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Introduction 
 to Basic 

Concepts of 
Crown Fires 



Fireline Intensity (Byram 1959) 
         I      =        H       ×      w      ×        r 

Fireline 
Intensity 
(kW/m) 

Fuel 
Consumed 

(kg/m2) 

Rate of Fire 
Spread (m/

sec) 

Heat of 
Combustion 

(18 000 kJ/kg) 

Fire intensity is the rate of energy 
release, or rate of heat release, per 
unit time per unit length of fire front 

George M. Byram 



Available Crown Fuel Load: needle foliage, lichens, small dead and live (a 
proportion) twigs < 1 cm in diameter 

Canopy Fuel Stratum & Stand Characteristics 



Types  
of  

Crown Fires  



C.E. Van Wagner’s (1977) three 
types of crown fires is the most 

widely recognized classification: 
 
 

•  Passive crown fire 
 
 
•  Active crown fire 
 
 
•  Independent crown fire 



Torching does 
not constitute 
passive crowning 
as it generally 
does generate 
any kind of 
forward fire 
spread. 



Understanding Crown 
Fire Behaviour based 

on Empirical 
Observations 

and Measurements 
in the Field 



Observations and measurements 
of crown fire activity 

 

•  Key to our understanding of crown fire dynamics 
•  Provides benchmark data for empirical-based 
model development and performance evaluation 
•  Serves as reality-checks for simulation studies 

Wildfire, Victoria, Australia Experimental fire, Ontario, Canada 



Porter Lake Project, Spruce-Lichen Woodland 
Stand, Northwest Territories, Canada 

Marty Alexander 



Big Fish Lake Project, Lowland Black Spruce Stand,  
North-central Alberta, Canada 



A Historical Note: The First Wildfire Case Study? 
 1926 Quartz Creek Fire, Kaniksu 

National Forest – adjacent to the Priest 
River Experimental Forest, northern 

Idaho  

Harry T. Gisborne 
Pioneer Forest Fire Researcher Gisborne, H.T. 1927. Meteorological Factors in the Quartz  

Creek Forest Fire. Monthly Weather Review 55: 56-60. 



Crown	
  	
  
Fire	
  	
  

IniTaTon	
  



Van Wagner’s (1977)  
Crown Fire Initiation Model 

 
Vertical fire spread into the overstory 
canopy will occur when the surface  
fireline 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	
  (1977)	
  Crown	
  Fire	
  IniTaTon	
  Model	
  



Canadian Forest 
Fire Behavior 
Prediction System 



Under-prediction of crowning potential when Van Wagner 
(1977) model implemented in U.S. fire modeling systems 

from Alexander and Cruz (2014) 



Cruz, Alexander and Wakimoto (2003)  
Crown Fire Initiation Probability Models 

Four different logistic regression models that use crown base 
height (CBH) and/or 10-m open wind speed (U10) and 
components of the Canadian Forest Fire Weather Index  
System (FFMC – Fine Fuel Moisture Code; DC – Drought 
Code; ISI – Initial Spread Index; BUI – Buildup Index): 
 
 

LOGIT1: CBH, FFMC, U10, DC 
LOGIT2: CBH, ISI, DC 
LOGIT3: CBH, ISI, BUI 
LOGIT4: ISI, DC 



Logistic regression model requires three environmental inputs 
and one fire behaviour descriptor: 
 

 
•  10-m open wind speed (U10) 
 
•  Canopy base height (CBH) or fuel strata gap (FSG) 

•  Estimated fine fuel moisture (EFFM); and one fire behavior 
 
•  Surface fuel consumption (SFC) class (<1, 1-2, >2 kg/m2) 

Cruz, Alexander and Wakimoto (2004)  
Crown Fire Occurrence Probability Model 

Threshold for crown fire occurrence  
judged to be 50% probability. 



 
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 



Download and install CFIS 

hGp://www.frames.gov/partner-­‐sites/applied-­‐fire-­‐behavior/cfis/	
  



Crown Fire   
Rate of Spread 

and 
Intensity  



from Cruz, Alexander and Wakimoto (2005) 

Van Wagner’s (1977) 
Ro = 3.0/CBD relation 

Points of note: 
 

•  No passive 
crown fires with 
CBD < 0.05 kg/m3 

 
•  No active crown 
fires with CBD  
< 0.11 kg/m3 

Experimental crown fires used in the development of the 
Canadian FBP System plotted 



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

Canadian Forest Fire Behavior Prediction System: 
surface and crown fire rates of spread 



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 



Cruz, Alexander and Wakimoto (2005) 
Crown Fire Rate of Spread Models 

•  Data available 37 crown 
fires (24 active and 13 
passive; all from 
Canada) 

•  Number of variables 
examined 

•  The criterion for active 
crowning (CAC) 
introduced: 

 
    CAC = Predicted Active  
                Crown Fire ROS 
                       3.0/CBD 



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).  



after Cruz and Alexander (2010) 

Rothermel (1991) & Cruz, Alexander and Wakimoto 
(2005) Active Crown Fire  

Rate of Spread Model Evaluations  

Rothermel model 
under-predicts by a 
factor of 2.6-3.8 and 
shows little sensitivity 
to burning conditions. 
 
 
The Cruz et al. (2005) 
model slightly over-
predicted.  



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 



Crown	
  	
  
Fire	
  	
  
Flame	
  	
  

Heights/Lengths	
  



 
                                    ------------- 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 – Fireline 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 



Black	
  Spruce	
  



Dick	
  Rothermel	
  

Rod	
  Norum	
  

1983	
  Roise	
  Creek	
  “Case	
  Study”	
  



Rod Norum found 
that Fire Behavior 

Fuel Model 9 Rate of 
Spread X 1.2 worked 
best for predicting 
head fire spread 
rates in Alaskan 

black spruce.  For 
flame lengths and in 
turn fire intensities 
he recommended 

using Fire Behavior 
Fuel Model 5. 



1983 Rosie Creek Fire, Fairbanks, Alaska 
BEHAVE Predictions 

 

Estimating 1-hr Time Lag (TL) Fuel Moisture Content (FMC) 
as per Rothermel (1983) 
 

Temperature: 23.3 deg oC 
Relative Humidity: 33%  
 

Reference Fuel Moisture: 5% 
Adjust for shading, time of year  
(i.e., month), time of day,  
slope steepness, aspect and elevation: 3% 
 

Dead Fuel Moisture Content: 5% + 3% = 8% 
 

Assumptions (as per Rothermel 1983): 
10-hr TL = 8% + 1% = 9% 
100-hr TL = 8% + 2% = 10% 
 

Assume 100% for Live Moisture Content as per Rothermel  
(1983, Table II-2, p. 13) 



1983 Rosie Creek Fire, Fairbanks, Alaska 
BEHAVE Predictions 

 
 Estimating the Mid-flame Wind Speed 
 

20-ft (6.1) Open Wind Speed: 13 mph 
(20.9 km/h) 
 

Rod Norum has suggested a Wind 
Reduction Factor of 0.2 for Alaskan  
black spruce. 
 

Dick Rothermel has suggested a Wind 
Reduction Factor of 0.4 for Fire Behavior 
Fuel Model 5 
 

Mid-flame Wind Speed = 13 x 0.2 = 2.6 
mph for Fire Behavior Fuel Model 9 
 

Mid-flame Wind Speed = 13 x 0.4 = 5.2 
mph for Fire Behavior Fuel Model 5 



1983 Rosie Creek Fire, near Fairbanks, Alaska 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Fire Behavior Characteristic          BEHAVE        CDN FBP 
       System    System 

Head Fire Rate of Spread (m/min)        1.2                 31.4 
 

Flame Length (m):                     1.0                 10+        
 

Fire Intensity (kW/m) :                   259              41 995 

Major run of Rosie Creek Fire: June 2, 1983 



 

 

 

 

 

Model output 
showed under-
prediction trend by 
a factor of 2. 

FCCS (Schaaf et al. 2007) Model Evaluation: 
Comparison Against Wildfires in Black Spruce Forests 

(data from Alexander and Cruz 2006)  



Cronan	
  and	
  Jandt	
  (2008)	
  Study	
  

High	
  fire	
  spread	
  
predicTons	
  based	
  on	
  
CFIS	
  



Donnelly	
  Dome	
  Fire	
  –	
  June	
  13,	
  1999	
  



Donnelly	
  Dome	
  Fire	
  –	
  June	
  13,	
  1999	
  

FFMC 94 
DMC 59 
DC 314 
ISI 25 
BUI 80 
FWI 51 



Description of Probable Fire Potential and 
Implications for Wildfire Suppression at Head Fire 

Intensity Class 5* 
 

The situation should be considered as "explosive" or super 
critical in the upper portion of the class.  The characteristics 
commonly associated with extreme fire behavior (e.g., rapid 
spread rates, continuous crown fire development, medium- to 
long-range spotting, firewhirls, massive convection columns, 
great walls of flame) is a certainty.  Fires present serious 
control problems as they are virtually impossible to contain 
until burning conditions ameliorate.  Direct attack is rarely 
possible given the fire's probable ferocity except immediately 
after ignition and should only be attempted with the utmost 
caution; an escaped fire should in most cases, be considered 
a very real possibility.  The only effective and safe control 
action that can be taken until the fire run expires is at the 
back and up along the flanks. 

*from Alexander and Cole (1995) 



“Operational Use” of the FBP System  

Operational Field Manual 
(FBP System “Red Book”) 

Technical & Scientific 
Documentation 



Wildfire	
  Monitoring	
  and	
  Case	
  Study	
  DocumentaTon	
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