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1.

Introduction

Our ability to learn from previous wildland fire events is limited by our understanding
about how factors such as evolving weather, fuels, and terrain combine, and why.
Operational fire behavior models such as BehavePlus (Andrews 2009) or FARSITE
(Finney 1998), which are used by land management agencies to simulate fire spread
across landscapes, attempt to do so by considering weather, terrain, and fuels as external,
independent variables. These ‘kinematic’ models do not consider the dynamical forces
involved, such as the acceleration of air due to pressure gradients, buoyancy created by
vertical motion of stratified air, or the heat released by a fire.
In contrast, coupled weather-wildland fire models, which join full weather
prediction models interactively with fire behavior models, aim not only to simulate the
direction and rate of fire spread, but to describe the interacting dynamical forces that
determine a fire’s evolution, reproduce characteristic phenomena, and provide
understanding why each fire unfolds in the unique way that it does. This work describes
the Coupled Atmosphere-Wildland Fire-Environment (CAWFE) model and how it
simultaneously models the evolving meteorological flow, fire behavior, and fire-induced
winds. CAWFE ties a numerical weather prediction model to components representing
the spread of a wildland fire and consumption of wildland fuels to simulate the impact of
a fire on the atmosphere and the subsequent feedback of these fire-altered winds on fire
behavior - i.e. how all fires, to some degree, 'create their own weather'. As such, CAWFE
aims to reproduce fire growth in spatially varying and potentially reinforcing fuel,
weather and terrain conditions, but more importantly, reproduce fire phenomena and
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provide understanding about the mechanisms that create the uniqueness of each wildland
fire event.

2.

Model components

The CAWFE modeling system is composed of two parts, a numerical weather prediction
model and a fire behavior module that models the growth from ignition, propagation, and
decay of a wildfire in response to terrain, fuel, and evolving weather and fuel conditions.
The atmospheric model, described below, was developed over two decades to study
weather evolution over complex terrain, including precipitation formation, downslope
windstorms, cloud entrainment, weather modification, clear air turbulence, and terraininduced turbulence. More recently, a component that represents the growth of a wildland
fire in response to factors in the fire environment such as wind, terrain, and fuels, and the
fire’s impact on the atmosphere was added. This document primarily describes the fire
module as implemented in CAWFE, the coupling between the components, and relevant
aspects in the atmospheric model; the reader is referred to prior works for details of the
atmospheric model. Many components of CAWFE’s fire module, with some
modifications and additions from other contributors, are now distributed in the Weather
Research and Forecasting (WRF) model as the physics package WRF-Fire, which is
described in Coen et al. (2013). Therefore, the CAWFE model description in this section
is similar to the WRF-Fire model description in Coen et al. (2013), which describes their
differences.
The fire behavior module in CAWFE is two-way coupled to the atmospheric
model: low level winds drive the spread of the surface fire, which releases sensible heat,
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latent heat, and smoke into the lower atmosphere. Surface heat fluxes vary in space and
time according to the rate at which fuel is consumed, and in turn, feed back to affect the
winds directing the fire. This modeling system can thus represent the complex
interactions between a fire and the atmosphere. Although this influence is most dramatic
near the fire, model simulations show a wildland fire can change the wind speed by
several kilometers per hour even several kilometers distant from the fire (Coen 2005).
CAWFE does not explicitly simulate flames or combustion, instead it parameterizes these
processes with scale-commensurate semi-empirical and empirical relationships -- the
simulated atmosphere responds to the fire’s sensible heat (temperature), latent (water
vapor) heat, and smoke fluxes, which vary in space and time in accordance with the rate
at which fuel is consumed.

2.1

Atmospheric model

The Clark-Hall meteorological model is a three-dimensional, non-hydrostatic numerical
weather prediction model. The atmospheric model’s governing equations, parameters,
flow structures, nesting procedures, their representation in discretized form, and physical
parameterizations were described in a prior Technical Note (Clark et al. 1996a). Other
works (Clark 1977, 1979; Clark and Farley 1984; Clark and Hall 1991, 1996; Clark et al.
1996a, 1997) detail different aspects of the model.
The model is comprised of the prognostic Navier-Stokes equations of motion, a
thermodynamic equation, the continuity equation formulated with the anelastic
approximation (Ogura and Phillips 1962) for the conservation of mass, and prognostic
equations for the concentrations of atmospheric water vapor, cloud water, rain water, ice
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crystals, and rimed ice hydrometeors. Vertically stretched terrain-following coordinates
allow the model to simulate the detailed airflow over complex terrain. Gridded domains
with two-way interactive nesting capture the synoptic-scale outer forcing in the outer
domain while allowing the simulation to telescope down to tens of meters near the
fireline through horizontal and vertical grid refinement (Clark and Hall 1996). Thus, the
numerical weather prediction model can model fine scale atmospheric flows (with
horizontal resolution of tens to hundreds of meters) in very steep terrain where the slope
may exceed 30o.
A sequence of three-dimensional states of the larger-scale atmospheric
environment from either gridded atmospheric analyses or a model simulation are used to
initialize the outermost domain and provide lateral boundary conditions throughout a
CAWFE simulation. The coarse meshes contain no turbulence and no parameterization of
boundary layer fluxes is performed, while the finest meshes may be turbulence resolving.
Small-scale shear-driven and convective turbulent motions are modeled explicitly by the
model (Clark et al. 1997) down to the grid resolution (the “large eddy simulation” (LES)
approach). As detailed in Clark et al. (1997), the Smagorinsky (1963) and Lilly (1962)
schemes treat subgrid-scale closure of the eddy mixing coefficients with Prandtl and
Richardson number dependence, in which the eddy length scale in the atmospheric
boundary layer is calculated using the Blackadar (1962) formulation. A consequence of
this approach is that the inflow boundary conditions for turbulence-resolving domains are
laminar and eddies have limited time to spin-up. This is in contrast to true LES
simulations, which use periodic boundary conditions to allow turbulence to fully develop,
but are limited to somewhat idealized experiments.
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Weather processes such as the production, interaction, sedimentation, and
evaporation or melting of cloud droplets, rain, and ice are parameterized using standard
microphysical parameterizations (Clark et al. 1996a).

2.2

Wildland fire module

The wildland fire module represents the ignition, propagation, and decay of a wildland
fire propagating through surface fuels such as grass, shrubs, and vegetation litter. If an
overlying canopy is present and the surface fire intensity exceeds a given threshold, the
surface fire may heat, dry, ignite, and consume the canopy. A sequence of previous work
(Clark et al. 1996b, 1996c, 2004; Coen 2005) developed the treatment of physical
processes; the current methods and connection to the atmospheric model are summarized
here. Four components treat physical processes including the flaming front’s rate of
spread, post-frontal heat release, crown fire ignition and consumption, and upscaling of
heat release into the atmospheric model, and an additional algorithm defines the subgridscale interface between burning and unignited fuel. A diagram of the components is given
in Fig. 1. CAWFE is designed to resolve atmospheric motions from tens of meters to
hundreds of kilometers, while wildland fire physical processes occur at scales several
orders of magnitude smaller than the atmospheric grid size. Thus, CAWFE does not
explicitly simulate flames or combustion chemistry. Neither the fuel temperature, fire
temperature, nor the consumption of oxygen or flammable pyrolyzed gases is tracked by
this model. Instead, CAWFE parameterizes these subgrid-scale processes by adapting
scale-commensurate semi-empirical and empirical relationships, i.e. ones that represent
the effect of the fire on the atmosphere at the scales of motion that the model resolves.
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Numerical Weather Prediction (NWP) Model Integration
Wind, temperature, pressure, air density, humidity
IN:
Near-earth wind
speed and
direction

Wildland Fire Module
Flaming front rate of spread,
fire intensity

OUT:
Sensible heat flux, latent heat flux,
and smoke concentration added to
tendencies in NWP model

Has a fire been
ignited or will one
be in this time
step?

no

Return to NWP
calculations

yes
Is this a new
ignition?

no

yes
Create variables defining the burning
interface/fire front

ON FUEL GRID CELLS
Advance surface fire interface using rate of spread
calculated along fire front

CALCULATE SURFACE FIRE HEAT FLUXES AND SMOKE
Calculate change in burning area in each fuel cell
Calculate surface mass burned in this time step based on time since ignition from mass loss curve
Calculate surface fire sensible heat flux from mass loss based on energy content of the dry fuel
Calculate surface fire latent heat flux from the mass loss and the dead fuel moisture and water
content of cellulosic fuels
Calculate smoke particulate production as a percentage of surface fuel mass consumed

Is there a canopy in
this fuel cell?

no

yes
CALCULATE CROWN FIRE HEAT FLUXES AND SMOKE
Calculate energy used to dry canopy
Calculate if remaining surface fire heat flux is enough to ignite canopy
If canopy is ignited, calculate canopy fuel consumed in this time step
Calculate canopy fire sensible heat flux from mass loss based on energy content of dry fuel
Calculate canopy fire latent heat flux from the mass loss and the live fuel moisture and water
content of cellulosic fuels
Calculate smoke particulate production as percentage of canopy fuel mass consumed

Sum heat fluxes on fuel grid cells to atmospheric grid cells

Figure 1. Diagram of the CAWFE modeling system.
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time

Long-range spotting, in which burning embers may be lofted by the fire plume and drop
many kilometers downwind, igniting new fires, is also not treated by the model.

2.2.1 Flaming front representation and tracking
In a two-dimensional plane at the earth’s surface, each atmospheric grid cell is further
subdivided into higher-resolution two-dimensional rectangular fuel cells, with fuel
physical characteristics and fuel loads specified by the user (see Section 3.3).
Although model fuel cells may be a few to hundreds of meters in size, the
interface between burning and unignited fuel results from complex subgrid-scale
nonlinear fluid dynamics and thus is smaller than even these fuel cells can resolve. Clark
et al. (2004) described the front-tracking scheme in CAWFE that represents the fire front
interface as it passes through fuel cells. Within each fuel cell lie four tracers, which are
moving points that represent the interface between burning and non-burning areas within
the fuel cell. Viewed together with neighboring cells, these tracers define the fire front. A
sample simulated fire front (Fig. 2) shows the complexity that may evolve in the shape of
a fire. A local contour advection scheme assures consistency between grid cells along the
fireline.

2.2.2

Rate of spread of the flaming front

The Rothermel (1972) algorithms, as restated in metric units by Wilson (1980), are used
to parameterize the fire’s rate of spread in terms of characteristics in the fire environment.
Fire spread rates normal to the interface are calculated locally along the fire front as a
function of fuel properties, the wind component from the atmospheric model, and the
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Figure 2. Green cells show the location of fuel cells (only the outermost, the most
recently ignited, are shown). The tracer scheme that tracks the flaming front and
identifies the burning region of each fuel cell. The component of the local wind vector
(purple) in the direction of the unit normal vector (light blue) (pointing outward from the
fire line (orange)) is used in calculating the local rate of spread of the interface.

terrain slope, the latter two both taken normal to the fireline. This rate is assumed to
represent the effects of all processes that propagate the fire, including radiation heating,
drying, and igniting unburned fuel, convective heating, contact ignition, and the spotting
of small flaming embers short distances ahead of the fireline. The model applies the
semi-empirical point-based algorithm (Rothermel 1972), developed for fuel complexes in
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the United States, which relates the rate of spread of the flaming front to local wind,
terrain slope, and a set of fuel characteristics for each fuel type:
𝑅 = 𝑅! 1 + Φ! + Φ!

(1)

Equation (1) is semi-empirical: the rate of spread of the leading edge of the flaming front
(m s-1), is related to a base theoretically-determined rate of spread, Ro, which is a function
of fuel properties only in zero wind conditions on flat ground. These were calibrated to
small flame experiments in a chamber where the wind speed and slope were varied using
empirically determined functions of terrain slope, Φ s (dimensionless), and wind speed,

Φ w (dimensionless). Each of these terms is a function of other properties. We refer the
reader to the Appendix in Rothermel (1972) for details; we repeat here only what is
needed for discussion or calculated or applied differently from the original.
The term Ro is calculated as:

Ro =

I Rξ
ρbεQig

(2)

in which I R is the reaction intensity (W m-2), the rate of heat release per unit area per unit
time in the fire; ξ is the propagating flux ratio (dimensionless); ρb is the oven dry bulk
density (kg m-3), the mass of fuel per cubic meter of fuel bed; ε is the effective heating
number (dimensionless); and Qig is the heat of preignition (J kg-1), the amount of heat
required to heat 1 kg of fuel to combustion temperature. Equation (2) can be interpreted
to mean that the rate of spread is related to the ratio of the amount of heat received by the
fuels ahead of the flaming zone (the numerator) tempered by the amount of heat it takes
to raise the fuel to combustion temperatures (the denominator).
The wind coefficient Φ w is calculated as in Rothermel (1972):
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⎛ β ⎞
Φ w = CS B ⎜
⎟
⎝ β op ⎠

−E

(3)

where S is the magnitude of the component of the wind velocity normal to the fire line.
The coefficients C, B, and E, and optimum packing ratio β op are calculated as in
Rothermel (1972), as functions of the surface area to volume ratio of the fuel complex,
and the packing ratio β (dimensionless) relates the density of the fuel complex to the
density of the fuel particles themselves. When the component of wind normal to the fire
line is directed into the fire, the backing rate of spread in these experiments is 0 for
chaparral and other shrubs, as backing is not observed to occur, and 0.003 m s-1 in other
surface fuel models.
Observations and experimental evidence (e.g. Riggan et al. 2010) shows that fire
spread in southern California chaparral fuels primarily depends on ambient winds rather
than the particulars of fuel loadings and does not respond to environmental factors as the
Rothermel (1972) relationship states. Therefore, an alternative relationship (Clark et al.
2004) is available in the model:

R =1.2974 S1.41

(4)

where R and S are in m s-1. When the wind component normal to the fire line points into
the fire, the backing rate of spread is zero, since chaparral requires wind directing flames
into unignited fuel to maintain flame propagation.
An alternative relationship (Noble et al. 1980) is available for Australasian fuel
complexes:
𝑅 = 0.18  𝑒 !.!"#"  !
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(5)

where R and S are in m s-1. When the wind component normal to the fire line is directed
into the fire, the backing rate of spread is 0.18 m s-1.
We assume that the rate of spread of a heading fire given by (1), (4), or (5) can be
applied to landscape-scale fires within a wide range of conditions (wind speeds less than
30 m s-1) some of which are outside the range of laboratory or small fire experimental
conditions on which the equations are based. We also assume that the fire propagation
speed normal to the interface can be calculated at all points along the fire front using (1),
local fuel properties, and wind at an appropriate location from the atmospheric model and
the local terrain slope, both normal to the fireline.
Choosing the location of the wind driving the fire is an area of active research. A
difference here from the use of Rothermel (1972) in its original form and in kinematic
models such as BehavePlus (Andrews 2009) or FARSITE (Finney 1998) is that the wind
driving the fire has been modified by feedbacks from the fire. It is widely recognized that
winds are a dominant factor in fire behavior, with increasing wind speeds increasing the
rate of spread. In developing a formula for the quasi-steady state rate of fire spread,
Rothermel (1972) assumed a uniform ambient wind that, in principle, was driving the fire
and heuristically reduced winds to an estimated midflame height. More recent
perspectives recognize the spatial variability of winds and the fire’s dramatic shaping of
winds in its environment (e.g. Clark et al. 1996b, 1996c). As a strong heat source imparts
a strong vertical component to air velocity, the horizontal wind speed can go to zero at
the confluence of winds into the updraft, which may tilt ahead of, over, or behind the fire
line. On the Clark-Hall model’s Arakawa C-grid, the latitudinal and meridional
horizontal wind components are located on the midpoints on the east and north sides,
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Figure 3. The fraction of initial fuel remaining as a function of time after ignition time for
rapidly burned fuel such as grass (W=30 s) and fuel with larger, slowly consumed
components (W=500 s).

respectively, of the atmospheric grid cells. These wind components are interpolated
horizontally to a user-chosen distance behind the fireline and vertically using the log
wind profile (Oke 1987) to the fuel bed’s height where the component normal to the
fireline is used in the rate of spread calculation. The mechanisms through which wind
affects a fire’s rate of spread and how it should be incorporated in models remain active
research areas.
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2.2.3

Post-frontal heat release

CAWFE uses a semi-empirical algorithm based on laboratory experiments to calculate
the post-frontal heat release rate that characterizes how rapidly fire consumes fuels of
different sizes with time after ignition, distinguishing, for example, between rapidly
consumed grasses and slowly burned woody stems or logs (Fig. 3). This algorithm
assumes an exponential depletion of fuel mass from the time of ignition, calibrated for
various fuel types burned in laboratory fuel consumption experiments. The fuel
consumption rate is controlled with a weighting parameter, W, that characterizes the time
(s) required for the fuel load to decrease to a factor of e-1 of the original load (Coen
2005):

1− F = exp ⎜ −t ⎟
⎝W ⎠
⎛

⎞

(6)

where F is the fraction of fuel that has been burned and t is the time since ignition.
Values of W, based on the experiments of Albini (1994) and Albini et al. (1995), are
given in Table 1. Figure 4 shows the effect of W on fire behavior. Rapidly consumed
(low-W) fuels create a fast-moving fire with heat fluxes distributed over a narrow burning
depth (the thickness of the burning region), while slowly-consumed (high-W) fuels create
a slow-moving fire with lower heat fluxes distributed over a wider region. The fire stops
releasing heat when the remaining fuel approaches an infinitesimally small amount or the
fuel moisture exceeds that fuel category’s moisture content of extinction.
Because the fireline propagates through a fuel cell, points within a cell will have
been burning for different lengths of time. To determine the mass of fuel lost, Clark et al.
(2004) developed formulas that estimated the time history of the area burned in the fuel
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cell and, from that, calculated how much fuel was consumed in the current time step. If
the fuel cell is instantly totally burning,
∆𝑚 = 𝑓! 1 − 𝑒

!!!"#$
!

(7)

where Δ𝑚 is the change in mass in this cell during the current time step, 𝑓! is the initial
fuel load, and tcrit is the first time since cell ignition at which the whole cell is burning. If
the cell is ignited but not yet fully ignited:
  !

∆𝑚 = 𝑓! 𝐴 1 +    !

!"##

𝑒

!!!"##
!

−1

  

(8)

where tcell is the time since the cell first ignited and A is the fractional cell area that is
burning, which ranges from 0 (not burning) to 1 (fully burning). If the fuel cell has
become fully burning:
∆𝑚 = 𝑓! 𝐴 1 +    !

2.2.4

  !
!"#$

𝑒

!!!"#$
!

−1

+!

  !
!"#$

1−𝑒

!!!"#$
!

1−𝑒

!!"#$ !!!"##
!

(9)

Partition into sensible and latent heat fluxes

Sensible and latent heat fluxes are calculated in each fuel grid cell. Based on the energy
content of dry fuel, the mass loss rate is converted to an energy release rate (J s-1) which
is summed over each fuel cell’s area to give the sensible heat flux. The sensible heat flux
Hs (in W m-2) released by the ground fire is calculated as
𝐻! =

!!
!!  

1 − 𝐵 ℎ!

(10)

where Δ𝑚 is the change in fuel load (kg m-2) in the current time step, Δt , hc is the heat of
combustion (J kg-1) for dry cellulose fuels (17.4 MJ kg-1), B is the fraction of the total
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Table 1. Fuel models used by the fire behavior module. Columns show fuel properties
associated with each fuel model.
Fuel

Name

model

Surface Weighting Surface area Fuel

Fuel

Canopy Canopy

fuel

parameter,

to volume

depth

moisture

fuel

fuel

load

W (s)

ratio,

(m)

content of

load

burnout

(kg m2)

extinction (kg m2) time (s)

σ (m-1)

1

Short grass

0.167

7.

11483.

0.305

0.12

0.

--

2

Grass +

0.896

30.

7500.

0.610

0.15

0.

--

understory
3

Tall grass

0.674

7.

4921.

0.762

0.25

0.

--

4

Chaparral

3.591

360.

4400.

2.000

0.20

0.

--

5

Brush

0.784

360.

5100.

0.667

0.20

0.

--

6

Dormant

1.344

360.

5131.

0.762

0.25

0.

--

1.091

360.

5125.

0.762

0.40

0.

--

1.120

1200.

2089.

0.061

0.30

1.121

60.

0.780

1200.

6916.

0.061

0.25

1.121

120.

2.692

1200.

2089.

0.305

0.25

1.121

180.

0.000

--

--

--

--

--

--

brush,
hardwood
slash
7

Southern
rough

8

Closed
timber
litter

9

Hardwood
litter

10

Timber
litter +
understory

99

No
vegetation
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Figure 4. The effect of different values of W, the weighting factor, on fire behavior, for
the 2 values of W given in Fig. 3. In the presence of 3 m s-1 winds from the left, rapidlyconsumed fuels create a fast-moving fire with heat fluxes distributed over a narrow
burning depth (the thickness of the burning region) (upper figure). In contrast, slowlyconsumed fuels create a slow-moving fire with lower heat fluxes distributed over a wider
region (lower figure). The color bar at right gives the sensible heat flux in kW m-2.
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fuel mass that is water. The term B is related to the more commonly measured fuel
moisture content, FMC, the mass of water per unit mass of dry fuel, by:

B=

FMC
1+ FMC .

(11)

Combustion releases water absorbed by the fuel from its environment (the fuel
moisture content), which varies with ambient conditions for dead fuels and with the plant
health and drought stress in live fuels. Combustion also releases water bound in cellulose,
which is assumed to make up 56% of the biomass. The latent heat flux liberated by
combustion is calculated based on the mass consumed in the current time step, the fuel
moisture content for either dead or living fuel, and the water content of cellulosic fuels.
The latent heat flux LEs released by the surface fire is calculated as:
𝐿𝐸! =

!!
!!  

𝐵 + 0.56 1 − 𝐵 𝐿!

(12)

where Lv is the latent heat of vaporization of water (J kg-1). The first term in parentheses
arises from the water absorbed by the fuel from its environment and held between the
cellulose cells of wood, the second term accounts for the water bound in the cellulose fuel
cells themselves.

2.2.5

Crown fire ignition and heat release

Energy from the surface fire is first used to heat and dry any canopy above a surface fire.
Following Van Wagner (1977), the canopy is ignited if the residual heat flux, after
heating and drying the canopy, exceeds a threshold value, specified in this model as 170
kW m-2. Once ignited, we assume that the canopy mass decreases linearly over the
canopy burnout time (see values in Table 1). Based on the energy content of dry fuel, this
rate of energy release is converted to an energy release rate per unit area, or crown fire
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sensible heat flux. Then, based on the canopy’s mass loss, live fuel moisture, and the
water content of cellulosic fuels, a latent heat flux is calculated using (12). A crown fire,
if it is modeled to occur, is assumed to remain collocated with the surface fire due to the
transient nature of running crown fires (D. Sandberg, personal communication).

2.2.6 Smoke production
As a simple representation of smoke, it is assumed that 2% of the mass consumed by both
the surface and crown fires becomes particulate matter that has no fall speed with respect
to air nor does it impact other physics processes such as radiation but is transported by
the atmospheric model similarly to the other scalars. The smoke mass concentration from
the surface (crown) fire is added to the lowest (two lowest) atmospheric grids,
respectively, and transported upwards in the fire plume, diffused by mixing of the plume
with ambient air and distributed by the atmospheric circulation.
The model is thus able to represent the production rate of particulates in response
to fire intensity and burning rates, how these rates respond to fuel, terrain, and
atmospheric factors, and how they vary throughout the day and at different locations
along the fire. CAWFE treats the transport of smoke differently than current operational
air quality tools (Fig. 5), which may distribute a vertical profile of particulates in the
three-dimensional wind field of an atmospheric model or analysis to mimic the vertical
transport of the fire plume. In contrast, by explicitly simulating the buoyancy and updraft
created by the fire, CAWFE can reproduce when and how much smoke is lofted from the
atmospheric boundary layer into usually stronger middle-atmospheric winds that can
sometimes transport smoke thousands of kilometers.
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Figure 5. This conceptual diagram contrasts (a) a widespread smoke modeling method,
in which an assumed smoke profile (blue) is released in an atmospheric state unaltered
by fire, and (b) the approach of this modeling system, in which the model simulates the
plume created by the fire and the time-dependent smoke release rates depending on the
fuel consumption rate and variability in fire behavior. The dashed blue line represents
the top of the atmospheric boundary layer, where an inversion capping vertical motion is
often present and limits vertical exchange.
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2.2.7

Upscaling and reintroduction of fire fluxes to the atmospheric model

The sensible and latent heat fluxes produced by the fire are summed horizontally from
fuel grid cells to the atmospheric cells and returned to the numerical weather prediction
model. There, they are distributed vertically through an empirically estimated extinction
depth in the innermost domain. As supported by experimental data in Coen et al. (2004)
and Clements et al. (2007), the extinction depth concept is based on the assumption that a
simple radiation treatment could be used to distribute the sensible and latent heat and
smoke into the lowest atmospheric grid levels. The e-folding height over which the heat
is distributed in the atmospheric model (αs) is typically specified as 10 m for grass fires,
based on data in Clements et al. (2007), and 50 m for crown fires, based on analysis of
infrared observations of wildfires (Coen et al. 2004). The heat fluxes become additional
tendencies to the potential temperature and water vapor prognostic equations in the
innermost domain of the atmospheric model, altering the atmospheric state. Although the
fire is treated only in the innermost mesh, the effects of the fire on the atmospheric state
may be seen in the outer meshes through the grid nesting procedure, which exchanges
information between coarser and finer domains.

2.2.8

Implementation

During each time step, the interface between burning and unignited fuel (the fire front)
advances into fresh fuel while previously ignited areas consume more fuel. The
atmospheric and fire model components exchange information as heat and water vapor
fluxes from the fire alter the atmospheric state, notably producing fire winds, while the
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updated atmospheric state and changes in humidity (including effects from the fire) in
turn affect fire behavior, specifically, how fast and in what direction the fire propagates.
The model can run on a relatively coarse grid, with the fuel grid size dictated only
by desired resolution in the fire region and a requirement that the fire not cross more than
one cell during a time step, however the fire’s effects on the atmospheric winds become
more dilute with coarser atmospheric grid spacing. We note that the fire component
cannot realistically be run separately without two-way coupling to the atmospheric
component. Models without coupling (i.e. FARSITE) are required to impose an
additional constraint, a shape on the fireline, as otherwise a line ignition would spread
simply in a line, which is not realistic. The coupling constrains the wind near the fireline,
becoming the constraint required to produce a realistic fire shape. This has a stabilizing
effect – winds are drawn parallel to the flanks, discouraging outward growth, toward the
heading region. If the grid resolution is high enough, perturbations along the flank may
spin up as fire whirls and be transported downwind along the fire’s edge toward the head.

3.

Model initialization and experiment design

To perform an experiment, the atmospheric initial state, terrain elevation, fuel state, and
two-dimensional map of fuel properties are gathered, along with the ignition time and
location.

3.1

Atmospheric model initialization

Large-scale gridded atmospheric analyses or model output, such as a Weather Research
and Forecasting (WRF) model regional weather simulation spanning the period before
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and during the fire, provides initial conditions and boundary conditions for the finer
resolution CAWFE model simulation. To do so, the three-dimensional gridded data is
interpolated onto the CAWFE three-dimensional grid at the beginning of the CAWFE
simulation. Data at later times is used to specify lateral boundary gradients of winds,
temperature, and other atmospheric state variables in the outermost CAWFE domain at
approximately 1-6 h intervals.

3.2

Terrain

Terrain data covering the United States is freely available from http://nationalmap.gov.
The terrain for the modeling domains is sampled from 0.33, 1, and 3 arc second terrain
elevation data smoothed with one pass of a 1-2-1 bidirectional filter to remove high
frequency noise.

3.3

Fuel characteristics and condition

Fuel properties are commonly specified using stylized fuel categorization schemes (“fuel
models”) such as those of Anderson (1982) or Scott and Burgan (2005). These fuel
categorization schemes group together fuels with similar fire behavior properties and
assign a category (and an associated fixed set of properties including fuel load,
arrangement, and physical composition) based on anticipated burning behavior. As a
default for experiments, the spatial distribution of fuel properties in the innermost
modeling domain is categorized by the 13 fire behavior fuel models compiled by
Rothermel (1972) and Albini (1976), as restated with pictures by Anderson (1982), and
referred to herein as the Anderson fuel models.. Data is obtained from LANDFIRE’s
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geospatial database (LANDFIRE 2007), which was developed from satellite remote
sensing data improved by limited in situ sampling. Anderson Fuel Model 4, one of 13
fuel models, is widely and uncritically applied to chaparral while Fuel Model 5 has been
applied to younger chaparral with little dead fuel. The fuel properties associated with
these fuel models, along with additional fuel model-specific properties needed for this
dynamic model, are given in Table 1. These additional fuel properties include a
weighting function, W (s), for each fuel model that defines how rapidly the mass loading
decreases with time once ignited. Another property specific to this model is αs and αc, the
vertical depths over which the heat released from the surface and crown fires are
released, respectively, which are set to 15 m and 50 m.
The composite fuel moisture is set by the user, usually based on diagnosed 10 h
dead fuel moisture at nearby Remote Automated Weather Stations (RAWS). This can be
held steady for the experiment’s duration or allowed to respond in a sinusoidal pattern
with the average fuel moisture and amplitude set by the user. Treatments predicting the
variation of fuel moisture have been presented (e.g. Nelson (2000)), but it is premature to
implement them, because although increased fuel moisture is expected to reduce a fire’s
rate of spread, there is still no fundamental explanation for how fuel moisture affects the
chemical reaction rates during combustion or decreases the rate of spread (Rothermel
1972; Sandberg et al. 2007). Because chaparral fuels have both living and dead
components, we considered Fosberg and Schroeder’s (1973) scheme to adjust dead fine
fuel moisture to reflect the impact that the consumption of varying proportions of living
herbaceous vegetation fuels may have on fire propagation. Ultimately, this was not
applied as in many conditions it would have produced an adjusted fuel moisture that
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exceeded the fuel moisture of extinction, and the fires would be predicted to not spread,
when this is not the case. The role of chaparral’s live component in fire propagation (or
just how much is consumed) is still an active area of research (Zhou et al. 2007).

3.4

Experiment design

CAWFE can be configured in many different ways for different types of studies. It can
be configured in LES mode to simulate at high resolution the interaction of a small fire
with eddies in the atmospheric boundary layer. In that case, the atmospheric environment
might be specified with an idealized profile or an atmospheric sounding.
For studying large wildfires, a simulation typically represents the meteorological
flow preceding the ignition, the fire’s ignition, growth while interacting with the
atmospheric flow, and cessation. Using the initial conditions provided by the large-scale
analyses or simulation, the simulation captures the atmospheric motions as modified by
terrain before the fire’s ignition. During this time, nested grid refinement refines the
horizontal and vertical grid spacing to the resolution in the finest resolution modeling
domain in which fire growth is modeled. Shear forces (such as those produced by
topographic gradients or surface stresses that arise from surface roughness) or solar
heating may be used to drive the turbulent boundary layer’s development. At the reported
ignition time, the simulation ignites a fire in the finest domain. The model simulates the
remaining period of interacting weather and fire behavior.
Performing a mathematical difference of wind components between such a
simulation with one in which a fire is not ignited allows one to determine to what extent
the fire altered the atmospheric environment. Other sensitivity experiments can vary
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parameters that are used in applying the fire’s feedback to the atmosphere (αs) and or the
sensitivity to fuel parameters because these may affect simulations in a dynamic model
differently than kinematic models such as FARSITE, amplifying or damping the model’s
response.

Figure 6. VAPOR visualization of the heat flux, near surface wind vectors, and smoke
concentration during a CAWFE simulation of the 2006 Esperanza wildfire.

4.

Model products

Standard analysis procedures for the Clark-Hall atmospheric model are described in
Clark et al. (1996a). The addition of the fire behavior module adds several other fields to
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the checkpointed model state files for restart and analysis, including two-dimensional
variables such as sensible and latent heat fluxes on both the fuel and atmospheric grids,
numerous fields that describe the location of tracers defining the fire line and that
together outline the extent of the fire, remaining fuel loads, and a three-dimensional
smoke mass concentration.
The model writes additional high frequency files containing a subset of these fields
- dynamic variables, thermodynamic variables, smoke concentration, and the fire heat
fluxes – for interactive scientific visualization packages such as Visualization and
Analysis Platform for Ocean, Atmosphere, and Solar Researchers (VAPOR)
(http://www.vapor.ucar.edu/). VAPOR creates and displays three-dimensional animations

Figure 7. VAPOR visualization of the heat flux, near surface wind vectors, and smoke
concentration during a CAWFE simulation of the 2012 High Park wildfire.
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of geophysical datasets with the ability to view them over surface layers created from
satellite, geopolitical, or geographical data. Using VAPOR, users can display and interact
with four-dimensional CAWFE results such as the wind field, fire extent and heat fluxes,
and smoke as they evolve before or during a fire event. Samples from previous CAWFE
simulations of large fire events are shown in Figs. 6 and 7.

5.
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