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Abstract
	 Rothermel’s surface fire spread model was developed to use a value for the wind speed that affects 
surface fire, called midflame wind speed. Models have been developed to adjust 20-ft wind speed to 
midflame wind speed for sheltered and unsheltered surface fuel. In this report, Wind Adjustment Factor 
(WAF) model equations are given, and the BehavePlus fire modeling system is used to demonstrate 
WAF calculation and effect on modeled fire behavior. There are differences in implementation of the 
same basic wind adjustment models in various fire behavior applications, including the Fireline Hand-
book and FARSITE. Differences are due to assumptions such as tree shape and rules for transition 
from sheltered to unsheltered conditions. Specifics are given for differences among WAF tables and 
calculation applications. This technical documentation is useful to analysts, system developers, fire 
weather meteorologists, and those who are interested in model background and foundation.
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Introduction_____________________
	 Wind is among the most important influences on 
wildland fire. Fire behavior is strongly affected by wind 
speed and direction, which vary in time at the scale on 
the order of hours, minutes, and even seconds. The wind 
that affects wildland fire is influenced by terrain and 
vegetation. In addition to horizontal changes across the 
landscape, wind speed varies vertically with height above 
the ground. Determining an appropriate wind speed to 
use in modeling surface fire spread, flame length, and 
intensity is not a trivial task.
	 Fire modeling plays an important role in wildland 
fire and fuel management. For example, the National 
Fire Danger Rating System (NFDRS) (Deeming and 
others 1977) indices indicate the level of fire danger for 
public information and suppression preparedness. The 
FARSITE fire area simulator (Finney 1998) can be used 
to model growth of ongoing wildfires for tactical fire 
suppression decisions. The Fire Program Analysis (FPA) 
system includes modeling hypothetical fires to evaluate 
various funding levels (USDA/USDOI 2001; Finney 
and others 2011). The BehavePlus fire modeling system 
(Andrews 2011) can be used to develop prescription 
windows based on desired fire behavior and escaped 
fire contingency planning.

	 Rothermel’s surface fire spread model (Rothermel 
1972) is at the core of most fire behavior, fire danger, 
fuels management, and fire decision support systems 
in the United States. The Rothermel model includes 
the effect of fuel, fuel moisture, slope, and wind speed 
on surface fire rate of spread and intensity. Wind speed 
appropriately has a significant effect on modeled fire 
behavior. The fire model uses “midflame” wind speed, 
the wind that affects the surface fire.
	 Wind speed varies with height above the ground. The 
wind speed at midflame height is generally less than the 
wind speed above that level. Local winds generated from 
general winds aloft are slowed by surface friction near 
the surface, often producing a velocity profile as shown 
in figure 1.
	 The U.S. standard for fire weather wind is 20 ft above 
bare ground, or 20 ft above the vegetation (figure 2). 
The wind adjustment factor (WAF) adjusts the 20-ft 
wind speed to a midflame wind. Midflame wind speed 
is 20-ft wind speed multiplied by WAF. We use the term 
“wind adjustment factor” rather than “wind reduction 
factor” to avoid confusion in interpretation. A WAF 
of 0.40 reduces the 20-ft wind by 60 percent.

Figure 1—General wind velocity profile near 
surface (from Rothermel 1983).
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	 The various standards for the height of measured and 
forecasted wind speed should be kept in mind when de-
termining midflame wind (figure 3). Wind measurements 
are taken at 20 ft above the ground at fire weather stations. 
Fischer and Hardy (1972) defined the 
standard for station location as level, 
cleared areas that are not influenced 
by surrounding vegetation. At that 
time, because daily fire weather read-
ings were taken manually, stations 
were generally located near an office. 
Remote Automatic Weather Stations 
(RAWS) now allow location in areas 
more representative of fire weather, 
possibly on slopes where it is more 
difficult to find a site not influenced 
by surrounding vegetation. For fire 
weather applications, the U.S. Na-
tional Weather Service (NWS) usually 
forecasts 20-ft wind. In some cases, 
spot weather forecasts are given for 
midflame (eye level) wind. NWS fore-
casts and observations for the public 
are at the 10-m height, the World 
Meteorological Organization (WMO) 
standard. The Oklahoma Mesonet 
includes wind speed at 10 m as a core 
parameter and wind speed at 2 m as a 
supplemental parameter (mainly used 
for agricultural purposes) (McPherson 
and others 2007). Portable Fire RAWS 

have masts about 1.8 m (6 ft) above the ground (Bradshaw 
and others 2003). Handheld measurements are taken in 
the field using a hand-held anemometer, thus the term 
“eye level.”

Figure 2—Twenty-ft wind speed is the wind 20 ft above bare ground, surface fuels, or trees. Midflame wind is the wind that affects 
a surface fire, as required by Rothermel’s surface fire spread model.

Figure 3—Various height standards are used for wind measurements and forecasts.
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	 This paper describes models and methods for de-
termining WAF. The influence of WAF and of the 
definition of “midflame height” on fire model results 
is demonstrated. The vertical difference in wind veloc-
ity can be significant. Midflame wind speed may be 
only 10 percent of the wind speed 20 ft above the tree 
tops. Of the many variables related to wind speed as 
it affects fire behavior, this report addresses only the 
vertical adjustment of a single wind velocity value. 
Wind adjustment factor does not address the effect of 
landscape on 20-ft wind speed and direction, nor does 
it deal with the various time averaging methods.
	 An effective user of wildland fire modeling systems 
is aware of model assumptions and of the effect of user 
selections on results. While it is possible to use models 
as a black box, it is not recommended. This report will 
be useful to those who desire an understanding of the 
modeling behind wind adjustment factor and midflame 
wind speed at a technical level. In addition to interested 
practitioners and course developers, the intended audience 
consists of system developers, analysts, meteorologists, 
and researchers. Developers of fire modeling systems 
and methods should make informed decisions on how 
to include midflame wind and WAF. An analyst who is 
comparing predicted and observed fire behavior should 
be aware of the influence of the method of determining 
wind speed for the calculations. Meteorologists who have 
a basic understanding of how fire models use midflame 
wind speed and wind adjustment factor can potentially 
provide better fire weather forecasts. Researchers who 
are working on new fire behavior models can recognize 
limitations of current methods and develop improvements 
for the future.
	  It is assumed that the reader is familiar with fire 
modeling concepts and terminology (for example, Ro-
thermel 1983) and with the BehavePlus fire modeling 
system (Andrews 2007; Heinsch and Andrews 2010). 
BehavePlus is used as the basis for description of WAF 
and midflame wind speed and their effect on modeled 
surface fire behavior. Details of the WAF models (equa-
tions) as implemented in BehavePlus are also given. 
This is followed by a description of the use of WAF in 
other applications, such as FARSITE, NFDRS, and the 
Fireline Handbook (NWCG 2006), with comparison to 
the method used in BehavePlus. In the final section of 
this report, we discuss the limitations of WAF models 
and the need for additional research and development.

Rothermel’s Surface Fire Spread 
Model_ _________________________
Fire Model Development
	 Because midflame wind and WAF are meaningful 
only in the context of Rothermel’s surface fire spread 
model, we begin with relevant points on development 
of the model. The spread model is based, in part, on 
experimental burns in a wind tunnel and on a data set of 
fast spreading wildfires. The final model describes the 
wind input as “mean wind speed at midflame height” 
(Rothermel 1972: p.33).
	 Laboratory facilities allow the study of fires in a con-
trolled environment, which is not possible in the field. 
Combustion facilities were designed to control airflow 
uniformly within the test areas. This means uniformity 
of the average flow across the test area as well as of the 
velocity fluctuations within the average flow (Rothermel 
1965, 1967). Data were collected with mean wind tun-
nel velocity set at 2, 4, 6, or 8 mi/h (Rothermel 1972; 
Rothermel and Anderson 1966). The wind velocity was 
therefore not related to the height of the flames, but was 
the average value for the uniform flow in the wind tunnel.
	 In order to expand the range of conditions beyond 
what was possible in the laboratory, Rothermel also used 
a data set from fast spreading grass fires in Australia 
(McArthur 1969). Fifteen data points provided forward 
rate of spread for “average wind velocity at 33’ in the 
open” (10-m wind). Specific fuel data were not avail-
able; fuel bed depth was assumed to be 1 ft. While not 
specifically stated, a comparison of figure 19 and figure 
20 in Rothermel (1972) indicated that 10-m wind was 
multiplied by 0.4 to estimate midflame wind. (This is 
equivalent to WAF of 0.46 for 20-ft wind.)
	 It is not technically possible to define the height of 
midflame wind in the field in terms that match the data 
used for fire model development. As is the case for all 
models, developing WAF models involves assumptions 
and simplifications, which are described in this report.

Midflame Wind
	 While the term “midflame” wind indicates the wind at 
the midpoint of the flame, that is not a precise definition. 
The fire model was developed to use information available 
before the fire burns (Rothermel 1972). Midflame wind 
speed is the average wind velocity that affects surface 
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fire spread. The term “midflame” was coined to make 
the distinction between the “free wind” at 20 ft or 10 m 
above the vegetation and the reduced wind that is used 
in calculating surface fire spread rate. Because it was 
defined specifically for Rothermel’s surface fire spread 
model, the term “midflame” applies only to surface fire, 
not crown fire.
	 If the height for the wind velocity depended specifi-
cally on flame height, then a calculation of flame height 
would be needed to determine the wind speed used in the 
calculation of flame height. This would not be acceptable 
and is not the case. The model for WAF is based on fuel 
bed depth, while the flame height for fires in fuel of that 
depth can vary significantly based on fuel moisture, wind 
speed, and slope. According to Rothermel (1983), “The 
model is complete in the sense that no prior knowledge 
of a fuel’s burning characteristics is required. All that is 
necessary are inputs describing the physical and chemical 
makeup of the fuel and the environmental conditions in 
which it is expected to burn…. Environmental inputs 
are mean wind velocity and slope of terrain.”
	 Weather measurements taken on-site with a belt weather 
kit or other hand-held device are at eye level. This is an 
appropriate estimate of midflame wind, as described by 
Rothermel (1983). He cautions that the location of the 
measurements must be reconciled with the fire location, 
with consideration of topography, sheltering, and time 
of day.
	 Rothermel (1983: preface) stated that it took 10 years 
to develop the spread model and another 10 years to learn 
how to obtain the inputs and interpret the outputs for 
field application. Development of concepts and models 
for wind adjustment factor to convert 20-ft wind speed 
to midflame wind speed is one of the steps taken to make 
the spread model useful for field applications.

Wind Adjustment Factor (WAF) 
Models_ ________________________
	 In some cases, a value for midflame wind speed can be 
used directly to calculate surface fire behavior. In other 
cases, the wind at 20 ft (or at 10 m) must be converted to 
an appropriate midflame value. Models for wind adjust-
ment factor are based on a log wind profile, surface fuel 
depth, and sheltering from overstory vegetation at the 
site. The model gives an average wind adjustment over 
a height range, not at a specific height above the ground. 
WAF tables based on those models are an alternative to 
direct use of the model calculations. In selecting an ap-
propriate WAF value from a table, a user can consider 

factors not in the models, such as the effect of surrounding 
vegetation as well as the potential of wind to penetrate 
the overstory due to location on the terrain (for example 
ridge top versus valley bottom). WAF models and methods 
address only the vertical adjustment of 20-ft wind speed 
to midflame wind speed. The effect of terrain on 20-ft 
wind speed is a separate topic.
	 Albini and Baughman (1979) developed the modeling 
foundation for WAFs for wildland fire. In their introduc-
tion, they noted the problem with the definition of mid-
flame height: “The poorly defined ‘midflame’ windspeed 
can be approximated by using a spatially averaged value 
of the windspeed over an appropriate height range.” Their 
work dealt only with the steady, undisturbed windfield 
and its influence on fire in surface fuels. No account was 
taken of wind direction or the influence of the fire on 
the wind speed. Furthermore, flat terrain and uniform 
continuous vegetation cover were assumed.
	 Albini and Baughman (1979) presented mathematical 
models for wind characteristics above a vegetative cover 
that is a single-stratum fuel (grass, brush, etc.) and for 
wind under a forest canopy. There are two models, one 
for sheltered and one for unsheltered WAF. We use the 
term “unsheltered from the wind” rather than “exposed 
to the wind” to avoid confusion with characterization of 
understory exposure to the sun in discussing fuel moisture.
	 While the work of Albini and Baughman (1979) is 
appropriately listed as a reference for most applications 
of WAF, there are differences in implementation that are 
described in this report.

WAF and Midflame Wind in Fire 
Modeling Systems________________
	 The original implementation of the Rothermel surface 
fire spread model was in the 1972 NFDRS (Deeming 
and others 1972). Observed 20-ft wind speeds from fire 
weather stations (Fischer and Hardy 1972) and forecasted 
winds were reduced to midflame wind speed for the cal-
culation of fire danger indices using a WAF of 0.5 for all 
nine fuel models. The updated 1978 NFDRS assigned a 
WAF to each of the 20 fuel models (Deeming and others 
1977).
	 The Rothermel model was first available for fire behav-
ior applications in the FIREMOD program (Albini 1976a) 
and the nomographs (Albini 1976b). In FIREMOD, mid-
flame wind speed was the required input. The nomographs 
for the 13 fuel models (Anderson 1982) were initially 
based on the assumption that wind speed at midflame 
height was half of the 20-ft wind speed. They were later 
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revised to be based on midflame wind speed rather than 
20-ft wind speed to allow for variable WAF (Rothermel 
1983). A reformatted set of nomographs that includes an 
additional 40 fuel models (Scott and Burgan 2005) was 
also based on midflame wind speed (Scott 2007).
	 Baughman and Albini (1980) developed the original 
WAF tables for the 13 standard fire behavior fuel models. 
The authors included guidance on selection of sheltered 
versus unsheltered values based on the effect of topogra-
phy, for example “fuels on high ridges where trees offer 
little shelter from wind.” The table was changed for pre-
sentation in the S-590 Advanced Fire Behavior course, as 
described by Rothermel (1983). Other versions of WAF 
tables are available in the Fireline Handbook (NWCG 
2006), in the nomograph publication (Scott 2007), and 
in the BehavePlus Help system.
	 The first computerized fire modeling system to include 
calculation of an unsheltered wind adjustment factor was 
the TSTMDL (test model) program of the BEHAVE fire 
behavior prediction and fuel modeling system (Burgan and 
Rothermel 1984). The fuel modeling portion of BEHAVE 
provided a means of developing custom fuel models to 
meet needs not satisfied by the 13 standard fuel models.
	 The FARSITE fire area simulator was an early geospatial 
implementation of Rothermel’s surface fire spread model 
and continues to be widely used. The input data layer of 
20-ft wind is automatically adjusted to midflame wind 
based on surface fuel bed depth and overstory values for 
each pixel. The WAF calculation method in FARSITE 
is also used in FlamMap (Finney 2006), FSPro (Finney 
and others 2010), and FPA.
	 The BehavePlus fire modeling system offers the 
option of direct entry of midflame wind speed or of 
entering 20-ft (or 10-m) wind speed and either entering 
or calculating WAF. The focus of this report is WAF 
modeling in BehavePlus followed by a description of 
other implementations.
	 Use of models for fire behavior prediction initially 
relied on use of nomographs (nomograms) and tables 
and on expert opinion on using appropriate values. The 
target user was an experienced fire behavior analyst 
who was able to choose a WAF by considering not only 
vegetation conditions at the site, but surrounding vegeta-
tion and terrain. That approach, however, is not feasible 
for geospatial modeling systems that necessarily rely on 
calculated WAF values.
	 Variation in fuel bed depth, stand characteristics, flame 
length and height, and wind speed and direction can 
be more important influences on fire behavior than the 
WAF. Nevertheless, modeling of fire behavior requires 

a repeatable method of calculating WAF based on a de-
scription of the fuel and vegetation (not on anticipated 
flame length or height).

Influence of Wind Adjustment 
Factor__________________________
	 Example runs using BehavePlus illustrate the influence 
of WAF on fire behavior modeling. (Specifics of WAF 
determination are given in following sections.) English 
units match the source documents of Albini and Baughman 
(1979) and Baughman and Albini (1980). BehavePlus 
also allows the use of metric units.
	 The first example (figure 4) shows calculated surface 
rate of spread and flame length for three values of WAF, 
for a fire on flat ground in fuel model 2 with 5 percent 
dead fuel moisture, 75 percent live fuel moisture, and a 
range of 20-ft wind speeds. Fuel model 2 is a grass type 
that can be an appropriate choice for an open ponderosa 
pine stand with annual grass understory or scattered 
sage within grasslands (Anderson 1982). WAF of 0.2 
would be used for fuel that is sheltered from the wind 
by overstory. WAF of 0.4 would be used if there is no 
overstory, leaving the surface fuel unsheltered from the 
wind. A high WAF value of 0.7 (low wind reduction) is 
also included for comparison. For this example, a 20-ft 
wind of 12 mi/h results in midflame wind speed of 2.4 
mi/h under the canopy and 4.8 mi/h in the open. The 
calculated rate of spread is three times as high in the 
open (37.9 ch/h) as under the canopy (12.5 ch/h). For a 
20 mi/h 20-ft wind, rate of spread using WAF of 0.7 is 
253 ch/h, which is much higher than the 93 ch/h based 
on an appropriate WAF of 0.4 for unsheltered fuels. The 
influence of WAF on flame length is similar. Plots show 
calculated rate of spread and flame length for the three 
WAF values for 20-ft wind speeds from 4 to 20 mi/h.
	 When modeled fire behavior is used in support of fire 
management decisions, due attention should be given 
to WAF. As with all aspects of modeling, the user is 
responsible for understanding model assumptions and 
limitations, selecting proper input, and interpreting and 
applying results appropriately.
	 Prescribed fire objectives, for example, might include 
an acceptable level of tree mortality. The mortality models 
in BehavePlus are based, in part, on scorch height, which 
is a function of flame length, which is, in turn, dependent 
on midflame wind speed. Midflame wind can be estimated 
from 20-ft wind using models for WAF that depend on 
the sheltering of the wind by the overstory.
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Figure 4—BehavePlus run showing the effect of WAF of 0.2 (sheltered fuel), 0.4 (unsheltered fuel), and 0.7 (a high value for 
comparison) on calculated surface rate of spread and flame length.
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	 The BehavePlus run in figure 5 illustrates the shelter-
ing effect of overstory and the resulting fire behavior. (A 
modeler should realize that a change in overstory would 
also affect fire behavior in other ways, such as a change 
in fine dead fuel moisture due to a change in exposure to 
the sun.) The calculated flame length and scorch height 
are based on the same fuel model and fuel moisture. The 

effects of three values of canopy cover are shown in the 
resulting WAFs. In this example, fuels are sheltered from 
the wind for 40 and 80 percent canopy cover, but are 
unsheltered at 20 percent cover. At 20 percent cover, the 
models show 80 percent mortality compared to only 7 
percent mortality at 80 percent cover.

Figure 5—Canopy cover affects calculated WAF, which affects flame length and scorch height, and, 
ultimately, probability of mortality.
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Equations to Calculate WAF in 
BehavePlus_______________________________
	 This section of the report is a documentation of the 
mathematical models used to do the calculations in 
BehavePlus. Complete model development can be found 
in the referenced publications.
	 WAF models in BehavePlus are based on the work of 
Albini and Baughman (1979) and Baughman and Albini 
(1980), using some assumptions made by Finney (1998). 
There are separate models for wind above surface fuel 
that is unsheltered from the wind by overstory and for 
wind that is sheltered by a forest canopy. Both models 
are based on a logarithmic wind profile. The unsheltered 
WAF is based on an average wind speed from the top of 
the fuel bed to a height of twice the fuel bed depth. The 
sheltered WAF is based on the assumption that the wind 
speed is approximately constant with height below the 
top of a uniform forest canopy. Sheltered WAF is based 
on the fraction of crown space occupied by tree crowns. 
The unsheltered WAF model is used if crown fill portion 
is less than 5 percent. Midflame wind speed is 20-ft wind 
multiplied by the WAF.
	 Following are the equations used in BehavePlus. Back-
ground and explanation are in following sections.
	 The unsheltered WAF is

	 𝑊𝑊𝑊𝑊𝑊𝑊 =  
1.83

ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

  

	
  

	 [1]

where
	 H =	 fuel bed depth, ft
	 The sheltered WAF is

	 𝑊𝑊𝑊𝑊𝑊𝑊 =
0.555

𝑓𝑓𝑓𝑓 ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

	
   	 [2]

	 f =	F ⋅ CR = fraction of the volume under the 
canopy top that is filled with tree crowns 
(crown fill portion)

	 F =	CC/3 = fraction of the canopy layer filled 
with tree crowns

	 CC =	canopy cover, fraction

	 CR =	crown ratio, fraction

	 The sheltered WAF model is used if crown fill portion 
(f) is greater than 5 percent. 

Log Wind Profile
	 The WAF models are based on the vertical distribution 
of wind speed. Albini and Baughman (1979) determined 
the wind speed above a vegetative cover using the loga-
rithmic wind profile in the following form (Sutton 1953; 
Albini and Baughman 1979: p. 1).

	 𝑈𝑈! =
𝑈𝑈∗
𝐾𝐾 ln

𝑧𝑧 − 𝐷𝐷!
𝑧𝑧!

	
  	 [3]

where
	 U

_
  =	average wind speed at height z

	 U* =	 friction velocity

	 K =	0.4 (the von Kármán constant)

	 z =	height above ground

	 D0 =	zero-plane displacement

	 z0 =	 roughness length
	 Values for D0 and z0 were determined to be related to 
the vegetation height H as D0 =0.64H and z0 = 0.13H. The 
wind speed at a height x above the top of the vegetation 
is then

	 𝑈𝑈!!! =
𝑈𝑈∗
𝐾𝐾 ln

𝐻𝐻 + 𝑥𝑥 − 0.64𝐻𝐻
0.13𝐻𝐻 	
   	 [4]

	 A universal dimensionless wind profile can be applied 
to any vegetation, from short grass to tall trees. A plot 
of relative height [(H + x)/H] versus relative wind speed 
(UH+X/UH) is shown in figure 6. The dashed line repre-
sents an assumed extension of the wind profile into the 
vegetation cover (as described in the “Sheltered WAF” 
section) (Baughman and Albini 1980).
	 The relationship between the wind speed at 20 ft above 
the vegetation and the wind at the top of the vegetation 
(Albini and Baughman 1979: p. 3) is

	 𝑈𝑈!
𝑈𝑈!"!!

=
1

ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

	
  	 [5]

where
	 UH =	wind speed at the top of the vegetation

	 U20+H =	wind speed at 20 ft above the top of the 
vegetation

	 H =	vegetation height, ft
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Unsheltered WAF
	 The midflame wind speed over surface fuel that is not 
sheltered from the wind by overstory is determined by 
averaging the wind over a height range over the fuel. The 
average wind speed over the height range from H to 
H + HF (Albini and Baughman 1979) is

𝑈𝑈
𝑈𝑈!"!!

=
1 +  0.36𝐻𝐻 𝐻𝐻!

ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

ln
𝐻𝐻! 𝐻𝐻 + 0.36

0.13 − 1 	
   [6]

where
	 U= =	average wind speed from to H and HF

	 H =	 surface fuel bed depth, ft

	 HF =	 flame extent above the fuel (from the top of 
the fuel bed to the top of the flame), ft

	 Albini and Baughman (1979) gave a plot of various 
WAFs for flame extensions above the fuel bed as the 
ratio HF/H.
	 Baughman and Albini (1980) used the relationships 
to develop WAF tables for the 13 standard fuel models, 
which were described by Anderson (1982). Given that 
“midflame height” is not well defined, the authors 
didn’t define specific criteria, but in most cases used 
HF = H to develop their WAF table. BehavePlus 
follows the assumption made by Finney (1998) in 
developing FARSITE, that the flame extension above 
the fuel bed depth is equal to the fuel bed depth. The 
curve for HF/H = 1 in figure 7 is the relationship in 
BehavePlus (see figure 19).

Figure 6—Wind profile (from Baughman and Albini 1980)

Figure 7—Unsheltered WAF is the 
average wind speed acting on a flame 
extending above a uniform surface fuel 
layer (Albini and Baughman 1979). 
BehavePlus uses the curve labeled 1, 
indicating the flame extension above 
the fuel is equal to the fuel bed depth.
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Figure 8—Unsheltered WAF is the average wind speed from the top of the fuel bed to twice the 
fuel bed depth divided by the wind speed at 20 ft above the top of fuel bed.

	 For HF = H in equation [6], the unsheltered WAF is 
calculated as

	𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑈𝑈

𝑈𝑈!"!!
=

1.36

ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

ln
1.36
0.13 − 1 	
  	 [7]

which can be simplified as

	 𝑊𝑊𝑊𝑊𝑊𝑊 =  
1.83

ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

	
   	 [8]

	 Figure 8 shows the relationship of fuel bed depth, flame 
extent above the fuel, flame height, and the height range 
over which the wind is averaged to find unsheltered WAF.

Sheltered WAF
	 The sheltered WAF adjusts the wind speed at 20 ft 
above the top of the overstory vegetation to the wind that 
influences a fire burning through the surface fuel under 
a forest canopy.
	 Albini and Baughman (1979) modeled the variation of 
wind speed with height for air flow through and under a 
forest canopy based on the assumption that below some 
height, near but below the top of the uniform forest 

canopy, the wind speed is approximately constant with 
height. Foliage within the live crowns provides a bulk 
drag force that resists the airflow. The model is based 
on the portion of volume under the canopy that is filled 
with tree crowns.
	 The fraction of the canopy layer filled with tree crowns 
is F. The canopy layer is measured from the top of the 
canopy to the bottom of the live crowns. Albini and 
Baughman (1979) stated that F is approximated by the 
product of crown cover and a fraction accounting for the 
tapering of crowns that results in additional void volume 
higher in the canopy. The authors did not provide a means 
of calculating F, but used 0.4 for dense stands and 0.1 
for open stands.
	 BehavePlus uses the assumption made by Finney (1998) 
for FARSITE that the tree crown is conical shaped, the 
volume of which is one-third that of a cylinder with the 
same base. BehavePlus does not include the additional 
factor of π/4 used in FARSITE to account for the addi-
tional void resulting from a square horizontal packing of 
circular crowns. The fact that an area cannot be filled 100 
percent by circles is a minor model limitation compared 
to the actual variation in overstory.
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	 The portion of the canopy layer filled with tree crowns 
(F) is calculated as

	 F = CC/3	 [9]

where
	 CC =	 fraction canopy cover, horizontal coverage

	 The portion of volume under the canopy top that is 
filled with tree crowns (f) includes consideration of crown 
ratio, as described by Albini and Baughman (1979). (In 
FARSITE, f = F and CR = 1.0.)

	 𝑓𝑓 = 𝐶𝐶𝐶𝐶⋅  𝐹𝐹	
   	 [10]

where
	 CR =	crown ratio

	 Table 1 gives values from Albini and Baughman (1979) 
of tree characterization for sheltering of surface fuels 
from the wind. For comparison, tables 2 and 3 show the 
portion of the canopy layer filled with tree crowns (F) and 
the crown fill portion (f) values calculated in BehavePlus 
using equations [9] and [10]. The ranges of values are 
similar.
	 The ratio of the wind under the canopy UC to the wind 
speed at the top of the canopy UH (Albini and Baughman 
1979: p. 8) is

	 𝑈𝑈!
𝑈𝑈!

=
0.555
𝑓𝑓𝑓𝑓

	
  	 [11]

Table 2—Portion of the canopy layer filled 
with tree crowns (F) calculated 
from percent canopy cover (CC), 
equation [9].

	 CC	 F

	 20	 0.07
	 40	 0.13
	 60	 0.20
	 80	 0.27
	 100	 0.33

Table 3—Crown fill portion (f) values calculated from crown 
ratio (CR) and percent canopy cover (CC), equa-
tions [9] and [10].

f
CC

20 40 60 80 100

CR

0.2 0.01 0.03 0.04 0.05 0.07
0.4 0.03 0.05 0.08 0.11 0.13
0.6 0.04 0.08 0.12 0.16 0.20
0.8 0.05 0.11 0.16 0.21 0.27
1.0 0.07 0.13 0.20 0.27 0.33

Table 1—Values from Albini and Baughman (1979) for sheltered WAF.

	 Shade-tolerant trees	 Shade-intolerant trees
	 Young	 Mature	 Young	 Mature
	 Dense	 Open	 Dense	 Open	 Dense	 Open	 Dense	 Open
F, fraction of the canopy layer
     occupied by tree crowns	 0.4	 0.1	 0.4	 0.1	 0.4	 0.1	 0.4	 0.1

CR, crown ratio, fraction	 0.8	 0.9	 0.6	 0.7	 0.4	 0.7	 0.2	 0.5

f = F x CR, volume filling	 0.32	 0.09	 0.24	 0.07	 0.16	 0.07	 0.08	 0.05
fraction (crown fill portion)
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	 The ratio of wind under the canopy to wind at 20 ft 
above the canopy top (Albini and Baughman 1979: p. 9) 
is then

	 𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑈𝑈!

𝑈𝑈!"!!
=

0.555

𝑓𝑓𝑓𝑓 ln 20 + 0.36𝐻𝐻
0.13𝐻𝐻

	
   	 [12]

	 Baughman and Albini (1980) plotted this equation 
as “ratio of wind speed under canopy (midflame) to 
wind speed at 20 ft above canopy top” versus “height 
of uniform canopy top, ft” for three values they labeled 
“fraction of canopy layer filled with tree crowns.” The 

plot was based on the f value while, in error, the curves 
were labeled with a description of F. The curves should 
be labeled as “portion of volume under the canopy top 
that is filled with tree crowns.” A plot of equation [12] 
with the corrected curve label is given in figure 9.
	 An alternate plot of equation [12] shows WAF for a 
range of f values for several canopy height values 
(figure 10). The canopy fill portion has a greater influ-
ence on the results than does canopy height.
	 Sheltered WAF is a function of canopy height (CH), 
canopy cover (CC), and crown ratio (CR). The plot in 

Figure 9—Ratio of wind speed within (and 
below) forest canopy to wind speed 20 ft 
above canopy top (adapted from Albini 
and Baughman 1979).

Figure 10—Sheltered WAF for a range of 
crown fill portion and several values of CH.
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figure 11 shows the relationship for CH = 100 ft for ranges 
of CC and CR. The resulting high WAF values for low 
canopy cover, especially for low crown ratio, show that 
it is not appropriate to apply the sheltered model for the 
full range of values. For an extreme of 1 percent CC and 
0.2 CR, the calculated WAF is 1.66, meaning that mid-
flame wind is greater than 20-ft wind, which is obviously 
inappropriate. The question is when to use the sheltered 
versus unsheltered WAF model.

Sheltered Versus Unsheltered
	 Albini and Baughman (1979) presented two WAF 
models, one for sheltered fuel and one for unsheltered 
fuel. The authors did not give specific rules for choosing 
which model to use, but Baughman and Albini (1980) 

gave guidance (see figures 17 and 25), which works for 
tables based on human judgment. However, an explicit 
rule is needed for computer implementation.
	 Given a description of the overstory, the question is 
whether the fuel is sheltered or unsheltered from the 
wind. Keep in mind that the models are based on the 
assumption of a uniform canopy on flat ground. A few 
trees would have little effect and the surface fuel would 
be considered unsheltered from the wind (figure 12).
	 For both sheltered and unsheltered conditions, the 20-ft 
wind is multiplied by the WAF to give midflame wind. 
Recall that “20-ft wind” is the free wind at 20 ft above 
the top of the vegetation. That is 20 ft above the top of 
surface fuel unsheltered from the wind and 20 ft above 
the tree tops for surface fuels that are sheltered from the 
wind.

Figure 11—Sheltered WAF for a range of CR and CC, CH is 100 ft. Very low 
CC values give unreasonably high WAF values. It is therefore not appropriate 
to use the sheltered model for the entire range of canopy closure values.

Figure 12—Classification of surface fuel as sheltered or unsheltered depends on the overstory at the site. At some point, the 
trees have little influence and the fuels are considered unsheltered from the wind.
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	 Albini and Baughman (1979) gave an example table 
for crown fill portion (f). They described the graph of 
sheltered WAF (see figure 9) as “plotted for the typical 
and extreme values of f ”—5, 15, and 32 percent. Given 
that the authors considered 5 percent an extreme value 
for f, that value was selected as the cutoff point for the 
model in BehavePlus. BehavePlus uses a criterion of 5 
percent or greater crown fill portion to indicate sheltered 
conditions. Crown fill portion is determined from both 
canopy cover and crown ratio.
	 Figure 13 shows the canopy cover and crown ratio values 
that result in a crown fill portion (f) greater than or less 
than 5 percent, indicating whether the fuel is considered 
sheltered or unsheltered. (The FARSITE criterion for 
sheltered conditions is CC>0.)

Definition of Midflame Height_______
	 The definition of midflame height has a substantial 
influence on modeling results. It is not reasonable to 
base midflame height directly on the height of the flames, 

since the objective is to calculate fire behavior from a 
description of the pre-fire environment, including wind 
speed. As described above, a consistent method of defin-
ing midflame wind to determine a WAF is the average 
from the top of the fuel bed to twice the fuel bed depth 
for unsheltered fuel. Because wind is assumed to be 
constant with height under the canopy, the definition of 
midflame height is not critical for sheltered conditions.
	 The definition of midflame wind as the average wind 
speed over a height range determined by the fuel bed 
depth, however, cannot be applied to wind measurements, 
which are taken at a specific height.
	 In table 4, we compare the calculation of WAF for 
unsheltered fuel based on the assumption that midflame 
wind speed is defined as the average wind from the top 
of the fuel bed to twice the height of the fuel bed (as in 
BehavePlus and FARSITE) to other definitions of mid-
flame heights. We calculate a WAF for a height twice the 
fuel bed height, and for heights of 4 ft and 5.5 ft, which 
might be hand-held (eye level) height for some people. 
We also look at a 2-m height, which is available on the 
Oklahoma Mesonet (McPherson and others 2007).
	 To illustrate the effect of various definitions of mid-
flame height on modeled WAF and fire behavior, consider 
a fire in fuel model GS2 (moderate load, dry climate 
grass-shrub) that has a fuel bed depth of 1.5 ft. Look at 
the unsheltered WAF for various heights, the resulting 
midflame wind speed for a 20-ft wind of 15 mi/h, and 
the calculated rate of spread and flame length. For mid-
flame height defined as the height above the ground, use 
equation [4] for the ratio of (Uz = Ux+H) to U20+H to find 
WAF.
	 In all cases, we use the same fuel model (GS2), fuel 
moisture (dead 5 percent and live 75 percent), slope (zero), 
and 20-ft wind (15 mi/h). The average wind from 1.5 to 
3 ft above the ground is the definition of midflame wind 
used in BehavePlus (equation [6]), resulting in a WAF of 
0.39, midflame wind speed of 5.9 mi/h, rate of spread of 
31ch/h, and flame length of 5.8 ft. Midflame wind at all 
other selected heights is higher. At 5.5 ft, WAF is 0.68, 
midflame wind is 10.2 mi/h, rate of spread is 66 ch/h, 
and flame length is 8.3 ft.
	 Figure 14 illustrates values in table 4, showing the 
log wind profile with the wind speeds at various heights 
compared to the average wind for the height range used 
in the WAF model.

Figure 13—In BehavePlus, the unsheltered WAF model is 
used for crown fill less than 5 percent. 
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Table 4—WAF from the definition of midflame wind as the average over a height range based on Albini and Baughman (1979) 
and used in BehavePlus and FARSITE as compared to other midflame heights based on the same log wind profile, 
equation [4].

	 “Midflame” height	 Height above		  Midflame wind = 
	 above ground	 the fuel,	 Calculated WAF	 WAF x (20-ft	 Rate of
	(fuel bed depth = 1.5 ft)	 H = 1.5 ft	 (eq. [4])	 wind = 15 mi/h)	 spreada, ch/h	 Flame lengtha, ft
1.5 to 3 ft	 0 to 1.5 	 0.39	 5.9	 31	 5.8
(average from top of fuel 
to twice the fuel bed depth)

3 ft	 1.5	 0.50	 7.5	 43	 6.8
(twice the fuel bed depth)

4 ft	 2.5	 0.59	 8.8	 54	 7.5 
(shorter person hand-held)

5.5 ft	 4.0	 0.68	 10.2	 66	 8.3
(taller person hand-held)

6.56 ft 	 5.06	 0.72	 10.8	 72	 8.6
(2 m)
aFuel model GS2, dead moisture 5 percent, live moisture 75 percent, slope 0 percent

Figure 14—Illustration of height and wind speed values in table 4. For a fuel bed 
depth of 1.5 ft, WAF is based on an average wind speed from 1.5 to 3.0 ft.
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WAF Implementation in  
BehavePlus_ ____________________
	 The BehavePlus fire modeling system integrates many 
mathematical models for fire behavior, fire effects, and the 
fire environment, including models for WAF (Andrews 
2007). In calculating surface fire behavior, the BehavePlus 
system’s SURFACE module offers three options:

	 •	 direct entry of midflame wind speed,
	 •	 entry of WAF and 20-ft (or 10-m) wind speed, and
	 •	 calculation of WAF for entered 20-ft (or 10-m) wind 

speed.

	 Each of these options is applied with examples in the 
following sections. All are based on 20-ft wind, which is 
the basis of the WAF models. When a BehavePlus user 
enters a 10-m wind speed, the value is divided by 1.15 
to get 20-ft wind (Turner and Lawson 1978).
	 Most of the following examples are based on the effect 
of WAF on calculated surface fire rate of spread and flame 
length. Those outputs from the SURFACE module can be 
used as inputs to other modules (Andrews 2009; Heinsch 
and Andrews 2010). WAF therefore affects scorch height 
(SCORCH), tree mortality (MORTALITY), transition to 
crown fire (CROWN), spotting distance from a wind-
driven surface fire (SPOT), safety zone size (SAFETY), 
size of a point source fire (SIZE), and fire containment 
(CONTAIN).

Midflame Wind Speed
	 It is common for a user to specify values for midflame 
wind speed, skipping the step of adjusting 20-ft wind to 
midflame height. This option is useful for several ap-
plications, including the following:

	 •	 Calculation of fire behavior from wind speed mea-
sured at a site or from a spot weather forecast of eye 
level wind.

	 •	 Exercising the fire spread model to examine sensitiv-
ity to input values: wind, slope, fuel, and moisture.

	 •	 Comparison of fuel models for a range of wind 
speeds, as done by Scott and Burgan (2005).

	 •	 Examination of fuel treatment options for constant 
midflame wind speed and fuel moisture.

	 As is the case with all aspects of fire behavior prediction 
and use of BehavePlus, the user is responsible for making 
good decisions. Recognition of the role of WAF cannot 
be ignored, even when it is neither input nor calculated.
	 Comparison of fire behavior in two fuel models 
for a range of midflame wind speeds should include 
consideration of sheltering effects on the wind. Some 

fuel models such as fuel model 9, long needle litter, 
are generally sheltered, while others such as fuel model 
SH5, high load, dry climate shrub (chaparral), are often 
unsheltered. In figure 15, we compare the calculated 
rate of spread for the two fuel models for the same 
moisture and slope values for a range of midflame wind 
speed from 0 to 20 mi/h. The plot does compare the 
role of the fuel models in the mathematical fire model. 
What might seem like a reasonable midflame wind 
speed might imply an unrealistic 20-ft wind speed. 
Midflame wind of 10 mi/h for unsheltered chaparral 
would be equivalent to a realistic 20 mi/h 20-ft wind 
(WAF = 0.5). A 10 mi/h midflame wind on a litter fire 
under a closed canopy would, however, be equivalent 
to an unreasonable 100 mi/h at 20 ft above a closed 
canopy (WAF = 0.1). Just because the program lets 
a user enter a value, it doesn’t mean that the value is 
reasonable or appropriate for fire behavior calculation.
	 When midflame wind speed is used in the calculations, it 
is used as specified and is not adjusted according to flame 
height. Figure 16 shows calculated flame lengths for a 
midflame wind of 6 mi/h for fuel models SH3 (moderate 
load, humid climate shrub) and SH6 (low load, humid 
climate shrub). The calculated flame length for fuel 
model SH6 is 11 ft at 5 percent dead moisture and 2 ft 
at 28 percent dead moisture. The same midflame wind 
speed is used in all cases. Wind speed is not adjusted ac-
cording to the calculated flame length. Midflame wind is 
the wind that affects surface fire spread. It is customary 
to think of eye level wind as midflame wind.

Input WAF
	 In BehavePlus, if wind is specified at the 20 ft or 10 m 
height, the WAF can be entered directly. This allows for 
the use of any WAF values, such as those developed by 
Norum (1983). Direct entry of WAF permits judgment 
and consideration of factors not included in the calcula-
tions. The original application of WAF was through use 
of tables and guidelines and relied on expert opinion. 
That method remains a valid approach when possible.
	 While calculations are based on a description of the 
vegetation at the site under the assumption of a uniform 
canopy cover on flat ground, a person can consider the 
effect of terrain and non-uniformity on sheltering from 
the wind. This is appropriate if the objective is to predict 
the behavior of an ongoing wildfire or to model potential 
fire behavior for a prescribed fire. While the point mod-
eling in BehavePlus leaves room for the role of expert 
opinion, geospatial systems such as FARSITE must rely 
on calculated WAF.
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Figure 15—Two fuel models are compared for a range of midflame wind speed. High midflame 
winds are reasonable for unsheltered shrub fuels (sh5) but not for sheltered litter fuels (9).

Figure 16—Comparison of flame length for two fuel models for a range of dead fuel moisture 
values for constant live moisture, slope, and midflame wind speed. The midflame value is as 
specified and is not adjusted according to the height of the flames.
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	 WAF tables and guidelines are included in the 
BehavePlus Help system (figure 17). The table gives the 
unsheltered WAF for the 53 standard fuel models. The 
diagram is a visual display of the sheltering conditions 
given on the table. Even if the canopy is continuous for 
an area, surface fuel on a ridge top might be unsheltered 
from the wind. The diagram addresses only adjustment 
of 20-ft wind to midflame height based on sheltering 

conditions. It does not relate to the effect of terrain on 
20-ft wind.
	 Figure 4 showed the effect of WAF of 0.2, 0.4, and 
0.7 on surface fire rate of spread in fuel model 2. Note 
on the tables that WAF of 0.2 represents fully sheltered, 
open stands, and the unsheltered WAF for fuel model 2 
(with a fuel bed depth of 1 ft) is 0.4. Note also that none 
of the WAF on the table is greater than 0.5.

Figure 17—From the BehavePlus Wind Adjustment Factor help window. The diagram illustrates 
sheltering conditions described on the table. The unsheltered WAF is based on fuel bed depth.
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Calculate WAF
	 BehavePlus offers the option of calculating WAF us-
ing the two mathematical models—one for unsheltered 
surface fuel and the other for surface fuel that is sheltered 
from the wind by overstory. Whether or not the fuel is 
sheltered depends on overstory characteristics. The op-
tion of calculating WAF is appropriate if the uniformity 
assumption is valid and if there is need for repeatability 
based on a model without adjustment for human judg-
ment. In addition, the calculation option can be used 
to understand the WAF models, as we illustrate in this 
section.

	 In the BehavePlus run in figure 18, only WAF was 
calculated (no fire behavior or fire effects calculations). 
All 53 standard fuel models were selected and canopy 
cover was set to zero. The result is unsheltered WAF 
based on only fuel bed depth. If The BehavePlus output 
was presented to one decimal place, values would agree 
with those in the table in figure 17. Note that the unshel-
tered WAF for fuel model 2 is 0.36, which corresponds 
to 0.4 on the table in figure 17. The WAF for fuel model 
4 is 0.55 in figure 18 and 0.5 in figure 17 because the 
calculated WAF to three decimal places is 0.547, which 
rounds to 0.5. Similarly, WAF is 0.547 for fuel models 
SH5 and SH7 and is 0.447 for SB4.

Figure 18—Calculated unsheltered WAF to two decimal places for the 53 standard fuel models.
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	 The BehavePlus run in figure 19 uses the option of the 
surface fuel description entered as fuel parameters rather 
than as fuel model. Because BehavePlus is designed to 
request only relevant input, when only WAF is calculated, 
the only fuel parameter on the worksheet is fuel bed 
depth. For canopy cover of zero, the unsheltered WAF 
is calculated and plotted for a range of fuel bed depths.
	 The BehavePlus run in figure 20 shows calculated 
WAF for fuel model 2 for canopy cover of 40 percent, 
canopy height of 50 ft, and crown ratio values from 0.1 
to 0.9. BehavePlus provides intermediate values to allow 
examination and understanding of the calculations. The 
table shows that for crown ratio 0.1 and 0.3, the crown 
fill portion is less than 5 percent, so the unsheltered WAF 

is calculated. For crown ratios of 0.5, 0.7, and 0.9, the 
sheltered model is used. The plot shows the shift from 
unsheltered to sheltered conditions.
	 Calculated WAF is based on surface fuel bed depth if 
there is no or sparse overstory and on a description of 
the overstory if it exists at the site. There is, therefore, a 
discontinuity in the results. The switch between sheltered 
and unsheltered model in BehavePlus occurs at crown 
fill portion 5 percent.
	 Recall that the height of the 20-ft wind is 20 ft above 
the top of the surface fuel for unsheltered fuel or 20 ft 
above the tree tops (figure 2). The step change is unset-
tling, but it is a reflection of the modeling foundation 
and the switch from one model to the other.

Figure 19—Unsheltered WAF is a function of fuel bed depth.
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Figure 20—WAF for fuel model 2 for CH of 50 ft, CC of 40 percent, and a range of CR values. 
Results show the switch between the unsheltered and sheltered WAF models that occurs when 
crown fill is greater than 5 percent.
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	 A person using BehavePlus to calculate WAF should 
look at ranges of values to see when a change in condi-
tions causes the change from sheltered to unsheltered. It 
is best not to do just a single calculation.
	 BehavePlus uses a crown fill portion of 5 percent 
as the indicator of sheltered versus unsheltered fuel. 
Calculation of crown fill portion is based on canopy 
cover and crown ratio. Figure 21 is a plot of crown 
fill portion for canopy cover from 0 to 100 percent for 
several crown ratio values. A dashed line was added to 
the BehavePlus plot to indicate 5 percent crown fill. 
Surface fuel is considered unsheltered from the wind 
for less than 5 percent crown fill. Note that for crown 
ratio of 0.1, even for canopy cover of 100 percent, the 
surface fuel is unsheltered from the wind. For crown 

ratio of 0.9, fuel is unsheltered for canopy cover less 
than about 17 percent.
	 Canopy cover is defined as horizontal coverage. Jennings 
and others (1999) described the difference between canopy 
closure and canopy cover. Crown ratio is crown length 
divided by tree height. Figure 22(a) shows 25 percent 
canopy cover, and figure 22(b) shows four crown ratios. 
Each stylized tree in this example has the same base, 
which would correspond to the same canopy cover.
	 In figure 23, we look at the effect of canopy cover of 
60, 80, and 100 percent, all of which lead to the sheltered 
case, with crown fill portion greater than 5 percent. 
Fuel model plays no role in the calculation of sheltered 
WAF. The plot shows the sheltered WAF for crown 
ratios of 0.3 to 1.0.

Figure 21—Crown fill portion is a function of canopy cover and crown ratio. Surface fuel is 
considered unsheltered for crown fill portion less than 5 percent.
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Figure 22—Crown fill portion is a function 
of canopy cover and crown ratio. (a) CC 
is horizontal coverage (25 percent in this 
example). (b) CR is crown length divided 
by tree height.

Figure 23—Sheltered WAF is 
calculated for a range of crown 
ratios for three values of canopy 
cover.
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Other Implementations of WAF_____
	 WAF modeling in BehavePlus is used as the focus for 
describing and comparing WAF in other applications. Not 
all fire modeling systems that include surface fire behavior 
are included here. FOFEM, for example, requests flame 
length as input, so it does not request a wind speed to 
use in calculations (Reinhardt and others 1997). FCCS 
(Ottmar and others 2007), NEXUS (Scott 1998), and 
the nomographs (Rothermel 1983; Scott 2007) request 
midflame wind speed.

WAF Table Comparison_ __________
	 A summary of the differences in WAF table values is 
given, followed by a description of each application in 
the following sections.

	 Table 5 shows the unsheltered WAFs for the 13 standard 
fire behavior fuel models that were given on various tables 
compared to those in BehavePlus. The BehavePlus table 
and Scott (2007) give WAF values for the 53 standard fuel 
models, while the other sources include only the original 
13 fuel models. Inconsistencies are due to differences in 
calculations and, in some cases, only to rounding.
	 The sheltered and partially sheltered WAF tables are the 
same in BehavePlus, Rothermel (1983), and the Fireline 
Handbook (NWCG 2006). These values are compared 
in table 6 to those in the original table in Baughman and 
Albini (1980). Scott (2007) based the sheltered WAF on 
canopy cover (table 7).

Table 5—Comparison of unsheltered WAF for the 13 standard fire behavior fuel models in several applications.

		  BehavePlus	 Baughman and	 Rothermel	 Fireline Handbook	 Scott
	Fuel model	 table	 Albini (1980)	 (1983)	 (NWCG 2006)	 (2007)
	 1	 0.4	 0.36	 0.4	 0.4	 0.36
	 2	 0.4	 0.36	 0.4	 0.4	 0.36
	 3	 0.4	 0.44	 0.4	 0.4	 0.44
	 4	 0.5	 0.55	 0.6	 0.5	 0.55
	 5	 0.4	 0.42	 0.4	 0.4	 0.42
	 6	 0.4	 0.44	 0.4	 0.4	 0.44
	 7	 0.4	 0.44	 0.4	 0.4	 0.44
	 8	 0.3	 0.36	 0.4	 0.4	 0.28
	 9	 0.3	 0.36	 0.4	 0.4	 0.28
	 10	 0.4	 0.36	 0.4	 0.4	 0.36
	 11	 0.4	 0.36	 0.4	 0.4	 0.36
	 12	 0.4	 0.43	 0.4	 0.4	 0.43
	 13	 0.5	 0.46	 0.5	 0.5	 0.46

Table 6—Comparison of sheltered WAF in several applications.

			   BehavePlus,
			   Rothermel (1983), 
		  Baughman and	 Fireline Handbook
	 Shelter from the wind	 Albini (1980)	 (NWCG 2006)
Partially sheltered	 0.25	 0.3
Fully sheltered, sparse stands, shade-intolerant species	 0.17	 0.2
Fully sheltered, sparse stands, shade-tolerant species	 0.14	 0.2
Fully sheltered, dense stands, shade-intolerant species	 0.12	 0.1
Fully sheltered, dense stands, shade-tolerant species	 0.08	 0.1

Table 7—Sheltered WAF based on canopy 
cover from Scott (2007).

Canopy cover, percent	 WAF

	 5 <CC≤ 10	 0.30
	 10<CC≤ 15	 0.25
	 15<CC≤ 30	 0.20
	 30<CC≤ 50	 0.15
	 CC>50	 0.10
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BehavePlus Help System Tables
	 The unsheltered WAF table in the BehavePlus Help 
system is generated by the calculations implemented in 
the program. WAF values are rounded to tenths for the 53 
fuel models. The fuel bed depth for each WAF category 

allows application for custom fuel models (figure 24). 
(Prior to BehavePlus version 5.0.3, fuel model SH4 was 
incorrectly listed on the table with WAF = 0.4.) The 
sheltered values and guidelines are the same as those in 
Rothermel (1983).

Figure 24—WAF tables from BehavePlus help system.
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Baughman and Albini (1980) Tables
	 The original WAF table from Baughman and Albini 
(1980) is shown in figure 25. The authors used the models 
of Albini and Baughman (1979) for average wind speed 
over a height range from H to H+HF (equation [6]) to find 
an unsheltered WAF for each of the 13 fuel models. The 
authors did not specifically describe how they reached 
the 13 values, but stated the following:

Each midflame windspeed obtained by use of table 
3 [Wind reduction table] implies a midflame height. 
For example, consider a fuel model 3 and the cor-
responding reduction factor of 0.44. From table 4 
[Stylized fuel models], fuel model 3 is found to be 
2.5 ft high grass. These values of 0.44 and 2.5 ft are 
used to enter figure 2 [figure 7 in this paper] where 
the ratio of the flame height to the fuel bed height is 

found to be about 1. Thus the flame height extends 
about 2.5 ft above the tall grass. The flame height of 
other fuel models can be found in a similar fashion.

	 In the above quote, the authors used the term “flame 
height” to mean the flame extension above the fuel bed 
(HF), rather than the distance from the ground to the top 
of the flame. Baughman and Albini (1980) used flame 
extension above the fuel bed equal to fuel bed depth 
(HF/H = 1, HF = H) for all but fuel models 8 and 9. For 
those fuel models, fuel bed depth is 0.2 ft and the WAF on 
their table is 0.36. Working backward, as they described, 
this translates to HF/H = 2.5 and HF = 0.5.
	 Table 8 is a comparison of WAF values on Baughman 
and Albini’s table (figure 25) to those calculated using 
equation [6], as is done in BehavePlus (figure 18). There 
is a difference only for fuel models 8 and 9.

Figure 25—Original WAF table from Baughman and Albini (1980)
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Rothermel (1983) Tables
	 The original WAF tables were adjusted for presentation 
in the S-590 course, as presented in Rothermel (1983) 
(figure 26). The unsheltered WAF values were based 
on Albini and Baughman’s (1979) unsheltered model 
(equation [6]). As a means of estimating midflame height, 
Rothermel (1983) calculated flame height for zero wind 
and slope and 8 percent dead moisture and 100 percent 
live moisture for the 13 fuel models. This method was 
based on the author’s statement that “We have found 
that even though flame length varies considerably with 
changes in wind speed, flame height is not as variable.” 
He used the calculated flame heights as the flame exten-
sion above the fuel bed (HF) in equation [6].
	 Rothermel’s (1983) calculations and tables are com-
pared to those from BehavePlus in table 9. Rothermel 
did calculations to hundredths and then used them as 
guidance for setting WAF values in tenths for the table. 
Some table values are not strict rounded values from the 
calculations. For example, the calculated WAF for fuel 
model 8 of 0.32 is given as 0.4 on the table.
	 However, the results are similar to those based on the 
assumption used in BehavePlus (and FARSITE) that 
flame height (from the ground) is twice the fuel bed 
depth (flame height = HF+H). When the WAF calculated 
in BehavePlus is rounded to tenths, there is a difference 
between the Rothermel (1983) table and the BehavePlus 
table for only fuel models 4, 8, and 9. Fuel models 8 and 
9 are generally sheltered, so the unsheltered WAF would 
rarely be used.

Table 8—Unsheltered WAF values for the 13 standard fire behavior 
fuel models in Baughman and Albini (1980) compared to 
those calculated in BehavePlus. There is a difference in 
the results for fuel models 8 and 9 (in bold).

			   WAF from	 WAF Calculated
	Fuel	 Fuel bed	 Baughman and	 by BehavePlus, 
	model	 depth, ft	 Albini (1980)	 eq. [6], for HF/H = 1
	 1	 1.0	 0.36	 0.36
	 2	 1.0	 0.36	 0.36
	 3	 2.5	 0.44	 0.44
	 4	 6.0	 0.55	 0.55
	 5	 2.0	 0.42	 0.42
	 6	 2.5	 0.44	 0.44
	 7	 2.5	 0.44	 0.44
	 8	 0.2	 0.36	 0.28
	 9	 0.2	 0.36	 0.28
	 10	 1.0	 0.36	 0.36
	 11	 1.0	 0.36	 0.36
	 12	 2.3	 0.43	 0.43
	 13	 3.0	 0.46	 0.46

Figure 26—WAF table from Rothermel (1983).
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	 The sheltered and partially sheltered values are a sim-
plification of those in Baughman and Albini (1980). A 
comparison of values was given in table 6.

Fireline Handbook (NWCG 2006) 
Tables
	 A table of WAFs is in the Fireline Handbook (figure 27). 
The sheltered and partially sheltered WAF values are the 
same as those in BehavePlus and Rothermel (1983), but 
there are some differences in the unsheltered WAF values. 
WAF fuel model 4 matches the table in BehavePlus and 
differs from Rothermel (1983), while the WAF for fuel 
models 8 and 9 differ from the BehavePlus table and 
match those in Rothermel (1983).

Scott (2007) Tables
	 A table of unsheltered WAF values for the 53 fuel 
models to two decimal places is given in Scott (2007) 
(figure 28). Those values are based on the same calculation 
as that used in BehavePlus and match those in figure 18. 
The BehavePlus Help system table rounds WAF values 
to tenths and organizes it according to fuel bed depth.

Figure 27—WAF table in the Fireline Handbook 
(NWCG 2006).

Table 9—Basis of the Rothermel (1983) calculation of unsheltered WAF compared to that used by BehavePlus. There 
are differences in the results for fuel models 4, 8, and 9 (in bold).

	 Rothermel (1983)	 BehavePlus
		  Fuel bed	 Flame		  WAF	 WAF calculation
	Fuel	 depth (H),	 heighta (F),	 Flame height/	 eq. [6]	 WAF	 WAF	 eq. [6] 
	model	 ft	 ft	 fuel depth	 HF = F	 table	 table	 HF = H
	 1	 1.0	 0.99	 0.99	 0.36	 0.4	 0.4	 0.362
	 2	 1.0	 1.6	 1.6	 0.42	 0.4	 0.4	 0.362
	 3	 2.5	 2.7	 1.1	 0.45	 0.4	 0.4	 0.440
	 4	 6.0	 4.9	 0.80	 0.55	 0.6	 0.5	 0.547
	 5	 2.0	 0.92	 0.46	 0.35	 0.4	 0.4	 0.418
	 6	 2.5	 1.4	 0.56	 0.37	 0.4	 0.4	 0.440
	 7	 2.5	 1.4	 0.56	 0.38	 0.4	 0.4	 0.440
	 8	 0.2	 0.37	 1.8	 0.32	 0.4	 0.3	 0.275
	 9	 0.2	 0.90	 4.5	 0.44	 0.4	 0.3	 0.275
	 10	 1.0	 1.6	 1.6	 0.41	 0.4	 0.4	 0.362
	 11	 1.0	 1.1	 1.1	 0.37	 0.4	 0.4	 0.362
	 12	 2.3	 2.7	 1.2	 0.45	 0.4	 0.4	 0.431
	 13	 3.0	 3.7	 1.2	 0.48	 0.5	 0.5	 0.469

 aWind speed 0 mi/h, dead moisture 8 percent, live moisture 100 percent, slope 0 percent. Flame height is used as flame extension 
above the fuel bed in the WAF model.
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Figure 28—WAF values for the 53 standard fuel models in 
Scott (2007).
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	 Scott (2007) also gives a table of sheltered WAF 
based on canopy cover (figure 29). Values are based 
on Albini and Baughman (1979), equation [2], with 
CR = 1. Figure 30 shows a comparison of the table and 
the calculation. BehavePlus also uses equation [2] to 

calculate sheltered WAF, but allows variable values 
for crown ratio. While Scott (2007) used the sheltered 
model when canopy cover was greater than 5 percent, 
BehavePlus uses the criteria of crown fill portion greater 
than 5 percent.

Figure 29—Sheltered WAF values based on 
canopy cover in Scott (2007).

Figure 30—Comparison of sheltered WAF in Scott (2007) table compared to calculation 
using equation [2] with CR of 1.0.
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WAF Calculation Comparison_ _____
	 Previous sections addressed WAF values available 
for use in tabular form. Some fire modeling systems 
include a calculation of WAF. Table 10 is a summary of 
methods of calculating WAF in Behave Plus, FARSITE, 
FlamMap, FSPro, FPA, FuelCalc (Scott, personal com-
munication), Nomographs for the 13 fuel models, the 
BEHAVE TSTMDL program, and FVS-FFE (Reinhardt 
and Crookston 2003). The models for sheltered and 
unsheltered WAF and the criteria of which to use are 
given in the following sections.

FARSITE Fire Area Simulator
	 The FARSITE fire area simulator models fire growth 
under varying conditions of fuel, topography, wind, and 
fuel moisture. The basic FlamMap function involves 
independent fire behavior calculations for each point 
on the landscape under set environmental conditions. 
The modeling in FARSITE and FlamMap is used in 
other systems, including FSPro and FPA. All use the 
method of calculating WAF described by Finney (1998).
	 FARSITE and FlamMap calculate WAF for each pixel 
based on the fuel and vegetation values assigned to that 
pixel. While gridded wind data can account for the effect 
of terrain on 20-ft wind speed and direction, the adjust-
ment to midflame wind speed does not consider the 

degree of sheltering of surface fuel due to penetration of 
the wind into the canopy based on position on the slope 
or on surrounding canopy cover.
	 The BehavePlus method of calculating unsheltered 
WAF was based on that developed for FARSITE (equa-
tion [6]) with the assumption that the flame extension 
above the fuel bed is equal to the fuel bed depth, or that 
the flame height is twice that of the fuel bed depth. WAF 
is based on the average wind speed from the top of the 
fuel bed to twice the fuel bed height. The wording in the 
FARSITE publication, however, might be misleading: 
“For nonforested areas midflame windspeed is reduced 
to a nominal height equal to twice the fuel bed depth.” 
FARSITE uses the average over the height range, not 
the wind at the set height. As shown by the example 
calculations in table 4, there is a noteworthy difference 
in WAF for the average from the top of the fuel bed to 
twice that height and WAF for the point at twice the fuel 
bed depth.
	 The basic calculation of sheltered WAF in FARSITE 
is the same as that in BehavePlus (equation [2]) but with 
CR  =  1. While there was not an error in the FARSITE 
program, the publication contained an error (Finney 1998 
[revised 2004]: p. 18). The constant 0.3066 should have been 
0.555 for the equation in metric units. The printed copy of 
the revised paper in 2004 contained the same error, but the 
current online version of the publication is correct.

Table 10—Summary of methods of calculating WAF in various systems.

  Source	 Unsheltered	 Sheltered	 Sheltered condition

BehavePlus	 eq. [6], HF = H	 eq. [2], based on	 eq. [9] and [10],
		  CC, CR, and C	     if F>5%

FARSITE,	 eq. [6], HF = H	 eq. [2], based on	 CC>0
FlamMap, FSPro,		  CC and CH; CR=1
FPA

FuelCalc	 eq. [6], HF = H	 eq. [2], based on	 If WAF(sheltered)<
		  CC, CR, and CH	     WAF(unsheltered)

Nomographs	 0.5	 0.5	 N/A
(Albini 1976)

TSTMDL program	 eq. [6], HF = flame	 N/A	 N/A
in the old	 lengtha

BEHAVE system

FVS-FFE	 0.5	 Interpolated from	 CC>5%
		  five points; based 
		  on CC 
aWind speed 0 mi/h, dead moisture 8 percent, live moisture 100 percent, slope 0 percent
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	 In FARSITE, crown fill portion (fraction) is

𝑓𝑓 =
𝐶𝐶𝐶𝐶
100

𝜋𝜋
12	
  

where
	 CC	= canopy cover, percent

	 This differs from the calculation in BehavePlus (equa-
tions [9] and [10]) in two ways. While both methods 
assume tree crowns are conical, FARSITE includes an 
additional factor of π/4 to account for gaps in a square 
horizontal packing of circular crowns. This addresses 
the issue of not being able to achieve 100 percent cover 
with circles. In addition, FARSITE calculates crown fill 
fraction based on canopy cover without the influence of 
crown ratio. FARSITE uses CR = 1 and f= F.
	 The significant effect of crown ratio on WAF in 
BehavePlus was shown in figures 20, 21, and 23. Figure 31 
compares the intermediate calculation of crown fill 
portion (f) as a function of canopy cover for BehavePlus 
and FARSITE.
	 The square versus circular base assumption has a minor 
impact. For crown ratio of one, the difference between 
BehavePlus and FARSITE crown fill portion (f) is due 
to the π/4 factor. The resulting WAF in FARSITE is 
1.13 times greater than that in BehavePlus, based on a 
different crown fill portion (f) in equation [12].

	 FARSITE uses the sheltered WAF model whenever 
crown cover is greater than zero. For a very low CC of 1 
percent, WAF is 0.74 (see figure 11), a value much higher 
than the WAF that would be calculated for unsheltered 
fuel. (Sheltered WAF should not be higher than unshel-
tered WAF.) Although it might seem rare that an area 
would be categorized with a canopy cover of 1 percent, 
FARSITE users often change zero canopy cover to a very 
low value to enable spotting, possibly not realizing that 
the change also affects WAF and calculated surface fire 
behavior.
	 While BehavePlus and FARSITE use the same basic 
WAF equations, the following is a summary of the dif-
ferences in implementation:

	 •	 BehavePlus uses CC, CH, and CR to find the crown 
fill portion used in the sheltered WAF calculation. 
FARSITE uses the same equation with CR = 1.

	 •	 FARSITE uses the unsheltered WAF model only if 
canopy cover is zero. BehavePlus uses the unshel-
tered WAF model if crown fill portion is less than 
5 percent.

	 •	 FARSITE includes a π/4 factor that is not in 
BehavePlus to account for gaps in a square horizontal 
packing of circular crowns.

Figure 31—BehavePlus uses CR in the calculation of crown fill portion and, thus, of 
WAF. FARSITE always uses CR = 1.0 and includes an additional factor of π/4 to account 
for gaps in a square horizontal packing of circular crowns.
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FuelCalc
	 FuelCalc is a software package that calculates initial 
fuel quantities, simulates a variety of fuel treatment sce-
narios, and then calculates potential fire behavior. Wind 
speed is entered at the 20-ft height. WAF is calculated 
based on surface fuel and overstory using the same basic 
Albini and Baughman (1979) models as implemented 
in BehavePlus. The difference is in the determination of 
whether to use the sheltered or unsheltered WAF model.
	 In order to avoid the step change in calculated WAF that 
occurs in BehavePlus with the change from the sheltered to 
the unsheltered model (see figure 20), FuelCalc calculates 
both sheltered and unsheltered and uses the minimum 
WAF value. The difference occurs for stands with less 
than 5 percent crown fill portion that are categorized 
as unsheltered in BehavePlus but might be modeled as 
sheltered in FuelCalc. Recall that the sheltered model is 

based on the assumption that wind is constant with height 
under the top of the canopy.
	 Figure 32 shows WAF values calculated by FuelCalc 
for canopy height of 100 ft; crown ratio of 0.1, 0.5, and 
0.9; and canopy cover from 0 to 100 percent. The dotted 
portion of the curves shows where results are different in 
BehavePlus. For this example, for CR = 0.1, BehavePlus 
would produce WAF = 0.39, the unsheltered value, even 
for canopy cover of 100 percent, which has a crown fill 
portion of 2.6 percent. FuelCalc assigns WAF = 0.23—the 
minimum of the sheltered value 0.39 and the unsheltered 
value 0.23.
	 Table 11 shows selected values from the plot with a 
comparison of BehavePlus and FuelCalc WAF values 
and associated flame length. When there is a difference, 
FuelCalc produces lower modeled fire behavior due to 
the sheltered assumption and the lower WAF (greater 
reduction).

Figure 32—WAF values calculated 
by FuelCalc. Canopy height is 100 ft. 
There are differences from BehavePlus 
(dotted portion of the curves) when 
crown fill portion is less than 5 percent 
and the sheltered WAF is less than the 
unsheltered WAF value.

Table 11—Comparison of FuelCalc and BehavePlus WAF values and associated flame length. When there is a differ-
ence (bold), FuelCalc results are lower.

	 FuelCalc	 BehavePlus
	Canopy cover,		  Midflame wind,	 Flame Lengthb,		  Midflame wind,	 Flame Lengthb,
	percent	 WAFa	 mi/h	 ft	 WAF	 mi/h	 ft
	 5	 0.39	 7.8	 12.1	 0.39	 7.8	 12.1
	 10	 0.33	 6.6	 10.9	 0.39	 7.8	 12.1
	 20	 0.23	 4.6	 8.8	 0.39	 7.8	 12.1
	 30	 0.19	 3.8	 7.8	 0.39	 7.8	 12.1
	 40	 0.17	 3.4	 7.3	 0.39	 7.8	 12.1
	 50	 0.15	 3.0	 6.8	 0.15	 3.0	 6.8
	 60	 0.14	 2.8	 6.6	 0.14	 2.8	 6.6 
a Canopy height 100 ft, crown ratio 0.5
bFuel model GR5 (low load, humid climate grass), dead moisture 5 percent, live moisture 75 percent, 20-ft wind 20 mi/h, slope 0 percent. 
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BEHAVE
	 The BEHAVE fire behavior prediction and fuel model-
ing system was the predecessor to the BehavePlus fire 
modeling system. WAF was not calculated in the fire 
behavior prediction portion of BEHAVE (Andrews 1986; 
Andrews and Chase 1989). The fuel modeling program 
TSTMDL calculated an unsheltered WAF for custom 
fuel models (Burgan and Rothermel 1984). WAF was 
calculated as described in (Rothermel 1983). If a stan-
dard fuel model was saved as a custom fuel model, the 
reported WAF could be different due to the adjustments 
that Rothermel made to the calculated values to produce 
his table. The method of calculating WAF in the TST-
MDL program of BEHAVE is different from that used 
in BehavePlus.

FVS-FFE
	 The fire and fuels extension to the forest vegetation 
simulator (FVS-FFE) simulates fuel dynamics and poten-
tial fire behavior over time, in the context of stand devel-
opment and management. It is used to better understand 
and display the consequences of alternative management 
actions. Wind is not a critical component of the model-
ing, given that a default value of 20 mi/h can be used 
for 20-ft wind speed. The 20-ft wind speed is converted 
to midflame wind speed by multiplying it by what the 
authors call “a correction factor” based on the canopy 
cover in the stand (figure 33). For canopy cover from 0 
to 5 percent, WAF is 0.5. Unsheltered WAF is therefore 
constant and does not depend on fuel model or surface 
fuel bed depth. A comparison of the FVS-FFE values to 
equation [2], with CR = 1 is shown in figure 34.

Figure 33—WAF values used in FVS-
FFE are a function of CC. Results are 
interpolated between the six points as 
labeled on the plot. From Reinhardt and 
Crookston (2003). The authors used 
the term “Wind Correction Factor” for 
“Wind Adjustment Factor” and “Canopy 
Closure” for “Canopy Cover.”

Figure 34—WAF values used in FVS-
FFE compared to calculated values 
according to equation [2] with CR = 1.
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WAF for NFDRS__________________
	 To this point, we have discussed fire behavior modeling 
applications, which produce specific fire behavior values 
such as rate of spread and flame length. NFDRS, on the 
other hand, produces indices to indicate seasonal fire 
potential. Fire weather stations are located in the open, 
with no trees and no deep surface fuel. NFDRS is based 
on a worst-case assumption, so it doesn’t specifically 
consider sheltered conditions. The basis of the NFDRS 
calculations is the Rothermel fire spread model, which 
requires wind at the midflame height. Wind is measured 
and forecast for NFDRS at 20 ft above the ground.
	 The 1972 NFDRS (Deeming and others 1972) was 
replaced by a major update in 1978 (Deeming and others 
1977). A 1988 update offered additional options to the 
1978 system (Burgan 1988). The current system allows 
users to select either 1978 fuel models or 1988 fuel mod-
els. The WAF values for the 1978 and 1988 NFDRS and 
the retired National Fire Management Analysis System 
(NFMAS) (USDA Forest Service 1983), which used 
NFDRS fuel models, are given in table 12.
	 The 1972 NFDRS used WAF (which was called r) of 
0.5 for the nine fuel models. Schroeder and others (1972: 
p. 83-92) selected that value after in-depth analysis 
similar to that of Albini and Baughman (1979): “The 

ratio of the 6 meter windspeed to the mid-flame height 
windspeed gave values of r between 0.4 and 0.6 for all 
the fuel models over the range of windspeeds considered 
in the National Fire-Danger Rating System. Because of 
the general nature of the fuel models, the variability of 
r, we have chosen to set r equal to 0.5 until such time 
as fuel descriptions and meteorological instrumentation 
permit these fine distinctions to be properly utilized.”
	 The 1978 NFDRS assigned a WAF to each of the 20 
fuel models (Cohen and Deeming 1985). (The table of 
1978 fuel model descriptions in Burgan [1988] incorrectly 
listed the WAF for fuel model E as 0.5.) These WAF val-
ues were assigned prior to Albini and Baughman (1979) 
publishing the modeling basis for WAF calculations used 
for fire behavior prediction. The grouping for NFDRS was 
described as WAF = 0.6 for grass models, 0.5 for shrub 
and brush models, and 0.4 for timber models (Bradshaw 
and others 1983).
	 The 1988 NFDRS optional update uses a constant WAF 
if the fuel model has no live woody component or if the 
live woody vegetation is designated as evergreen. While 
not listed in Burgan (1988), the 88 NFDRS constant 
WAF values in table 12 were taken from the computer 
code. There is a change from the 78 NFDRS values for 
fuel models L, N, P, Q, and U. A variable WAF is used 

Table 12—WAF values assigned to each of the NFDRS for the 1978 and 1988 system 
and for the now retired NFMAS system. 

		  78	 88	 88 NFDRS
	 Fuel Model	 NFDRS	 NFDRS 	 Min – Maxa	 NFMAS
A	 Western grasses (annual)	 0.6	 0.6		  0.36
B	 California chaparral	 0.5	 0.5	 0.5 – 0.5	 0.55
C	 Pine-grass savanna	 0.4	 0.4	 0.3 – 0.5	 0.25
D	 Southern rough	 0.4	 0.4	 0.4 – 0.4	 0.12
E	 Hardwood litter (winter)	 0.4	 0.4	 0.3 – 0.5	 0.25
F	 Intermediate brush	 0.5	 0.5	 0.5 – 0.5	 0.42
G	 Short needle (heavy dead)	 0.4	 0.4	 0.3 – 0.3	 0.12
H	 Short needle (normal dead)	 0.4	 0.4	 0.3 – 0.3	 0.17
I	 Heavy slash	 0.5	 0.5		  0.46
J	 Intermediate slash	 0.5	 0.5		  0.43
K	 Light slash	 0.5	 0.5		  0.36
L	 Western grasses (perennial)	 0.6	 0.5		  0.44
N	 Sawgrass	 0.6	 0.5	 0.5 – 0.5	 0.55
O	 High pocosin	 0.5	 0.5	 0.5 – 0.5	 0.55
P	 Southern pine plantation	 0.4	 0.3	 0.3 – 0.3	 0.12
Q	 Alaska black spruce	 0.4	 0.2	 0.2 – 0.3	 0.63
R	 Hardwood litter (summer)	 0.4	 0.4	 0.3 – 0.5	 0.08
S	 Tundra	 0.6	 0.6	 0.6 – 0.6	 0.45
T	 Sagebrush-grass	 0.6	 0.6	 0.6 – 0.6	 0.42
U	 Western pines	 0.4	 0.3	 0.3 – 0.3	 0.12 
aUsed to calculate WAF that changes with season when live woody fuel is designated as deciduous. 
Blank cells indicate fuel models without live woody fuel.
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for fuel types for which live woody fuel is designated as 
deciduous. WAF is set to its maximum value during the 
winter. (Higher WAF causes less wind reduction due to 
leaf drop and higher wind speeds.) WAF decreases during 
the spring and increases during the fall as a function of 
the woody greenness factor. WAF is set to its minimum 
value during the summer when shrubs are fully green. 
(Lower WAF causes more wind reduction and lower wind 
speeds.) Note in table 12 that the maximum is equal to 
minimum WAF for some fuel models, so the variable 
WAF is applied only to fuel models C, E, Q, and R. Note 
also that designating live woody fuel as deciduous for 
1988 fuel models G and H effectively changes the WAF 
from 0.4 to 0.3.
	 In addition, for all 1988 fuel models, if more than 0.1 
inch of precipitation occurred either on the current or 
the previous day, the WAF is multiplied by 0.3. “This 
correction reduces the sensitivity of the 1988 NFDRS 
to wind until the dead fuels have had at least 1 day of 
drying” (Burgan 1988). This is merely an artificial way 
to influence index values and is not based on any actual 
effect on the wind.
	 NFMAS was a fire planning system that used fire dan-
ger fuel models. Calculations were aimed at estimating 
fire behavior for the planning application rather than to 
produce fire danger indices as in NFDRS. The NFMAS 
WAF values in table 12 are given here for historical 
documentation. NFMAS has been retired and replaced 
by FPA, which uses fire behavior fuel models and the 
modeling in FlamMap.

Discussion______________________
	 Of the many aspects of wind that affect fire behavior, 
WAF addresses only one. It reduces the wind speed at 20 
ft above the vegetation to a value at midflame height as 
needed by Rothermel’s surface fire spread model. Other 
means are used to determine variation in 20-ft wind speed 
and direction across the landscape, as well as temporal 
changes from gusts to front passages.
	 Decisions that are supported by fire modeling can be 
influenced by the WAF. It is important that a user be 
aware of the technical foundation of the models with all 
of the associated assumptions and limitations.

Model Limitations
	 As is the case with all models, WAF models are based 
on simplifying assumptions. Following is from the sec-
tion “Applicability of Results” in Albini and Baughman 
(1979):

The numerical results derived in this report are 
subject to the restrictions listed below. The reader is 
cautioned to be certain that the specified conditions 
prevail when using these results.

	 1.	Flat terrain has been assumed throughout. If the 
terrain has substantial slope or roughness, the 
windfield will reflect this fact, and substantial 
deviations from these results may occur.

	 2.	Adequate fetch to establish a uniform friction layer 
has been assumed. The definition of “adequate” 
fetch is the subject of current research (Shaw 
1977), so numerical limits cannot be stated at 
this time. But near forest edges, lakeshores, or 
transitions in surface vegetation cover, the results 
given here may not be accurate.

	 3.	A “well-behaved” windfield is modeled by the 
relationships herein. If the windfield is not steady, 
but fluctuates significantly in speed, direction, 
or both, the friction layer will be continually in a 
transient state as it responds to the forces at play. 
During the periods of such variability the results 
given here may not be applicable.

	 4.	Any interaction between the fire and the windfield 
that substantially influences the speed or direction 
of the wind should invalidate these results. We 
have dealt here with a windfield whose structure 
is dominated by the influence of the vegetation 
cover on the friction layer and any factor that 
disturbs this condition negates the validity of the 
results given here.

	 An additional limitation is the assumption of a neutral 
stable atmosphere near the ground. And convective slope 
winds have a different velocity profile than that shown in 
figure 1. Rothermel (1983) noted that “the type of wind 
driving the fire is very important and must be known to 
make proper interpretation of midflame windspeed.”
	 The model for WAF, based on average wind speed over 
a height range, is consistent with the wind tunnel data 
used in developing the spread model. Alternate definitions 
of midflame height at a specific height, using the same 
wind profile, give significantly different WAF results 
(see table 4). There will always be differences between 
the model results and a wind measurement taken at eye 
level because the observation is not an average over a 
height range.
	 It is well known that many influencing factors are not 
considered in the simple Albini and Baughman models. 
For example, Schroeder and Buck (1970) described the 
effects of vegetation on wind in their comprehensive 
“Fire Weather” publication. Among the influences they 
describe: “In forest stands that are open beneath the main 



37USDA Forest Service Gen. Tech. Rep. RMRS-GTR-266. 2012

tree canopy, air speed increases with height above the 
surface to the middle of the trunk space, and then decreases 
again in the canopy zone.” The WAF model is based on the 
assumption that wind is constant under the canopy.
	 Limitations of the WAF models should be considered 
in conjunction with limitations of all associated models 
and with ability to describe the required input values. 
Overstory trees, for example, are not uniformly shaped 
cones. The same canopy cover can result from many 
narrow trees or fewer broad ones. The surface fire spread 
model is based on the assumption that the surface fuels are 
uniform and continuous. Geospatial fire modeling systems 
use data for which conditions are assumed constant for 
each pixel (possibly 30 m across). It is the responsibility 
of a model user to be aware of all of the many limitations 
in appropriate application of model results.
	 Model limitations should also be considered in the 
context of application. Limitations of individual models 
(such as WAF) might be minor in the context of a fire 
growth simulation that involves thousands of calcula-
tions and variables. On the other hand, the limitation of 
the modeling to determine the point at which fuels are 
sheltered from the wind by overstory can be significant 
in fuel treatment assessments. BehavePlus is designed to 
encourage users to generate tables and graphs to examine 
the effect of input selections on results rather than merely 
supplying values for each input variable and getting a 
result from a single calculation.

Modeling Applications
	 When Albini and Baughman developed WAF models, 
fire behavior analysts predicted wildfire behavior using 
tables, graphs, and nomographs (Albini 1976b; Rothermel 
1983). There was an appropriate reliance on experience 
and judgment in determining sheltering of fuels from the 
wind to select a WAF value. That application continues. A 
user of nomographs, BehavePlus, or other similar systems 
can and should use judgment to determine WAF based 
not only on conditions at a point, but on wind direction, 
nearby vegetation, location on the slope, and the ability 
of wind to penetrate the overstory.
	 While judgment is an important component of predict-
ing wildfire behavior, fire planning applications, includ-
ing fuel hazard assessment, may be better served by the 
consistency and repeatability of models. Calculation of 
WAF can have a large impact on results, especially when 
conditions are close to the point of transition between 
sheltered and unsheltered fuel. In addition there is the 
limitation of using the canopy description only at the 
fuel treatment site to calculate WAF. Two stands with 

the same overstory and understory and the same 20-ft 
wind speed in reality could have different potential fire 
behavior due to the influence of surrounding vegeta-
tion on the wind. The midflame wind speed in a small, 
thinned area surrounded by closed timber would differ 
from that in a large, thinned area adjacent to a meadow. 
A modeler should find the appropriate balance between 
calculations and judgment.
	 The use of fire models for wildland fire management 
has greatly expanded since the 1970s. Computer systems 
are ever more complex and sophisticated. A fire growth 
simulation system such as FARSITE necessarily relies on 
a calculated WAF. Judgment has no place in determining 
WAF for thousands of pixels. The original FARSITE used 
a wind field that changed in time but was constant over 
the landscape. As noted by Finney (1998) in describing 
his implementation of WAF calculations, “Variation 
would undoubtedly occur with stands of mixed species, 
multiple strata, different crown shapes, and tree arrange-
ment. However, given the burden of additional input 
requirements, further refinement could not be justified 
without models of spatially dynamic wind fields that 
reflect the influence of topography, vegetation roughness, 
and neighboring vegetation structure.”
	 Models that adjust the 20-ft wind across the terrain are 
now available at the scale needed by FARSITE and other 
geospatial fire modeling systems (Wind Ninja and Wind 
Wizard) (Butler and others 2006; Forthofer and others 
2009). FARSITE then adjusts the spatially variable 20-ft 
wind speed to midflame height based on vegetation for 
each pixel and not adjacent pixels, wind direction, or 
terrain. The question of the burden of additional input 
requirements remains.

Model Needs
	 This report first described implementation of WAF 
models in BehavePlus followed by WAF in other applica
tions, with emphasis on the differences. Even though 
most applications cite Albini and Baughman (1979), 
there are differences in the implementation and in the 
results. The question about the need for consistency 
among fire modeling systems should be asked in con-
junction with an assessment of the impact of change. It 
may seem logical for all applications to use the same 
approach. But while an internal, transparent, change to 
equations might be easy for a programmer, a change in 
calculated results can be unsettling. The impact of redoing 
analyses, plans, and reports that used model results can be 
significant and perhaps unnecessary. Given differences 
in WAF modeling approaches and the impact on results, 
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fire modeling results should be reported along with the 
source (reference, computer program, version number, 
etc.), and possibly model assumptions.
	 A good solution would be a new and improved WAF 
model that is well documented and can uniformly be 
implemented in a range of applications that require mid-
flame wind speed. Such an improvement could overcome 
some of the current limitations such as the transition 
between models for unsheltered and sheltered fuels and 
consideration of adequate fetch and terrain on penetration 
of the wind through the overstory.
	 While wind profile modeling is useful to all fire be-
havior models, current WAF modeling is aimed at the 
requirements of the Rothermel surface fire spread model. 
Future fire models might be able to utilize or even require 
wind speed and direction that vary in time and space.
	 A modeling effort inherently requires assumptions on 
what is relevant to the effort. Uncertainties in fuel char-
acterization, fuel moisture variation, and complex wind 
behavior should be considered. There is a large range in 
fire modeling approaches and products. At one extreme 
are CFD (computational fluid dynamics) models that 
model specifics of air flow through the canopy, if there 
are fuel and vegetation data to feed the model. At the 
other extreme are non-computer based guides for use on 
the fireline. The need continues for general guidelines 
that incorporate influencing factors for fire behavior and 
safety.
	 Albini and Baughman’s WAF modeling has served 
us well. Their models are included in applications that 
go well beyond the initial tables designed to be used 
by an experienced fire behavior analyst who can make 
adjustments based on judgment. Albini and Baughman 
(1979) stated that “… this effort is seen as a small first 
step in the direction of a more complete description of 
the complex phenomena with which we are dealing.” 
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