                            



Byram (1959) indicated that his fire intensity-flame length 

equation would under-predict the flame length for “… high 

intensity crown fires because much of the fuel is a 

considerable distance above the ground.”    

 

He suggested, on the basis of personal visual estimates, that 

“… this can be corrected for by adding one-half of the mean 

canopy height …” to the flame length value obtained by his 

equation.  Thus, the equation for crown fire flame lengths (Lc) 

taking into account stand height (SH) becomes : 

 

Lc = 0.0775 . (I)0.46 + (SH/2) 

 

Rothermel (1991) suggested using Thomas’ (1963) relation to 

estimate the flame lengths of crown fires from fire intensity: 

 

Lc= 0.0266 . (I)2/3 



More recently Butler et al. (2004) proposed the following 

relation for calculating the flame lengths of crown fires 

from fire intensity: 
 

Lf = 0.0175 . (I)2/3 

 

Where Lf is the flame length measured from the upper 

surface of the fuel array.  



 

                                    ------------- Predicted Lc (m) --------- 

Exp.     Obs. Lc     Byram     Thomas     Butler et al.  

      Fire         (m)         (1959)       (1963)           (2004) 

                

       C4         19.8          15.1            20.2              28.8 

 

       C6         30.5          15.3            21.2              29.4  

 

None of these methods seem to work consistently well 

based on comparisons against experimental crown fires 

undertaken in Canada.  Take, for example, the following 

experimental crown fires in red pine plantations (SH = 15 m) 

documented by Van Wagner (1977). 



ICFME Plot 9 – Fire Intensity ~93,000 kW/m 

General Observation Based on Experimental Crown Fires: 

 

The flame front depth increases as fire intensity increases  

rather than a corresponding increase in the vertical flame 

length.  



Alexander’s Simple Rule of Thumb for  

Crown Fire Flame Heights:  

2-3 x Stand Height for Active Crown Fires 



Crown Fire  

Spread Distance  

and Fire Size 
 

 

 





Rothermel 

(1991) L/B 

function 

tends to 

underpredict  

above 25 

km/h   



Plume- or Convection-Dominated 

vs. Wind-driven Crown Fires 



In his publication, Rothermel (1991) identified  

3 plume-dominated crown fires: 

 

• 1980 Mack Lake Fire, Michigan 

• 1985 Butte Fire, Idaho 

• 1990 Dude Fire, Arizona 

 

In the case of the Mack Lake  

Fire, the fire was observed to  

spread at a rate of 188 m/min  

(11.3 km/h) over a 20-min  

period.  This was considered 

as evidence of a  

plume-dominated crown fire 

run.  I view it simply as a chance  

observation with no associated  

wind speeds. 

Mack Lake Fire 

Sundance 

Fire 



Mack Lake Fire, Michigan 

May 5, 1980 

FFMC 94.6 

DMC 35 

DC 59 

ISI 43.2 

BUI 35 

FWI 50 

Dry-bulb Temperature 26.9 °C 

Relative Humidity  24% 

10-m Open Wind 33 km/h 

Days Since Rain 6 



Mack Lake Fire, Michigan May 5, 1980 

The following comparisons are based on the major run of the 

Mack Lake Fire that occurred between 1230 and 1600 hours 

EDT on May 5, 1980 using FBP System Fuel Type C-4, a 0% 

Slope and 100% Foliar Moisture Content: 

     Fire Behavior Characteristic  Predicted Observed 

Head Fire Rate of Spread (m/min)      57           56 

Head Fire Intensity (kW/m)      33 660    30 440 

Forward Spread Distance (km)     11.5           12.1 

Area Burnt (ha)         2534         2743 

Fire Perimeter (km)      24.8          20.0 

Predicted Type of Fire at the "Head" : 

Continuous Crown Fire (100% Crown Fuel Involvement) 



Butte Fire, Idaho, August 29, 1985 

FFMC 95 

DMC 172 

DC 744 

ISI 23 

BUI 218 

FWI 65 

Dry-bulb Temperature 22.4 °C 

Relative Humidity  19% 

10-m Open Wind 20 km/h 

Days Since Rain 26 



Fire Behavior Characteristic  Predicted Observed 

Head Fire Rate of Spread (m/min)                     22.3                      24.7 

Head Fire Intensity (kW/m)                43 326                      N/A  

Forward Spread Distance (m)       2200                      2460 

 

Butte Fire, Idaho, August 29, 1985 
 

The following comparisons are based on the major run of the Butte Fire that 

occurred between 1430 and 1610 hours MDT on August 29, 1985 using FBP 

System Fuel Type C-3, a 9% slope and 105% Foliar Moisture Content: 

Predicted Type of Fire at the "Head" : 

Continuous Crown Fire  (>99% Crown Fuel Involvement) 



Spotting from Active Crown Fires 
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Operational Prediction of 
Crown Fire Behavior 



Crown fire behaviour prediction in US fire behaviour 

prediction systems 
 

Rothermel (1972) Rothermel (1991) Van Wagner (1977) 



Open wind speed 

R
a
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Critical intensity attained 

Rothermel (1972) Rothermel (1991) Van Wagner (1977) 

Linking surface and crown fire behaviour models 



US fire behaviour prediction systems 
 



Crown Fire Logic in BehavePlus Version 3.0 

(Andrews et al. 2005)  
Incorporates Van 

Wagner’s (1977) 

crown fire initiation 

model and 

Rothermel’s 

(1991) crown fire 

rate of spread 

model but there no 

transition function 

for scaling rate of 

spread between 

surface fire and 

active crown fire, 

although ratios are 

outputted.  

From BehavePlus Training Lesson 13 – Crown Fire (www.fire.org) 



Calculation of Fire Intensity per Byram (1959) 
 

I = H . W . R 
 

Calculation of Byram’s Fire Intensity in the context 

of Rothermel (1972) 
 

H . W  = HA  
 

HA  =  IR 
 . tr 

 

I  =  IR  . tr  
. R 

 

where HA is the heat per unit area (kJ/m2), IR is the 

reaction intensity (kW/m2) as per Rothermel (1972), and 

tr is the flame front residence time (sec) as per Anderson 

(1969) relation based on the characteristic surface-area-

to-volume ratio for the fuelbed. 
 

Result:  

I values calculated via Rothermel (1972) are 

up to ~1/2 to 2/3 lower compared to Byram (1959)  



Thus, when Van Wagner's (1977) crown fire initiation model is 

implemented in the context of the various U.S. fire behavior 

decision support systems, it is grossly underestimating the 

presumed onset of crowning.  

Fuel moistures: 

 

1-hr TL – 7% 

10-hr TL – 8% 

Woody – 30% 

 

Slope steepness: 

 

Level terrain 



Coupling Rothermel’s Surface Fire (1972) and Crown 

Fire (1991) Rate of Spread Models 

 

• FARSITE and FlamMap uses the Van Wagner (1993) 

approach (i.e., a unique a coefficient to calculate CFB as 

dictated by the critical surface fire spread rate (based on 

SFC, CBH and m) for the onset of crowning and critical 

minimum spread rate for active crowning (based on CBD). 
 

• NEXUS (and in turn the FFE-FVS) uses a linear relation 

between the critical surface fire spread rate (based on 

SFC, CBH and m) for the onset of crowning and critical 

minimum spread rate for active crowning (based on CBD). 
 

• Fuels Management Analyst includes both the 

FARSITE/FlamMap and NEXUS/FFE-FVS methods  

For copy of user guide see: 

http://www.fireps.com/software/ug_cm3.pdf 



Coupling Rothermel’s Surface Fire (1972) and Crown 

Fire (1991) Rate of Spread Models 



NEXUS Simulation (Scott and Reinhardt 2001) 

Rothermel (1991) 

Van Wagner (1977) 

Rothermel (1972) 

Van 

Wagner 

(1977) 

NEXUS 

Contribution 



Phase U10 (km/h) ROS (m/min) 

1 (C) 11.0 24.3 

2 (S) 8.3 5.6 

3 (C) 14.3 54.0 

Onset of crowning: effect on fire spread  

ICFME Plot 8; Taylor et al. 2004; Stocks et al. 2004) 

Ig
n

itio
n

 lin
e

 



Cruz and Alexander (2010), Crown fire potential: a critique 

of current approaches and recent simulation studies. IJWF  

Rothermel’s (1991) Crown Fire Rate of Spread Model 

- Under prediction bias -  





Sample page from FBP 

System “Red Book” 
 

For a given fuel type, each 

table provides the 

following: 

 

• Head fire rate of spread;  

 

• Type of fire (surface, 

intermittent crown or 

continuous crown);  

 

• Intensity class; and 

 

• 50% CFB threshold. 



Cruz, 

Alexander 

and  

Wakimoto 

(2003, 2004, 

2005) crown 

fire behavior 

models have 

now been 

incorporated 

into a 

software 

package. 



Screen 

Captures 

from CFIS 

Crown Fire 

Initiation 

Crown Fire 

Occurrence 

Crown 

Fire Rate 

of Spread 

Publications 

list 



Predictability of crown fire spread rates? 



Plume behaviour 



The predictability of crown fire propagation 

Uncertainty associated with model predictions of surface and 
crown fire rates of spread, (Cruz and Alexander, in review)  
 
We compiled data from 48 fire spread model evaluation 
datasets involving 1265 observations in seven different fuel 
type groups. 
 
Objective: 
– Quantify uncertainty with fire spread model predictions 
– Quantify the limits of predictability of current operational 
models 



Statistics used 



Data types used in evaluation of fire spread models 

Fuel types (# of studies) 

Grasslands (n = 6) 

Shrublands (n = 8) 

Logging slash (n = 3) 

Conifer forest (n = 17) 

Hardwood forest (n = 3) 

Mixedwood forest (n = 2) 

Eucalypt forest (n = 9) 

Fire source 

Experimental 

Prescribed burn 

Wildfire 

Fire type 

Surface fire 

Crown fire 



Rothermel (1991) model: Comparison against experimental 
and wildfires – multiple fuel types 

 

ROS range (m/min) n RMSE MAE MAPE MBE 

7.5 – 51.4 (Exp) 25 18.9 16.1 68 % 16.1 

10.7 – 107 (WF) 54 30.7 25.3 59 % 25.3 



Schaaf et al. (2007) model: Comparison against crowing 
wildfires in black spruce –feather moss fuel complex) 

 

ROS range (m/min) n RMSE MAE MAPE MBE 

10.7 - 90 15 22.2 15.2 42% 15 



Cruz et al. (2005) model: Comparison against experimental and 
wildfires – multiple fuel types 

 

ROS range (m/min) n RMSE MAE MAPE MBE 

22.3 – 70.1 (Exp) 10 14.5 11.4 26 % 7.7 

10.7 – 107 (WF) 57 18.9 14.9 52 % -6.6 



Cheney et al. (2012) model: Comparison against wildfires – 
Eucalypt forest  

 

ROS range (m/min) n RMSE MAE MAPE MBE 

2.5 – 16 (Exp) 16 2.86 2.16 35 % 0.03 

10 – 175 (WF) 25 41.05 26.4 54 % -6.8 



Model evaluation – predictability of crown fire rates of spread 

(Cruz and Alexander, in review) 

Model Type of fire Fuel type MAPE MBE Rank 

Rothermel (1972) Surface Shrubland/AUS 20 % -1.8 1 

Rothermel (1972) Surface Palmeto/USA 26 % 0.9 4 

Cruz et al. (2005) Crown Conifer/CA, USA 26 % 7.7 5 

Rothermel (1972) Surface Shrubland/SA 30 % -2.1 7 

Cruz et al. (2005) Crown Conifer/CA, USA 52 % -6.6 17 

Vesta - Cheney et al. (2012) Crown Eucalypt/AUS 54 % -6.8 25 

Rothermel (1972) Surface Grassland/SA 86 % -3.5 45 

Rothermel (1972) Surface Eucalypt/AUS 95 % -0.11 46 

Griffin and Alan (1984) Surface Grassland/AUS 217 % -43.4 47 

Rothermel (1972) Surface Conifer/USA 310 % -0.4 48 



Can we define an acceptable error for fire spread model 

predictions? 

On the basis of the analysis 
of 48 model evaluation 
datasets and related 
considerations, it appears 
that a ±35% error 
constitutes a reasonable 
and conservative standard 
for fire spread rate model 
performance  



Limitations 

and 

Assumptions 



On the Limitations in Fire Models 

 

“All fire models simulate reality but fall short of it in varying 

degrees.  In meeting the objective of simplifying 

relationships, minor factors are neglected and the model is 

usually based on a single set of idealized conditions.  If 

fire-modeling laws are observed, this will permit 

approximations close enough for many purposes, but it is 

easy to forget that they are approximations only.  

Consequently, there is a strong tendency to apply models 

beyond their field of usefulness.  To avoid this, the 

assumptions on which they are based and the range of 

conditions under which the model is valid need to be 

carefully defined and frequently rechecked.”  

 

A.A. Brown & K.P. Davis (1973) 

Forest Fire: Control & Use. 2nd Edition 



Limitations 

• Empirical models – broad simplification 

• Physical models – uncertain model bounds 

• Need more evaluation  



Assumptions 

• Model specific assumptions 

• General prediction assumptions 

(idealized environment) 

• Forecast specific assumptions 



The models comprising CFIS are considered 

 most valid for free-burning fires that have  

reached a pseudo steady-state, burning in  

live, boreal or boreal-like conifer forests  

(i.e., they are not applicable to insect-killed  

stands).   
 

Level terrain is assumed as the CFIS does  

not presently consider the mechanical effects  

of slope steepness on crown fire behavior.  
 

The models underlying the CFIS are not applicable to 

prescribed fire or wildfire situations that involve strong 

convection activity as a result of the ignition pattern.  
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Applications of Crown Fire 
Behavior Knowledge 



Accessing effectiveness of fuel treatments 

in reducing crown fire potential 



Systems used to available to evaluate crown fire 

potential in the US 
 



Torching and Crowning indexes 
(Scott and Reinhardt 2001) 

Torching Index—The open (6.1-m) windspeed at which crown 
fire activity can initiate for the specified fire environment. 

Crowning Index—The open (6.1-m) windspeed at which active 
crown fire is possible for the specified fire environment. 



Crown fire potential: a critique of current approaches and 

recent simulation studies Cruz and Alexander (2010), IJWF  



Crown fire potential: a critique of current approaches and 

recent simulation studies Cruz and Alexander (2010), IJWF  

The principal sources of underprediction bias were: 

(1) Incompatible model linkages;  

(2) Use of surface and crown fire rate of spread models that 

have inherent underprediction biases themselves;  

(3) A reduction in crown fire rate of spread based on the use 

of unsubstantiated crown fraction burned functions;  

(4) The use of uncalibrated custom fuel models to represent 

surface fuelbeds was considered as fourth potential source of 

bias. 



From: Cruz and Alexander (2010) 

2009 Black Saturday fires, VIC, Australia 



Crown Fire Free Zones through pruning and thinning 
 



Pine plantation pyrometrics 

Cruz, Alexander and Fernandes (2008), Development of a model system to 

predict wildfire behaviour in pine plantations. Australian Forestry 



Diagram of 

information flow 

for fire behaviour 

prediction in pine 

plantations 



Effect of wind speed on rate of spread (Cruz et al. 2008; AF) 

Sample Simulation of Fire Behavior Potential  

in 12 y.o. Radiata Pine Plantations (per Williams 1978) 

Thinned* 

W = 1.1 kg/m2 

FSG = 1.7 m 

CBD = 0.05 kg/m3 

EFFM = 5 % 

 

*50% basal area 

reduction 

Unthinned 

W = 0.5 kg/m2 

FSG = 0.6 m 

CBD = 0.1 kg/m3 

EFFM = 7 % 

 



 

HEAT 
 

Serotinous cones of  

jack pine and lodgepole pine:  
 

sealed shut by a resinous bond at the tips of the 

cone scales require high temperatures  for them 

to open  



The flow of 

processes 

involved in the 

methodology 



Four categories of canopy fire impact  

and cone opening or lack thereof: 
 

 



Modelling the impacts of surface and crown fire behavior on 
serotinous cone opening in jack pine and lodgepole pine forests.  

Rate of spread, fuel 
consumption and 
fireline intensity can 
be used to define 
thresholds for 
opening serotinous 
cones and release of 
seed in JP & LP. 

Fireline intensity class 
I – low intensity surface fire, no crown scorch, no cone opening 
II – mod intensity surface fire, part to full crown scorch , no cone opening 
III – high intesnity surface fire, full crown scorch, cone opening via convective & radiative 
heating 
IV – crown fire, defoliation of crown, cone opening & charring via flame contact 



On the Limitations in Fire Models 

 

“All fire models simulate reality but fall short of it in varying 

degrees.  In meeting the objective of simplifying 

relationships, minor factors are neglected and the model is 

usually based on a single set of idealized conditions.  If 

fire-modeling laws are observed, this will permit 

approximations close enough for many purposes, but it is 

easy to forget that they are approximations only.  

Consequently, there is a strong tendency to apply models 

beyond their field of usefulness.  To avoid this, the 

assumptions on which they are based and the range of 

conditions under which the model is valid need to be 

carefully defined and frequently rechecked.”  

 

A.A. Brown & K.P. Davis (1973) 

Forest Fire: Control & Use. 2nd Edition 



“Little is known about 
the amount of fuel  
required to support 
combustion vertically.” 
 



 

HEAT 
 

Serortinous cones of  

jack pine and lodgepole pine:  
 

sealed shut by a resinous bond at the tips of the 

cone scales require high temperatures  for them 

to open  



The flow of 

processes 

involved in the 

methodology 



Four categories of canopy fire impact  

and cone opening or lack thereof: 
 

 



Modelling the impacts of surface and crown fire behavior on 
serotinous cone opening in jack pine and lodgepole pine forests.  

Rate of spread, fuel 
consumption and 
fireline intensity can 
be used to define 
thresholds for 
opening serotinous 
cones and release of 
seed in JP & LP. 

Fireline intensity class 
I – low intensity surface fire, no crown scorch, no cone opening 
II – mod intensity surface fire, part to full crown scorch , no cone opening 
III – high intesnity surface fire, full crown scorch, cone opening via convective & radiative 
heating 
IV – crown fire, defoliation of crown, cone opening & charring via flame contact 
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Future Outlook to the 
Understanding and 

Prediction of Crown Fire 
Behavior  



Research Needs and  
Knowledge Gaps 



Topics Considered Worthy of Investigation/Study: 
 

 Vertical fire spread (critical CBD) into the overstory canopy 

and ladder fuel effects (e.g., bark flakes). 
 

  Crown fuel consumption by size class 
 

  Crown fire flame size model 
 

  Additional emphasis placed on the prediction of surface 

fire rate of spread and flame front characteristics (e.g., 

residence time, intensity).  

“The prediction of surface fire behavior is, in fact, probably 

more difficult that the prediction of crowning potential, 

because of the multiplicity of possible forest floor and 

understory fuel complexes.” – Van Wagner (1979)  



 Crown Fire Potential in  
Dead Canopy Fuels 



Williams and Rothermel (1992) 

 Heavy Fuel Moisture Threshold in 
Mature, High Elevation Stands 



The “Two Solitudes”  
in Wildland Fire 

Behavior Research  



Empirical  
Approach 

Physical/Theoretical 
Approach 

versus 



Physics-based Fire Behavior Simulators 

WFDS FIRETECEC 



The most effective means of judging potential fire 

behavior is considered to be the coupling of   

(1) mathematical modelling with  

(2) experienced judgement (e.g., “expert opinion”), 

and  (3) published case study knowledge (e.g.,  

wildfires and operational prescribed fires) 

1 2 3 



Conducting  
Experimental Crown  Fires  

and  
Operational Prescribed Fire 

Opportunities   



Experimental Fires 



e.g., ICFME Treated/Untreated Plot - burnt June 14, 2000 

Limitations: 

• Plot face exposure problem (fuel 

moisture) 

• Subject to shift in wind direction after 

ignition 

• Question of one half influencing the 

other 

T 

R 

E 

A 

T 

E 

D 

U 

N 

T 

R 

E 

A 

T 

E 

D 

IGNITION FACE 

Strengths: 

• Any differences should be readily 

apparent 

• Lull in wind speed not a problem 



TREATED 

UNTREATED 

IGNITION FACE 

Strength: 

• Provided wind speed remains 

relatively constant, provides direct 

evidence of treatment effect 

Limitation: 

• Subject to shift in wind direction after 

ignition 

 

• Winds could drop off at or near the 

interface boundary between the two 

plots 

Alternative Approach to Conducting Experimental Fires  

for Gauging Fuel Treatment Effectiveness 



IGNITION FACE 

Simultaneous Ignitions 

IGNITION FACE IGNITION FACE 

Strengths: 

• Lull in wind speed not a problem 

• Provides direct evidence of treatment effect 

Limitation: 

• Subject to shift in wind 

direction after ignition 

“B” 
   Treatment 

“A” 
   Treatment Untreated 

Alternative Approach to Conducting Experimental Fires  

for Gauging Fuel Treatment Effectiveness 



Operational Prescribed Fires 



Wildfire Observation and 

Documentation 

• Detection 

• Initial attack 

• Later  

  stages of 

suppression 

• After 

containment 



Fire Documentation Team –  

Southern Forest Fire Laboratory (SFFL), 

Macon, GA  

inside  

laboratory 

trailer 

SFFL Mobile Fire Laboratory 



Technological 

advances in 

photography, remote 

sensing and weather 

monitoring over the 

years has greatly 

facilitated matters.  

However, good 

representative or site-

specific wind readings, 

for example, are still 

difficult to obtain.  Today: RAWS 

State-of-the-art: 

1958 



Red Lake 35-61 Fire - Northern Ontario 

Fire Progress Map 





“We are just too 

busy to do case 

studies.” 



Is a permanent, dedicated group a 

possibility? 

                                    Alexander (2002)                



The “Case” for Case Studies 



International Association of Wildland Fire 4th Fire Behavior and Fuels Conference 
February 18, 2013 – Raleigh, NC 

Thoughts on Wildfire 
Observation and 
Documentation 
The FBAT experience  

CROWN FIRE BEHAVIOR IN CONIFER FORESTS:  
A PRE-CONFERENCE WORKSHOP 



It is important to continue to learn more about fire behavior in 
relation to fuels and weather within wildfires. It is not possible to 
address these needs completely in a burn chamber or even on most 
prescribed burns. ICFME and Frostfire experiments provided 
valuable information but still cannot replicate the conditions that 
are found in free burning wildfires. 

 

Monitoring goals 
1. Directly measure fuel treatment effectiveness 

2. Measure fire behavior and effects and their relationship to 

pre-fire fuels, fire history, and treatments 

3. Measure effects of fire on archeological/biological 

resources 

4. Build a dataset useful for calibration of consumption, 

smoke production, and fire behavior models 

 

Background 



Background 
JoAnn Fites-Kaufman, AMSET team leader started the “Rapid Response” 

 team in 2002 

  Worked with Missoula to build the equipment, tested it on 

  prescribed fire in Yosemite 

 

In 2003, she received a JFSP grant as one of the “Rapid Response” teams 

 The primary objective was to prototype in-situ measurements 

 during wildfires of changes in fire behavior through fuel 

 treatments, past land-use activities, or old fires. 

 

 2004 - present – cobbled together funding from R5 

and WO to maintain the equipment, ordered by 

incidents to head out to fires 

 

2005 – changed name to FBAT (Fire  

Behavior Assessment Team) 

 

2013 - forming a collaboration with the  

Calaveras Wildland Fire Module, STF 



Collected fire behavior and fuels data at 13 fires (137 sites with 

115 burned) 

Fires visited 



• Early years – a bit like the “tornado chasers” if the SIT 

report looked busy we went to the busiest location with 

the most fires with the most extreme fire behavior 

• Now – have to be invited and ordered through ROSS 

• Opportunistic sampling – set up where it is most likely to 

burn and we can swiftly and safely access 

• Pre- and post-fire fuels and fire behavior data collected 

at each site 

– 2 “teams” one on fire behavior equipment one on 

fuels 

• Site set-up takes ~45 min 

Site selection & data collection 



Heat Flux 

Camera box 

with trigger wires 

Fuel and vegetation plot 

Site set-up 

ROS sensor 

Photo  

poles 

Thermocouples 

and anemometer 



Fire proofed camera boxes 

Set up 1 or 2 cameras per plot 

 

Handheld Sony camera – 80 min video 

 

Strung out wire with connectors to a LANC box which turns on the camera 

when the circuit is broken 



Heat flux was measured using a Medtherm sensor containing both a 

radiometer and thermal flux transducer.  

  

Total and radiant heat fluxes were computed by integration of the area 

under distribution curves over time for different time intervals.   

 

Convective heat flux was computed from the difference between total and 

radiant heat fluxes.   

Heat flux sensor 



Set them up at different heights 

“clipped” to a pole with Campbell Sci 

data loggers buried in an ammo box. 

 

Or set up in triangles/chevrons for 

ROS with MadgeTech data loggers 

 

Thermocouples 



Addition of in stand 

windspeed – 10 s 

average 

 

Plastic blades so 

they only have 

windspeed leading 

up to the flaming 

front 

 

No direction 

Anemometer 



Calculating ROS 
Via camera footage 

 
Using photo poles for 

reference – know the 

distance between poles and 

camera then use time on 

video 

Via ROS sensors 

 
Simard (1982) method of 

estimating rate of spread 

using applied trigonometry. 

 

Used time stamp from RASP 

and/or temperature & time 

from thermocouples 

 
1:39 2:59 



Fuels & Vegetation 
General plot info 

• GPS plot center 

• Mark plot center and transect end 

• Photos NSEW, up & down transect 

 

Trees 

• Variable radius prism plots for pole-

sized and overstory trees 

• Canopy metrics calculated using FVS 

or FMA Plus 

 



Fuels & Vegetation 
Fuels and understory plants 

One 50 ft transect – fuels line intercept 

Vegetation 3 ft belt using Burgan & Rothermel (1984) methods 

Measured both before and after fire   

In view of the camera 

 

 

 



Fuel moistures 

• 2-3 samples/plot litter and 1-hour dead fuel 

• 2-3 samples 10-hour dead fuel 

• 2-3 samples/plot live fuel moisture (tree & shrub) 

 

Typically from arms length and at the time of site set-up 

(can be up to a week before fire hits) 

 

Samples processed <18hrs after collection 

Dried in oven for approx. 24 hrs 

 

 

 

 

Fuels & Vegetation 



“Rapid Response” team 



Warm WFU Fire 2006 site 4 

Tree cover Understory cover 

Overstory Pole Shrub Grass 

20 40 1 15 

Small surface fuels (ton/ac) 
1-hr 10-hr 100-hr 1000-hr 
0.05 0.30 0 0 

BA (ft2/acre) Trees/ac QMD (in) 

80 7484 1.4 

Ponderosa pine dominates 

the overstory.  Gambel oak 

present in the understory or 

low sub-canopy, as clumps 

(missed by fuels plot). 

Canopy base height 2 ft, CBD 

0.4 kg/m3. 

 

PP fuel moisture 77-82% 



Warm WFU Fire 2006 site 2 

Transitioned from high intensity surface to active crowning with 

fire whirls. 
Flame length 

(ft) 

ROS 

(ch/ac) 

Duration 

(min) 

<1/2 to 120 2-45 6 



Warm WFU Fire 2006 site 2 

100% consumption of pre-fire 

woody fuels and litter, and 

75% duff. 

 

Soil severity rating of 3 - 

moderate, ash and some 

patches of charred litter or 

duff. 

 

100% torch of midstory trees, 

3-50% torch of overstory 

trees and 30-90% scorch 



Georgia Bay Complex 2007 
Pre-fire conditions site 5 

15 year old plantation of 

slash pine, sparse palmetto 

and gallberry in the 

understory. 

Cover by Life Form (%) 
Tree Shrub/palmetto Other 
80 10-15 0 

Canopy characteristics 

Basal 
area 

Canopy 
height 

Canopy base 
height 

Canopy bulk 
density 

(ft2/ac) (ft) (ft)  (kg/m3) 
190 34 21 0.127 



Georgia Bay Complex 2007 
Spot fires coalesce into crown fire 

site 5 - VIDEO 



Georgia Bay Complex 2007 
Post-fire conditions site 5 

Summary of immediate post fire effects 

Understory   Midstory Trees   Overstory Trees  

Non-shrubs Shrubs Seedlings Scorch Torch  Scorch Torch  Char height 

% consumption % crown % crown ft 

n/a 
100 leaves & 90-

100 stems 
n/a 100 100 100 100 13-52 

Soil severity rating 

Very high High Moderate Low Unburned 

10% 85% 5% 0% 0% 



Flexibility is a MUST!  This is one of the only groups that has 

attempted and succeeded at doing this. 

 
Collaboration – data being used by California Air Resources 

Board with other fires formulating estimates of carbon stocks and 
greenhouse gas emissions and FOFEM consumption calibration. 

 

Learned a lot from our mistakes and equipment failures. 

 

The site set-up has been an evolution overtime: 

Added ROS, 

Added anemometers, 

Added photo poles. 

Successes 



Equipment survivability 
Although we don’t want to disturb the fuels, if the data is lost we still did not 

succeed. Learned to clear around the data boxes better – bare mineral soil 

& to bury them deeper! 

 

 

 

 

 

 

 

 

 

 

 

Equipment failures 
42 attempts at ROS, 20 totally failed, 10 partially failed, switched from 

RASPs to MadgeTech with thermocouple (helped but not 100% success) 

Equipment lessons learned 



Smoke 

Smoke blocks the view from the video camera – use of IR 

cameras would help – we purchased one so far 

 

Not every idea is a good idea…. 

Failed attempts = “LA boxes” 

Army medical box with anemometer & thermocouple sticking 

up about 1ft 

 

Aerial drop of thermocouples 

Got a fire to do it (love those AK teams), but couldn’t find the 

sensors after…. 

Equipment lessons learned 



Now what? 

Residence times at 

different heights, in 

different fuel types. 

What can we do with what we have? 



Now what? 
What can we do with what we have? 

 

Better study the coalescence of the spot fires we caught on 

tape 

 

 

 

 



Now what? 
What can we do with what we have? 

 

Potentially use the data to help validate physics based 

models or stand-level fire behavior in models. If lucky can 

gather data in multiple sites that all fall within a single fire run 

for larger-scale calibration. 

 

 

 

 



Now what? 
What can we do with what we have? 

 

Learn more about the ladder fuel effect on crown fire initiation 

 

 

 

 


