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ABSTRACT 

The new atmospheric prediction model, the Weather Research and Forecasting Model 
version 3.1 (WRF) coupled with the empirical fire spread model was used to model wildfire 
behavior and analyze emissions. Modeling wildfires includes calculating the spread rate and 
where a fire will propagate based on environmental conditions. The spread rate and direction of 
propagation play a key role in fire suppression efforts. The products and emissions of wildfires 
contribute to the weather and the air quality. WRF-Fire is a two-way coupling module. While 
providing feedback to the fire, directing where it travels and controlling the spread rate, the fire 
module provides feedback to the atmosphere. Using the fire module WRF-Fire to analyze the 
emissions from a standard model (the control). The fuel moisture, wind speed, fuel loading, and 
fuel category were changed and the emissions were compared. We found that heat flux is directly 
proportional to fuel moisture level and fuel loading. Fire spread rate is directly proportional to 
the wind speed. Using a new fire module we were able to reproduce the shape of naturally 
occurring fires and relate how they depend on environmental conditions. The results gained from 
this research can be used as verification data for future models.     
 
The Significant Opportunities in Atmospheric Research and Science (SOARS) Program is managed by the University 
Corporation for Atmospheric Research (UCAR) with support from participating universities.  SOARS is funded by the National 
Science Foundation, the National Oceanic and Atmospheric Administration (NOAA) Climate Program Office, the NOAA Oceans 
and Human Health Initiative, the Center for Multi-Scale Modeling of Atmospheric Processes at Colorado State University, and 
the Cooperative Institute for Research in Environmental Sciences. SOARS is a partner project with Research Experience in Solid 
Earth Science for Student (RESESS).  
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1. Introduction 
 

The products and emissions of wildfires contribute to weather and the quality of our 
atmosphere. Carbon dioxide and water vapor are major products in wildfires. As these products 
are released into the atmosphere, water vapor rises and is cooled. The condensation of water 
vapor is responsible for clouds, rain, snow, and other forms of precipitation. Many forms of 
carbon are released during the combustion process with carbon dioxide comprising 85 % of 
emissions. The long term and indirect effects of smoke may also be important from the 
standpoint of contributions to the buildup of greenhouse gases such as carbon dioxide and the 
effect these gases have on the chemistry of the environment (Pyne 1996). 

 
Wildfire behavior is a product of the environment in which the fire is burning and of 

interacting forces that influence the fire. The environment includes both the type and condition 
of the fuel and topography of the land. The effect of fuel moisture on fire behavior is to slow the 
rate of burning or rate of fuel consumption. The instantaneous level of moisture content in forest 
fuels is strongly influenced by the internal structure of the material and by whether the fuel is 
alive or dead (Johnson and Miyanishi 2001).  

 
While the fuel moisture slows the rate at which the fire propagates, the fire front spreads 

most rapidly in the direction of the local wind. Acting as an interactive force the local wind 
strongly influences the rate of spread. This rate is measured from any point on the fire perimeter 
in a direction perpendicular to the perimeter. Formulas given by Rothermel (1972) have been the 
basis for predicting the fire spread rate and flame intensity, which are used during a wildfire to 
determine suppression tactics (Pyne 1996).   

 
Verification of predictions is critical, but obtaining direct measurements of wildfire 

emissions is very dangerous due to the risk of injury and destruction of equipment. Some 
relationships between the fire characteristics can be described and recognized, others can be 
scientifically analyzed and modeled through WRF (Weather Research and Forecasting Model). 
An atmospheric prediction model has been coupled with a semi-empirical fire spread model such 
that sensible and latent heat fluxes from the fire feed back to the atmosphere and affect the 
temperature, pressure, and the winds around the fire, while these modified winds around the fire 
in turn drive the fire propagation (Coen 2005). Using this WRF-Fire model to predict wildfire 
behavior is essential for analysis of fire intensity, heat fluxes, fire perimeter, and total emissions.   
 

While radiative heat transfer is fundamental in the spread of bushfires, some authors 
suggest it is the sole model of heat transfer to unburnt fuel in no-wind fires (Sullivan et. al 2003).   
Traditional methods used to measure the true heat flux lacked accuracy. A new method was 
implemented using a stirred water calorimeter for measuring the downward heat flux from the 
source at the burning boundary in (Schnellar and Frandsen 1998). An established experiment site 
was used to gather data on CO2, heat flux, and water vapor through a flux tower and tethered 
balloon. The research done by Clements et. al (2006) helped to gain more accurate information 
on wildfire emissions.    
 
Applying the new atmospheric prediction model (Weather Research and Forecasting Model 
version 3.1) coupled with the empirical fire spread model used in Clark et al. (2004) was used to 
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model wildfire behavior and calculate emissions. Using WRF-Fire to study surface fire behavior 
on simple fuel regions set a foundation for the new method. The environmental factors under 
study were weather and fuel components of the behavioral triangle. Modeling the behavior of 
theoretical (not actual) wildfires focused on the fire intensity, fire perimeter, fire spread rate and 
heat flux.        

 
2. Methods 
 

The Weather Research and Forecasting model (WRF) is an atmospheric simulation system 
used for a broad range of applications such as convection simulations, data assimilation research, 
coupled modeling and more. The most recent version of WRF (version 3.1) has a physics 
package included that is used to model wildfires. The wildland fire model in WRF is an 
implementation of the semi-empirical fire propagation model developed by Coen (2005) and 
Clark et al. (2004).  
 

The fire model is capable of ideal runs and real runs. Ideal runs differ from real runs in that 
they require no initialization data and their domains are not a representation of a section of the 
Earth’s surface. When modeling fires using ideal runs the initial state of the atmosphere and fire 
are prescribed. Some of these constants include the domain size, position and time of the fire 
ignition, and the amount of time for the run. After the constants have been selected, the program 
can begin running 
 

Running the WRF- Fire model is simplified through the WRF Preprocessing System (WPS). 
WPS consist of three programs: geogrid, ungrib, and metgrid. Each program is designed to take 
existing data sets and convert them into an intermediate format. The purpose of geogrid is to 
define the simulation domain and interpolate various terrestial data sets to the model grids. The 
ungrib program reads grib files and writes the data in simple format, called intermediate format. 
The metgrib program horizontally interpolates the intermediate format meteorological data that 
are extracted by the ungrib program onto the simulation domains.   
 

The key equations in the fire model are the fire spread rate, S, the fuel fraction, F, and the 

heat flux, H. The spread rate of the fire S  S(x, y,t)  depends on the wind v and the terrain 

gradient  where z

 
S = {B0, R0 [1 + w + s]}.   

 
R0 is the spread rate in the absence of wind, w = a(v ٠ n) is the wind correction, and                    

s = ɗz ٠ nis the terrain correction. B0 is the backing rate, the minimal fire spread rate 

against the wind.  
 
 
The fuel fraction F(x,y,t) decreases from the ignition time (ti) 
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F(x, y, t) 
 tti ( x ,y )

W ( x ,y )e , if (x, y)(t)

1, otherwise





  
where W(x,y) is the 1/e time constant of the fuel and (t)  is the fire area. The heat flux from the 
fire to the atmosphere is determined from the amount of fuel burned by 

H   A(x, y)

t

F(x, y, t)
       

  
The coefficients R0, Smax, W, A, a, b, and d characterize the fuel which are encoded in fuel 
categories of Anderson (1982). These mathematical models use the descriptions of fuel 
properties as inputs to predict fire behavior and provide data on fire variables.      
 
 

Wildfire behavior is dependent on fuel, weather and topography. In this experiment I 
analyzed the emissions based on changes in wind speed, amount of fuel, the moisture content of 
the fuel and fuel categories. I analyzed the changes in emissions of heat flux, moisture flux, and 
water vapor mixing ratio. I also compared fire variables that help to distinguish fires from each 
other such as intensity, fire spread rate and temperature. The emissions and fire variables will be 
compared to those from a standard model used as a control.  
 

The standard model uses fuel category one: short grass, with no slope component, a wind 
speed of 2.5 m/s, a fuel moisture level of 8 percent and an initial fuel loading of 0.166 kg/m2. 
Keeping the run time, size of the domain, and the start point of ignition constant the fire 
emissions were obtained for the standard model.   
    

In this experiment I used two domains, an outer and inner domain. The outer domain and 
inner domain are 42 by 42 cells with 41 vertical levels. The outer domain has grid cells 60 
meters in length while the inner domain has cells 20 meters in length. The inner domain has a 
fire mesh ten times greater than the outer atmospheric domain resulting in greater sensitivity. 
The model runs for twenty minutes with one fifth of a second time steps.  
 

The variables that affect wildfire behavior are the wind speed, fuel loading, moisture content, 
and the fuel category. The wind speed will be decreased to zero m/s and increased to five m/s. 
The fuel loading or the amount of available fuel will be decreased by half of the initial amount 
and increased to double the original amount. The moisture content in the standard model is eight 
percent.  The moisture content of extinction in the standard model is twelve percent. The 
moisture content was decreased to five percent and increased to eleven percent. The fuel 
categories selected are chaparral brush (4) and heavy logging (10).     
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3. Results 
Contour plots of heat flux (W/m2) were made from the surface fire. 

 
Figure 1: Standard model 

 
 

The standard model was ignited as a point source 380 m from the lower left corner in 
both the west_east direction (x axis) and south_north direction (y axis). In relation to the 
contour plot (Figure 1) the position of ignition is 19 grid cells from the lower left corner in 
both directions. The size of the domain is 41 grid cells by 41 grid cells with each cell being 
20 m in length. The fire spread rate is the distance the fire front traveled from ignition per 
unit time. With a wind speed of 2.5 m/s blowing from west to east the spread rate is 0.5 m/s. 
The perimeter is an ellipse with semi-minor axis (south_north axis) of 160 m across. 
 

a. Effect of fuel loading 
 

                      
               Figure 1: standard model                   Figure 2: fuel loading 0.083 kg/m2 

 
The wind speed, fuel moisture, and fuel category were held constant. The fuel loading 

was changed to half of the original amount, 0.083 kg/m2 (Figure 2) With less fuel available, the 
heat flux and temperature of the fire were reduced by half. The contour plot is not symmetrical 
with the right flank being longer than the left flank (Figure 2). The perimeter and fire spread rate 
were unaltered.     
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                           Figure 1: standard model                    Figure 3: fuel loading 0.332 kg/m2 
 

The wind speed, fuel moisture, and fuel category were held constant. The fuel loading 
was doubled the original amount, 0.332 kg/m2 (Figure 3). The heat flux tripled for this model. 
The peak of fire front flattened and a small area of right flank continues to burn as the fire 
propagates forward (Figure 3). The symmetry of the perimeter and fire spread rate are the same 
as the standard model.  
    
 
 
 

b. Effect of wind speed 
 

                     
       Figure 1: standard model                         Figure 4: wind speed 0 m/s 

 
The fuel moisture, fuel loading, fuel category were held constant. The wind speed was 

reduced to zero m/s resulting in no definite fire front (Figure 4). The perimeter of the fire is 
symmetric and circular as compared to the elliptical standard model. The model is 
unsymmetrical with the heat flux distribution as the red region and opposite orange region have 
higher heat fluxes than their adjacent yellow regions. With no wind influence the heat flux was 
reduced by a factor of ten and the fire spread rate was reduced to 0.2 m/s.   
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Figure 1: standard model                   Figure 5: wind speed 5 m/s 

 
The fuel moisture, fuel loading, fuel category were held constant. The wind speed was 

doubled to 5 m/s producing fire spread rates of 0.75 m/s (Figure 5). The approximate perimeter 
of the standard model is 220 m (x axis) by 160 m (y axis). The perimeter of this model is a 
narrower ellipse 360 m (x axis) by 140 m (y axis). Increased asymmetry in the right flank being 
longer than the left may be a result of higher wind speeds. The heat flux is unchanged at a 
maximum of 10,000 W/m2.   
 
 

c. Effects of fuel moisture 
 

                     
        Figure 1: standard model                      Figure 6: fuel moisture 5 % 

 
The fuel loading, wind speed, and fuel category were held constant. The moisture level is 

a percentage of the amount of water (kg) in the fuel per mass of the dry fuel (in kg, no water 
available in fuel). The moisture level was reduced to 5 percent (Figure 6). The perimeter and fire 
spread rate were unchanged. The peak of the fire front has a broad shape and is not pointed. The 
maximum heat flux is 18,000 W/m2 almost double that of the standard model.    
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          Figure 1: standard model                     Figure 7: fuel moisture 11 % 

 
The fuel loading, wind speed, and fuel category were held constant. For short grass 

(Figure 1) the moisture level of extinction is 12 percent. If the moisture level equals 12 percent 
the fire will not ignite. The moisture level was increased to 11 percent (Figure 7). The perimeter 
has three main differences. The peak of the fire front is rounded and doesn’t come to a point. The 
back of the burning region is rounded like the peak of the fire front. The right and left flanks are 
the same depth while the flanks of the standards model narrowed. The maximum heat flux was 
halved because with increased moisture more heat was used to vaporize the water in the fuel.     

 
 

 
d. Effects of fuel category 

 

                     
Figure 1: standard model                       Figure 8: fuel category 4 

 
The wind speed and fuel moisture were held constant. The fuel loading is different for 

each fuel category. The fuel loading for chaparral is 2.468 kg/m2. The fire perimeter is circular in 
shape with two red regions identifying the general location of the fire front (Figure 8). The 
intensity of the fire is much larger than the standard model because the fire depth is larger and 
there is more fuel available. The middle or green area continues to burn while the fire propagates 
with a similar spread rate. The maximum heat flux is almost triple the standard model.      
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Figure 1: standard model                     F1igure 9: fuel category 10 

 
The wind speed and fuel moisture were held constant. The fuel loading is different for each 

fuel category. The fuel loading for timber (litter and understory) is 2.694 kg/m2 (Figure 9). The 
fire perimeter is circular in shape with one red region identifying the area of the fire front. The 
intensity of the fire is much larger than the standard model and the chaparral model because the 
fire depth is larger and there is more fuel available. The middle or orange area continues to burn 
with heat fluxes above 20,000 W/m2 while the fire propagates with a similar spread rate. The 
maximum heat flux is almost triple the standard model. 

 
 
 

4. Discussion 
 

The heat flux increased from both fuel loading and fuel moisture. The heat flux tripled to 
30,000 W/m2 by increasing the fuel loading to double the original amount. With more available 
fuel to burn the fire will burn more intensely resulting in a greater heat flux. Any fuel category 
with fuel loading greater than the original amount will have a greater heat flux.  
 

The heat flux doubled to 18,000 W/m2 when the fuel moisture was reduced to 5 percent. All 
of the water present in the fuel needs to be removed before the fuel is ignited. Reducing the fuel 
moisture levels will reduce the amount of heat required for ignition. While high fuel moisture 
levels extinguish a fire, low fuel moisture levels result in more intense burning fires.   
 
  The wind speed had the most influence on fire’s behavior by affecting both the fire 
spread rate and the fire perimeter. The fire front spreads in the direction of the wind. By doubling 
the wind speed to 5 m/s the fire spread rate increased from 0.5 m/s to 0.75 m/s. Increasing the 
wind speed to values higher than 5 m/s would increase the fire spread rate. 
 

Fire perimeters form ellipses in the presence of wind. The greater the wind speed the 
narrower the ellipse becomes. Using a model with zero wind speed the perimeter is circular in 
shape with no definite fire front. As the fire spreads outward from a point ignition the fire front is 
the entire perimeter with no left or right flanks. Any fuel category with a wind speed of zero m/s 
will have a circular fire perimeter. Figures 8 and 9 have circular fire perimeters with definite fire 
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fronts and wind speeds of 2.5 m/s. Figures 8 and 9 would have symmetrical perimeters in the 
presence of no wind.     
 

Using a new fire module we were able to reproduce the shape of naturally occurring fires. 
We found that heat flux is directly proportional to fuel moisture level and fuel loading. Fire 
spread rate is directly proportional to the wind speed. We were able to relate how fire behavior 
depends on fuel moisture, fuel loading, fuel category, and wind speed. 
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