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1 Fire Behavior Modeling History 

Fire behavior modeling has been used by researchers for approximately 50+ years to predict how a fire will move 

through a given landscape (Linn 2003). The models have had varied complexities and applications throughout the 

years. One model has become the most widely used for predicting fire behavior on a given landscape. That model, 

known as “BEHAVE”, was developed by the U. S. Government (USDA Forest Service, Rocky Mountain Research 

Station) and has been in use since 1984. Since that time, it has undergone continued research, improvements, 

and refinement. The version, BehavePlus, V6.0, includes updates incorporating years of research and testing. 

Numerous studies have been completed testing the validity of the fire behavior models’ ability to predict fire 

behavior given site specific inputs. One of the most successful ways the model has been improved has been 

through post-wildfire modeling (Brown 1972, Lawson 1972, Sneeuwjagt and Frandsen 1977, Andrews 1980, 

Brown 1982, Rothermel and Rinehart 1983, Bushey 1985, McAlpine and Xanthopoulos 1989, Grabner, et. al. 

1994, Marsden-Smedley and Catchpole 1995, Grabner 1996, Alexander 1998, Grabner et al. 2001, Arca et al. 

2005). In this type of study, BehavePlus is used to model fire behavior based on pre-fire conditions in an area that 

recently burned. Real-world fire behavior, documented during the wildfire, can then be compared to the prediction 

results of BehavePlus and refinements to the fuel models incorporated, retested, and so on.  

Fire behavior modeling includes a high level of analysis and information detail to arrive at reasonably accurate 

representations of how wildfire would move through available fuels on a given site. Fire behavior calculations are 

based on site specific fuel characteristics supported by fire science research that analyzes heat transfer related 

to specific fire behavior. To objectively predict flame lengths, spread rates, and fireline intensities, this analysis 

incorporated predominant fuel characteristics, slope percentages, and representative fuel models observed on 

site. The BehavePlus fire behavior modeling system was used to analyze anticipated fire behavior within and 

adjacent to key areas just outside of the proposed development. 

Predicting wildland fire behavior is not an exact science. As such, the minute-by-minute movement of a fire will 

probably never be predictable, especially when considering the variable state of weather and the fact that 

weather conditions are typically estimated from forecasts made many hours before a fire. Nevertheless, field-

tested and experienced judgment in assessing the fire environment, coupled with a systematic method of 

calculating fire behavior yields surprisingly accurate results. To be used effectively, the basic assumptions and 

limitations of fire behavior modeling applications must be understood. 

1. First, it must be realized that the fire model describes fire behavior only in the flaming front. The primary 

driving force in the predictive calculations is the dead fuels less than 0.25 inches in diameter. These are 

the fine fuels that carry fire. Fuels greater than 1 inch have little effect, while fuels greater than 3 inches 

have no effect on fire behavior. 

2. Second, the model bases calculations and descriptions on a wildfire spreading through surface fuels that 

are within 6 feet of the ground and contiguous to the ground. Surface fuels are often classified as grass, 

brush, litter, or slash. 

3. Third, the software assumes that weather and topography are uniform. However, because wildfires 

almost always burn under non-uniform conditions, creating their own weather, length of projection period 

and choice of fuel model must be carefully considered to obtain useful predictions. 

4. Fourth, fire behavior computer modeling systems are not intended for determining sufficient fuel 

modification zone/defensible space widths. However, it does provide the average length of the flames, 

which is a key element for determining defensible space distances for minimizing structure ignition. 
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Although BehavePlus has limitations, it can still provide valuable fire behavior predictions, which can be used as a 

tool in the decision-making process. In order to make reliable estimates of fire behavior, one must understand the 

relationship of fuels to the fire environment and be able to recognize the variations in these fuels. Natural fuels 

are made up of the various components of vegetation, both live and dead, that occur in a particular landscape. 

The type and quantity will depend upon soil, climate, geographic features, and fire history. The major fuel groups 

of grass, shrub, trees, and slash are defined by their constituent types and quantities of litter and duff layers, 

dead woody material, grasses and forbs, shrubs, regeneration, and trees. Fire behavior can be predicted largely 

by analyzing the characteristics of these fuels. Fire behavior is affected by seven principal fuel characteristics: 

fuel loading, size and shape, compactness, horizontal continuity, vertical arrangement, moisture content, and 

chemical properties. 
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2 Modeling Inputs 

2.1 Fuels 

The seven fuel characteristics help define the 13 standard fire behavior fuel models (Anderson 1982) and the 

more recent custom fuel models developed for Southern California (Weise and Regelbrugge 1997). According to 

the model classifications, fuel models used for fire behavior modeling (BehavePlus) have been classified into four 

groups, based upon fuel loading (tons/acre), fuel height, and surface-to-volume ratio. Observation of the fuels in 

the field (on site) determines which fuel models should be applied in modeling efforts. The following describes the 

distribution of fuel models among general vegetation types for the standard 13 fuel models and the custom 

Southern California fuel models: 

• Grasses   Fuel Models 1 through 3 

• Brush    Fuel Models 4 through 7, SCAL 14 through 18  

• Timber    Fuel Models 8 through 10 

• Logging slash  Fuel Models 11 through 13. 

In addition, the aforementioned fuel characteristics were utilized in the recent development of 40 new fire 

behavior fuel models (Scott and Burgan 2005) developed for use in the BehavePlus modeling system. These new 

models attempt to improve the accuracy of the 13 standard fuel models outside of severe fire season conditions, 

and to allow for the simulation of fuel treatment prescriptions. The following describes the distribution of fuel 

models among general vegetation types for the 40 new fuel models: 

• Grass    Models GR1 through GR9 

• Grass shrub   Models GS1 through GS4 

• Shrub    Models SH1 through SH9 

• Timber understory  Models TU1 through TU5 

• Timber litter   Models TL1 through TL9 

• Slash blowdown  Models SB1 through SB4. 

For the Elephant Hill Project site BehavePlus analyses, fuel model assignments were based on observed field 

conditions. As is customary for this type of analysis, the terrain and fuels directly adjacent to the proposed 

development and fuel modification zones (FMZ) are used for determining flame lengths and fire spread. It is these 

fuels that would have the potential to affect the project’s structures from a radiant and convective heat 

perspective as well as from direct flame impingement. Fuel beds, including non-native grasslands intermixed with 

sparse amounts of coastal sage scrub and chaparral habitats were observed adjacent to the proposed single-

family and multi-family residential developments. These fuel types can produce flying embers that may affect the 

project, but defenses have been built into the structures to prevent ember penetration. Table 1 provides a 

description of the two fuel models observed in the vicinity of the site that were subsequently used in the analysis 

for this project. Modeled areas include the native and non-native grasslands (Fuel Model Gr4) found at the base 

of the hillsides and an intermix of grasslands and coastal sage scrub and chaparral (Fuel Model Gs2), which were 

found on the steeper hillsides north, south, and east of the proposed developments. Dudek also conducted 

modeling of the site for post-Fuel Modification Zones’ (FMZ) recommendations for this project (Refer to Table 2 

for post-FMZ fuel model descriptions). Fuel modification includes establishment of 30-foot irrigated setback zone 
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(Zone A) and an irrigated/transition zone (Zone B) on the periphery of the development site. For modeling the 

post-FMZ treatment condition, the fuel model assignments for grasslands and the intermix of grasslands and 

scrublands were re-classified according to the specific fuels management (e.g., irrigated vs cut grasses to 6 

inches in height) treatment as identified in the Project’s Fuel Modification Plan. Attachment 1, BehavePlus 

Analysis Map, identifies the fire behavior analysis locations.  

Table 1. Existing Fuel Model Characteristics 

Fuel Model 

Assignment Vegetation Description Location Fuel Bed Depth (Feet) 

Gr4 Non-native Grasslands Represents grasses 

surrounding the project 

development. 

<2.0 ft. 

Gs2 Grass-shrub vegetation Represents grass-shrub 

hillsides surrounding the 

project development 

< 3.0 ft 

 

Table 2. Post-development Fuel Model Characteristics 

Fuel Model 

Assignment Vegetation Description Location Fuel Bed Depth (Feet) 

8 Zone A and B: irrigated landscapes  Perimeter Fuel Modification 

Zone A and B  

<3.0 ft. 

Gr1 Roadside Zone and Zone B: Grasses cut to 

6 inches in height 

Perimeter Fuel Modification 

Zone B and Roadside Zone 

< 0.5 ft. 

 

2.2 Weather 

Historical weather data for the region was processed and utilized to determine appropriate fire behavior weather 

input variables for the Elephant Hill Project site fire behavior evaluations. To evaluate different scenarios, data for 

both the 50th percentile weather (on-shore winds) and the 97th percentile weather (off-shore winds) conditions 

were analyzed using the FireFamily Plus software1 package. Remote Automated Weather Station (RAWS) data 

from the Santa Fe RAWS2 was evaluated from June 1 through November 30 for all available data years. Available 

data years for the Santa Fe RAWS include 1994 to 2019. Following analysis in FireFamily Plus, fuel moisture and 

wind speed information data was incorporated into the BehavePlus modeling runs. Initial wind direction and wind 

speed values for the BehavePlus modeling runs were manually entered during the data input phase. The input 

wind speed and direction is roughly an average surface wind at 20 feet above the vegetation over the analysis 

area. Table 3 summarizes the weather and wind input variables used in the BehavePlus modeling efforts. 

 
1  https://www.firelab.org/project/firefamilyplus 
2  RAWS ID # 045437; Latitude: 34.121168 Longitude: 117.945459; Elevation: 498 ft. Santa Fee Station is approximately 9.8 

miles northwest of the Elephant Hill Project site. 
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Table 3. Fuel Moisture and Wind Inputs 

Variable 

50th Percentile Weather Condition 

(Onshore Winds) 

97th Percentile Weather Condition  

(Offshore Winds) 

1h Moisture 5% 2% 

10h Moisture 7% 3% 

100h Moisture 12% 7% 

Live Herbaceous Moisture 42% 30% 

Live Woody Moisture 85% 60% 

20-foot Wind Speed 19 mph1 (sustained winds) 19 mph1(sustained winds) and  

wind gusts of 50 mph 

Wind Direction 270o 0o, 60o, and 165o 

BehavePlus Wind Adjustment Factor  0.4 0.4 

Note: 
1 mph = miles per hour 

2.3 Slope 

Slope is a measure of angle in degrees from horizontal and can be presented in units of degrees or percent. Slope 

is important in fire behavior analysis as it affects the exposure of fuel beds. Additionally, fire burning uphill 

spreads faster than those burning on flat terrain or downhill as uphill vegetation is pre-heated and dried in 

advance of the flaming front, resulting in faster ignition rates. For the BehavePlus analysis, slope values were 

measured from google earth maps at the locations of each modeling scenario, and ranged in value between flat 

(<5%) to 42 percent.  
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3 BehavePlus Analysis 

To objectively predict flame lengths, intensities, and spread rates, the BehavePlus V6.0 fire behavior modeling 

system (Andrews, Bevins, and Seli 2004) was used in four modeling scenarios for the Elephant Hill Project and 

incorporated observed fuel types representing the dominant on-site and off-site vegetation, measured slope 

gradients, and wind and fuel moisture values derived from RAWS data sets. Modeling scenario locations were 

selected to better understand different fire behavior that may be experienced on or adjacent the site. The results 

of fire behavior modeling analysis are presented in Table 4 for pre-project conditions and Table 5 for post-project 

conditions.  

Table 4: Fire Behavior Model Results - Existing Conditions for Elephant Hill 

 

Fire Scenarios 

Flame Length 

(feet) 

Fireline Intensity 

(Btu1/feet/second) 

Spread Rate 

(mph2) 

Spotting Distance3 

(miles) 

Scenario 1: Summer on-shore weather from the west, 2% slope; 19 mph sustained winds (50th percentile) 

Grasslands (Gr4) 13.2 1,549 2.2 0.5 

Grass-Shrub (Gs2)  7.2 413 0.6 0.4 

Scenario 2: Fall off-shore extreme weather from N, 34% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Grasslands (Gr4)  18.3 (33.6)4 3,141 (11,833) 3.8 (14.3) 0.7 (2.0) 

Grass-scrub (Gs2) 10.4 (19.1) 916 (3,438) 1.0 (3.9) 0.5 (1.3) 

Scenario 3: Fall off-shore extreme weather from NE, 42% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Grasslands (Gr4)  18.5 (33.8) 3,234 (11,922) 3.9 (14.4) 0.7 (2.0) 

Grass-scrub (Gs2) 10.5 (19.1) 945 (3,465) 1.1 (3.9) 0.5 (1.3) 

Scenario 4: Fall off-shore extreme weather from South, 40% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Grasslands (Gr4)  18.5 (33.8) 3,233 (11,924) 3.9 (14.4) 0.7 (2.0) 

Grass-scrub (Gs2) 10.5 (19.1) 944 (3,466) 1.1 (3.9) 0.5 (1.3) 

Notes: 

1 Btu = British thermal unit(s) 

2 mph = miles per hour 

3 Spotting distance from a wind driven surface fire. 

4 Parenthesis represent 50 mph gusts 
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Table 5: Fire Behavior Model Results - Post-Project Conditions for Elephant Hill  

Scenario 

Flame 

Length 

(feet) 

Fireline Intensity 

(BTU/feet/second) 

Spread Rate 

(mph) 

Spotting Distance  

(miles) 

Scenario 1: Summer on-shore weather from the west, 2% slope; 19 mph sustained winds (50th percentile) 

Fuel modification Zone A and B (FM8) 3.0 63 0.2 0.4 

Fuel modification zone B and Roadside (Gr1) 10.6 959 1.5 0.9 

Scenario 2: Fall off-shore extreme weather from N, 34% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3 

Fuel modification zone B and Roadside (Gr1) 3.1 67 0.5 0.4 

Scenario 3: Fall off-shore extreme weather from NE, 42% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3 

Fuel modification zone B and Roadside (Gr1) 3.1 67 0.5 0.4 

Scenario 4: Fall off-shore extreme weather from South, 40% slope; 19 mph sustained, 52 mph gusts (97th percentile) 

Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3 

Fuel modification zone B and Roadside (Gr1) 3.1 67 0.5 0.4 

 

It should be noted that the results presented in Tables 4 and 5 depict values based on inputs to the 

BehavePlus software. The fuels models used in this analysis are dynamic models that were designed by the 

U.S. Forest Service to more accurately represent southern California fuel beds. Changes in slope, weather, or 

pockets of different fuel types are not accounted for in this analysis. Model results should be used as a basis 

for planning only, as actual fire behavior for a given location will be affected by many factors, including unique 

weather patterns, small-scale topographic variations, or changing vegetation patterns.  

Interpretation of Fire Behavior Modeling Results 

Fire type is one of the following four types: surface (e.g., understory fire), torching (e.g., passive crown fire; 

surface fire with occasional torching trees), conditional crown (e.g., active crown fire possible if the fire 

transitions to the overstory), and crowning (e.g., active crown fire; fire spreading through the overstory crowns). 

Dependent on the variables: transition to crown fire and active crown fire.  

The following describes the fire behavior results (Heisch and Andrews 2010) as presented in Tables 4 and 5: 

Surface Fire: 

• Flame Length (feet): The flame length of a spreading surface fire within the flaming front is measured 

from midway in the active flaming combustion zone to the average tip of the flames. 

• Fireline Intensity (Btu/ft/s): Fireline intensity is the heat energy release per unit time from a one-foot 

wide section of the fuel bed extending from the front to the rear of the flaming zone. Fireline intensity is 

a function of rate of spread and heat per unit area, and is directly related to flame length. Fireline 

intensity and the flame length are related to the heat felt by a person standing next to the flames. 
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• Surface Rate of Spread (mph): Surface rate of spread is the "speed" the fire travels through the surface 

fuels. Surface fuels include the litter, grass, brush and other dead and live vegetation within about 6 

feet of the ground. 

The information in Table 6 pertains to interpretation of flame length and fireline intensity as it relates to fire 

suppression efforts for surface fires (Andrews and Rothermel 1982). Based on the post-development 

calculated flame lengths of under 3.0 feet tall, fire fighters should be able to conduct a direct attack on the fire 

within the FMZ Zone A, but they would need retardant aircraft or dozers beyond Zone A. 

Table 6. Fire Suppression Interpretation 

Flame Length (ft) 

Fireline Intensity 

(Btu/ft/s) Interpretations 

Under 4 feet Under 100 BTU/ft/s Fires can generally be attacked at the head or flanks by persons 

using hand tools. Hand line should hold the fire. 

4 to 8 feet 100-500 BTU/ft/s Fires are too intense for direct attack on the head by persons using 

hand tools. Hand line cannot be relied on to hold the fire. 

Equipment such as dozers, pumpers, and retardant aircraft can be 

effective.  

8 to 11 feet 500-1000 BTU/ft/s Fires may present serious control problems -- torching out, 

crowning, and spotting. Control efforts at the fire head will probably 

be ineffective. 
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4 SUMMARY 

The results as presented in Table 4, wildfire behavior in non-treated grasslands, presented as a Fuel Model 

Gr4, represents the most extreme conditions, varying with different wind speeds. In this case, flame lengths 

can be expected to reach up to approximately 34 feet with 50 mph gusts (Off-shore wind conditions) and 

approximately 13 feet with 19 mph wind speeds (On-shore winds). The fuel modification zones proposed for 

this Project are approximately three-times as wide as the worst-case scenario flame lengths. Spread rates for 

non-treated grasslands range from 2.2 mph (On-shore winds) to 14.4 mph (Off-shore winds). The Elephant Hill 

Project site is positioned in a way where the terrain slopes up and away from the project development. A fire 

will usually travel much faster uphill than downhill and the slope steepness will ultimately contribute to the 

fire’s rate of spread. Spotting distances, where airborne embers can ignite new fires downwind of the initial fire, 

range from 0.5 miles to 2 miles. In comparison, a grass-shrub fuel type could generate flame lengths up to 

approximately 19 feet high with a rapid spread rate of 3.9 mph. The fire could potentially be spotting for a 

distance of 1.3 miles. 

As presented in Table 5, Dudek conducted modeling of the Elephant Hill Project site for post-FMZ fuel 

recommendations. Fuel modification includes establishment of a 30-foot irrigated setback zone and an 

irrigated/transition zone on the periphery of the project development. For modeling the post-FMZ treatment 

condition, fuel model assignments were re-classified for the FMZ A and B (Fuel Model 8) and FMZ B and Roadside 

Fuels (Grasses cut to 6-inches in height - Fuel Model Gr1). Fuel model assignments for all other areas remained 

the same as those classified for the existing condition. As such, the FMZ areas experience a significant reduction 

in flame length and intensity. The 34-foot (non-native grassland fuel bed) tall flames predicted during pre-

treatment modeling during extreme weather conditions are reduced to approximately 3.1 feet tall at the outer 

edges and less than 3.0 feet in the FMZ A near the structures of the development due to the higher live and dead 

fuel moisture contents. Additionally, surface spread rates decrease to approximately 1.5 mph with spotting 

distance decreasing to 0.9 miles. 
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Attachment 1 
BehavePlus Analysis Map 
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BehavePlus Analysis Map 

Elephant Hill Fire Protection Plan
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Table 1. Existing Fuel Model Characteristics

Fuel Model
Assignment Vegetation Description Location Fuel Bed Depth (Feet)
Gr4 Non-native Grasslands Represents grasses

surrounding the project
development.

<2.0 ft.

1 Gs2 Grass-shrub vegetation Represents grass-shrub
hillsides surrounding the
project development

<3.0 ft

I
' Table 2. Post-development Fuel Model Characteristics

•

Fuel Model
Assignment Vegetation Description Location Fuel Bed Depth (Feet)
8 Zone A and B: irrigated landscapes Perimeter Fuel Modification

Zone A and B
<3.0 ft. . ’<•/I*

Grl Roadside Zone and Zone B: Grasses cut to
6 inches in height

Perimeter Fuel Modification
Zone B and Roadside Zone

< 0.5 ft.
v> '

Table 4: Fire Behavior Model Results - Existing Conditions for Elephant Hill

Fire Scenarios
Flame Length
(feet)

Fireline Intensity
(BtuVfeet/second)

Spread Rate
(mph2)

Spotting Distance3

(miles) > Jr
1 Scenario1: Summer on-shore weather from the west, 2% slope;19 mph sustained winds (50th percentile)

Grasslands (Gr4) 13.2 1,549 2.2 0.5
|» Grass-Shrub (Gs2) 7.2 413 0.6 0.4

Scenario 2: Fall off-shore extreme weather from N, 34% slope; 19 mph sustained, 52 mph gusts (97th percentile)

Grasslands (Gr4) 18.3 (33.6)4 3,141(11,833) 3.8 (14.3) 0.7 (2.0)
Grass-scrub (Gs2) 10.4 (19.1) 916 (3,438) 1.0 (3.9) 0.5 (1.3)
Scenario 3: Fall off-shore extreme weather from NE, 42% slope;19 mph sustained, 52 mph gusts (97th percentile) r yw

| Grasslands (Gr4) 18.5 (33.8) 3,234 (11,922) 3.9 (14.4) 0.7 (2.0)
| Grass-scrub (Gs2) 10.5 (19.1) 945 (3,465) 1.1(3.9) 0.5 (1.3)
| Scenario 4: Fall off-shore extreme weather from South, 40% slope;19 mph sustained, 52 mph gusts (97th percentile) 7 X.

Grasslands (Gr4) 18.5 (33.8) 3,233 (11,924) 3.9 (14.4) 0.7 (2.0)
Grass-scrub (Gs2) 10.5 (19.1) 944 (3,466) 1.1(3.9) 0.5 (1.3)
Notes:
1 Btu = British thermal unit(s)
2 mph = miles per hour
3 Spotting distance from a wind driven surface fire.
4 Parenthesis represent 50 mph gusts

Table 5: Fire Behavior Model Results - Post-Project Conditions for Elephant Hill

Scenario

Flame
Length
(feet)

Fireline Intensity
(BTU/feel/second)

Spread Rate
(mph)

Spotting Distance
(miles)

Scenario1: Summer on-shore weather from the west, 2% slope;19 mph sustained winds (50th percentile)

Fuel modification Zone A and B (FM8) 3.0 63 0.2 0.4
Fuel modification zone B and Roadside (Grl) 10.6 959 1.5 0.9
Scenario 2: Fall off-shore extreme weather from N, 34% slope;19 mph sustained, 52 mph gusts (97th percentile)

Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3
Fuel modification zone B and Roadside (Grl) 3.1 67 0.5 0.4
Scenario 3: Fall off-shore extreme weather from NE, 42% slope;19 mph sustained, 52 mph gusts (97th percentile)
Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3
Fuel modification zone B and Roadside (Grl) 3.1 67 0.5 0.4
Scenario 4: Fall off-shore extreme weather from South, 40% slope;19 mph sustained, 52 mph gusts (97th percentile)
Fuel modification Zone A and B (FM8) 2.6 46 0.1 0.3
Fuel modification zone B and Roadside (Grl) 3.1 67 0.5 0.4
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