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• Use these in a firespread model based on fuel & ambient wind 

• Obtain observed rate of spread (FF2)

• Characterize fuel and ambient wind for FF2

  Include the fire-induced wind in a more complete firespread model

• Include the fire-induced wind by coupling the firespread 
model to an atmospheric large-eddy simulation (LES) model

• Use the LES models to study fire spread 
when affected by boundary layer 
turbulence





no ambient wind, no terrain slope



ambient wind, no terrain slope





terrain slope, no ambient wind,



• Factors that influence fire spread and fire intensity

• Wind, slope, fuel (amount and dryness)


• Fuel

• Surface to volume ratio: fuel burns via volatilization.

• Before this can happen, moisture must be removed by 

heating and vaporization, which takes extra energy.

• Fuel bed = fuel per unit area = heat release per unit 

area. [Add table.]

• Types of fuels: litter, shrubs, trees (trunks versus 

leaves). 

• Geometry of fuels (ladder fuels). [Show diagram.]













Response time to moisture change





• Wind

• How does a fire spread? By contact of flames with fuel. 

(show FF2 grass fire movie.]

• Wind tilts the flames, making it easier to ignite nearby 

fuels. [diagram]

• Once ignited, most fuels take a fixed amount of time to 

combust (for a given fuel type) = fixed heat release per 
unit area.


• The more rapid the rate of spread (ROS), the greater 
the area of fuel burning at once, so greater fire intensity, 
and greater flame heights, which will accelerate the 
ROS. [table of fire line width versus flame height]
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Abstract. The FireFlux II experiment was conducted in a tall grass prairie located in south-east Texas on 30 January
2013 under a regional burn ban and high fire danger conditions. The goal of the experiment was to better understand
micrometeorological aspects of fire spread. The experimental design was guided by the use of a coupled fire–atmosphere
model that predicted the fire spread in advance. Preliminary results show that after ignition, a surface pressure perturbation
formed and strengthened as the fire front and plume developed, causing an increase in wind velocity at the fire front. The
fire-induced winds advected hot combustion gases forward and downwind of the fire front that resulted in acceleration of
air through the flame front. Overall, the experiment collected a large set of micrometeorological, air chemistry and fire
behaviour data that may provide a comprehensive dataset for evaluating and testing coupled fire–atmosphere model
systems.
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Introduction

The relationship between fire spread, wind and fuel properties
has been an area of research for many decades (Rothermel 1972;
Cheney et al. 1993; Sullivan 2009). Increased understanding of
the fundamental physical processes associated with fire and its
interactions with the atmosphere allowed the development of a
wide class of fire and smoke models, many of which became
useful tools routinely utilised by fire managers, such as

FARSITE (Finney 1998), BEVAVE (Andrews 2014 ) and
DaySmoke (Achtemeier et al. 2011). As fire behaviour and
smoke models evolve, so do requirements in terms of data for
their validation. Models have become more complex, aiming at
better representation of the physical process driving fire pro-
gression and plume development, which results in increasing
demand for datasets for assessing whether these processes are
rendered realistically.
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Dynamic Fuel Models
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Dynamic Fuel Models

In this new set, all fuel models that have a live herbaceous component are “dynamic,”
meaning that their herbaceous load shifts between live and dead depending on the
specified live herbaceous moisture content. In the Fuel Models section, refer to the model
parameters list (“fuel model type” column) to see which models contain live herbaceous
load and are therefore dynamic.

The dynamic fuel model process is described by Burgan (1979); the method is outlined
and outlined below, with graphic presentation in figure 1.

• If live herbaceous moisture content is 120 percent or higher, the herbaceous fuels
are green, and all herbaceous load stays in the live category at the given moisture
content.

• If live herbaceous moisture content is 30 percent or lower, the herbaceous fuels
are considered fully cured, and all herbaceous load is transferred to dead
herbaceous.

• If live herbaceous moisture content is between 30 and 120 percent, then part of
the herb load is transferred to dead. For example, if live herb moisture content is
75 percent (halfway between 30 and 120 percent), then half of the herbaceous
load is transferred to dead herbaceous, the remainder stays in the live herbaceous
class.

Load transferred to dead is not simply placed in the dead 1-hr timelag class. Instead
a new dead herbaceous class is created so that the surface-area-to-volume ratio of the live
herbaceous component is preserved. However, for simplicity the moisture content of the
new dead herbaceous category is set to the same as that for the dead 1-hr timelag class.

When evaluating dynamic models, be aware that live herbaceous moisture content
significantly affects fire behavior because herbaceous load shifts between live and dead,
and dead fuel usually has much lower moisture content than live. It will often be
preferable to estimate live herbaceous moisture content by working backward from
observed or estimated degree of herbaceous curing (table 2). For example, if the fuelbed
is observed to be 50 percent cured, use a value of 75 percent for live herbaceous moisture
content.

Figure 1—Graphical representation of the dynamic fuel model process.
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None of the original 13 fire behavior fuel models is dynamic. Therefore, direct
comparisons between the new and original fuel models can only be made if the live
herbaceous moisture content is 30 percent (fully cured) or lower. For example, models
GR6 and GR8 are similar to original fuel model 3, but their behavior over a range of live
herbaceous moisture content is very different (fig. 2). Fuel model 3 does not have a live
herbaceous component, so its behavior does not change as that input is varied. Fuel
models GR6 and GR8 are both dynamic, so fire behavior decreases rapidly with higher
levels of live fuel moisture (less curing).

To preserve the static nature of original fuel model 2 (which contains live herbaceous
load as well as dead grass) and to preserve the ability to create custom fuel models in
which dynamic load transfer does not take place, the fuel model description includes a
fuel model type. A static fuel model with live herbaceous load should keep that load in
the live category regardless of moisture content, whereas the same fuel model would
undergo the load transfer if its type is dynamic. Custom fuel models can be either static
or dynamic. If a fuel model does not have load in the live herbaceous category, then the
fuel model type is irrelevant.

Table 2—Level of curing versus live herbaceous moisture content.

Level of curing Live herbaceous moisture content

Uncured 0 percent 120 percent or more
One-quarter 25 98
One-third 33 90
One-half 50 75
Two-thirds 66 60
Three-quarters 75 53
Fully cured 100 30 or less

Figure 2—Comparison of dynamic fuel models GR6 and
GR8 with static fuel model 3.



Fuel Model Selection Guide
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Moisture Scenarios

To facilitate standard comparisons of the new fire behavior fuel models with the
original 13 fuel models and with each other, we developed standard dead (table 3) and
live (table 4) fuel moisture scenarios. Separate live and dead scenarios were needed so
that live and dead fuels could vary independently. There are 16 unique moisture scenario
combinations. However, fire behavior predicted with fuel models without a live fuel
component is not affected by the live moisture scenario. Live moisture scenarios cover
a range of live herbaceous moisture corresponding to fully cured (30 percent) to uncured
(fully green; 120 percent).

Table 3—Dead fuel moisture content values (percent) for
the dead fuel moisture scenarios.

D1 D2 D3 D4
Very low Low Moderate High

1-hr 3 6 9 12
10-hr 4 7 10 13
100-hr 5 8 11 14

Table 4 —Live fuel moisture content values (percent) for the live fuel moisture scenarios.

L1 L2 L3 L4
Fully cured Two-thirds cured One-third cured Fully green (uncured)

Very low Low Moderate High

Live herbaceous 30 60 90 120
Live woody 60 90 120 150

Fuel Model Selection_______________________________________________
This document contains two aids to fuel model selection: a fuel model selection guide

and a set of crosswalks. Use the crosswalks if you have an area already designated as one
of the 13 original fuel models and you want guidance on selecting one of the new models
for that area. Use the fuel model selection guide for assistance in selecting a fuel model
from knowledge of general fuelbed properties.

Both the selection guide and crosswalks offer suggestions to consider, not conclusive
results. The final fuel model selection must be made by the user based on experience with
fire behavior in the fuelbed under consideration.

Fuel Model Selection Guide

To select a fuel model:

1. Determine the general fire-carrying fuel type: grass, grass-shrub, shrub, timber
litter, timber with (grass or shrub) understory, or slash or blowdown fuels. Estimate
which stratum of surface fuels is most likely to carry the fire. For example, the fire may
be in a forested area, but if the forest canopy is open, grass, not needle litter, might carry
the fire. In this case a grass model should be considered.

9USDA Forest Service Gen. Tech. Rep. RMRS-GTR-153. 2005

2. The dead fuel extinction moisture assigned to the fuel model defines the moisture
content of dead fuels at which the fire will no longer spread. This fuel parameter, unique
to the Rothermel surface fire spread model, is generally associated with climate (humid
versus dry). That is, fuel models for dry areas tend to have lower dead fuel moistures of
extinction, while fuel models for wet humid areas tend to have higher moistures of
extinction.

3. Note the general depth, compactness, and size of the fuel, and the relative amount
of live vegetation.

4. Do not restrict your selection by fuel model name or fuel type. After selecting a
fuel model, view its predicted fire behavior to be sure the predicted behavior agrees with
your expectation or observation.

In this guide we refer to spread rates and flame lengths as being very low, low,
moderate, high, very high, and extreme—assuming two-thirds cured herbaceous, dry
dead fuels (moisture scenario D2L2), a midflame wind speed of 5 mi/h, and zero slope
(table 5).

Table 5—Adjective class definitions for predicted fire behavior.

Adjective class ROS (ch/h) FL (ft)

Very Low 0-2 0-1
Low 2-5 1-4
Moderate 5-20 4-8
High 20-50 8-12
Very High 50-150 12-25
Extreme >150 >25
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1 chain/hr = 20.117 m / 3600 s = 0.0056 m/s 
1 m/s = 179 chains/hr 
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Table 1.-Fire suppression interpretations of flame length and fireline intensity 

Flame length Fireline internsity Interpretation 

Feet 
< 4 

B tulf tls 
< 100 Fire can generally be attacked at the head or flanks by persons using handtools. 

Handline should hold the lire. 

4-8 100-500 Fires are too intense for direct attack on the head by persons using handtools. 
Handline cannot be relied on to hold fire. 
Equipment such as plows, dozers, pumpers, and retardant aircraft can be effective. 

500 - 1,000 Fires may present serious control problems-torching out, crowning, and spotting. 
Control efforts at the fire head will probably be ineffective. 

' 11 > 1,000 Crowning, spotting, and major fire run's are probable. 
Control efforts at head of fire are ineffective. 

Table 2.-Fire behavior predictions for specific fuel, moisture, wind, and slope conditions 

Fire 

Descriptors 

Fuel and environmenthl conditions: 
Fuel model 
Dead fuel moisture, percent 
Live fuel moisture, percent 
Midflame windspeed, milh 
Slope, percent 

Fire behavior predictions: 
Rate of spread, chainslh 
Heat per unit area, Btulft2 
Fireline intensity, Btulftls 
Flame length, ft 

placement on the chart. Notice that flame length and 
fireline intensity are essentially the same for fires A and 
B. Fire A is very fasi spreading and has a low heat per 
unit area. On the other hand, fire B is slow spreading, 
but has a high heat per unit area. Both fires A and B 
are predicted to be too intense for direct attack at  the 
head by persons using handtools (table l) ,  but this 
degree of severity is caused by fires of very different 
character. 

Fire C occurs under the same wind, slope, and fuel 
moisture conditions a s  fires A and B. But the handline 
should easily hold fire C, whereas plows, dozers. 
pumpers, or retardant would probably be required on 
fires A and B. Notice that the character of these three 
fires can be determined by a glance at the chart. The 
same information is on table 2, but is not as easily 
interpreted. 

In general, fires with a high rate of spread and low 
heat per unit area are plotted near the upper end of the 
vertical axis, whereas fires with low rates of spread and 
high heat per unit area fall to the right, near the hori- 
zontal axis. Fires with both high spread rate and high 
values of heat per unit area will lie in the center of the 
graph far from the origin. The overall severity of the 
fire is shown by increasing flame length and fireline 
intensity curves. 

Although a point on the chart represents the charac- 
teristics of a fire, a circle around the point would more 
appropriately indicate the probable range of fire 
behavior. The numbers used to characterize fire 
behavior are a best estimate based on a mathematical 
model, and are subject to the assumptions and limita- 
tions of that model as described by Rothermel (1972) 
and Albini (1976a). In addition, fire is inherently vari- 
able and cannot be uniquely described over an area. 
The circle around a point becomes larger with more 
nonuniform fuels, more variable wind, and increasing 
fire severity. There are no simple techniques for esti- 
mating the range of fire behavior characteristics caused 
by nonuniformities at  this time. I 

Because several fire behavior characteristics are 
plotted a s  a single point and because it is easier to 
interpret illustrations than arrays of numbers, the fire 
behavior chart lends itself to many applications. The 
chart can be used to illustrate the fire management 
activities and associated fire characteristics listed below: 

Project fires 
Expected fire behavior given as written narrative 
in the fire behavior forecast. 
Expected change in fire behavior that may ac- 
company a forecasted weather change. 

@ Level of fire behavior considered in an escaped 



• Wind

• The fire affects the winds, even on flat ground.

• The plume of heated air produced by the fire draws 

surface air into and through the fire line [see movie of 
simulated fire]. 


• Different parts of a complex geometry fire can 
interact via the fire-induced flows. [diagram?]


• Modifications of fuel also affect the wind:

• The roughness height is reduced after burning, which  

reduces the surface drag on the fire inflow. This is an 
important effect. [Refer to FF2 movie from obs tower.]


• Fuel breaks also allow higher speed winds to 
penetrate into the adjacent areas with fuel.







• Wind

• Boundary layer turbulence affects the fire spread, 

making it less predictable, especially for small fires in 
afternoon conditions. [Show CBL fire slides.]


• Terrain-induced winds are often very important.

• Upslope during the day (conducive to rapid fire 

spread).

• Downslope during the night (opposes upslope fire 

spread).

• [Show slides on these wind regimes.]
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The mountain wind system

♦Four interacting wind systems are found over mountain 
terrain: 
– Slope wind system (upslope and downslope winds) 
– Along-valley wind system (up-valley and down-valley winds) 
– Cross-valley wind system (from the cold to warm slope) 
– Mountain-plain wind system (plain-mtn and mtn-plain winds) 

♦Because diurnal mountain winds are driven by horizontal 
temperature differences, the regular evolution of the winds in 
a given valley is closely tied to the thermal structure of the 
atmospheric boundary layer within the valley, which is 
characterized by a diurnal cycle of buildup and breakdown of 
a temperature inversion.



Wind regimes

Whiteman (2000)



Wind Terminology



Slope winds

♦Gravity or buoyancy currents following the dip of the 
underlying slope 

♦Caused by differences in temperature between air heated or 
cooled over the mountain slopes and air at the same altitude 
over the valley center 

♦Best-developed in clear, undisturbed weather 

♦Difficult to find in a pure form.  Affected by along-valley wind 
system, weather (radiation budget, ambient flows), changing 
topography or surface cover



Slope flows

Whiteman (2000)
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Terrain Effects

Section 9.5 9.5 Special E�ects 67

synoptic-scale forcing. Strong synopic-scale pressure gradients in

mountainous regions are often attended by a number of distinc-

tive phenomena on smaller scales, including gap winds (Section 8.4),
mountain waves and lenticular clouds, local accelerations of the wind
over mountain crests, blocking of low-altitude winds, lee-side >cavity?
circulations, rotor clouds, banner clouds, wake turbulence, Karman
vortex streets, downslope wind storms, and hydraulic jumps (Fig.
9.33). Even low hills can exert a surprisingly strong inuence on
cloud patterns (Fig. 9.34) and precipitation amounts.

Figure 9.33. Vertical cross-section sketches of some of the phenomena ob-

served in mountains during windy conditions. [Adapted from R.B. Stull, An
Introduction to Boundary Layer Meteorology, Kluwer, Dordrecht, 1988, 666 pp.]





• Slope

• Slope brings flames closer to unburned fuels ahead of 

the fire, making it easier to ignite them.

• Heating of the air by the combustion produces 

buoyancy, which accelerates air upwards, and also 
along the slope. 


• Both of these factors increase the ROS.

• So fires burn quickly up slopes, and slowly down 

slopes. [Show neffs fire video; incendiary wind tunnel 
movie]



Incendiary (Fire) Wind Tunnel
Science Day demonstration:

• wind
• slope
• fuel properties

Rate of spread is determined by 

The next three slides show 
how slope affects rate of 

spread:

• Moderate uphill 
• Steep uphill
• Moderate downhill











Next is a 40-sec clip of the steep uphill fire, which spreads quite 
rapidly.







• Putting it all together: Types of fires


• Wind-driven: Slope does not matter much; ambient 
wind drives the fire. [refer to FF2 grass fire]


• Plume-dominated: Large integrated heat release so 
buoyant air produces a strong updraft that rises to 
great heights. {show examples]


• Slope-dominated: Can produce large integrated heat 
release due to fire-induced upslope flow, regardless of 
ambient wind, but is favored during daytime. [show 
example]







from Dugway/Skullvalley side 4-05 PM - 11 Aug 13.jpg



• Putting it all together: Smoke production and plume 
height


• An important question is whether smoke will remain 
trapped in the boundary layer, or penetrate into the free 
atmosphere.


• The answer depends on the fire intensity and fire 
regime. Plume-dominated fires are more likely to 
penetrate into the FA.



from the Wasatch crest 9-26 PM - 11 Aug 13.jpg










