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3 Aix-Marseille Université, UNIMECA, 60 Rue Joliot Curie, 13453 Marseille cedex 13, France
4 U.S. Forest Service, Pacific Wildland Fire Sciences Lab, 400 N. 34th St., Suite 201, Seattle, WA 98103, USA

Correspondence should be addressed to Paul-Antoine Santoni, santoni@univ-corse.fr

Received 4 December 2011; Accepted 4 December 2011

Copyright © 2011 Paul-Antoine Santoni et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Wildfire is one of the most complex and dangerous nat-
ural phenomena studied in the world. Combining the
complicated chemistry and physics of solid and gas phase
combustion and transfer of heat with spatially variable
vegetation and topography and spatially and temporally
varying weather conditions across a range of spatial and
temporal scales, wildfires present a considerable challenge to
predict and control. In the last fifteen years, the scientific
community has considerably increased its efforts to better-
understand wildfires through improvements in observa-
tion, measurement, analysis, and modeling. This has been
facilitated by rapid development in the fields of spatial
data analysis and computing ability. This combination has
enabled the development of new decision support systems
and information gathering and analysis methods, as well
as the improvement of existing tools for managing fires.
Despite this activity, forest fires remain a serious issue in
many countries. Climate change, rural-urban migration, and
the growth of the urban-wildland interface are some of the
factors leading to an increase in wildfire hazard around the
world. The extreme fires that occurred in Australia in 2009
(Black Saturday, 7 February 2009) burned more than 400 000
hectares and killed 173 people. Such events clearly show the
formidable destructive force of high-intensity wildfires, often
well beyond our current ability to suppress and control. The
scientific community is, along with firefighters, foresters, and
other organized structures, one of the keys to successfully
face the challenges of understanding fire in the landscape.
Advances in our knowledge of the driving mechanisms of

wildland fire and the interaction of fire behavior with the
natural and built environments will lead to more efficient
decision support systems for fire danger rating, fire spread
prediction, and fire hazard mitigation.

For this special issue on forest fire, we considered 15
original submitted manuscripts; 9 papers were accepted for
publication in this Journal. The topics covered by these
contributions include a decision support tool to support
risk-informed decision-making for individual fires (E. K.
Noonan-Wright et al.), geospatial analysis for wildland fire
risk assessment and fuel management planning (A. A. Ager
et al.), surface fire modeling at landscape scale (P.-A. Santoni
et al.), and simulation of coupled fire/atmosphere interaction
(J.-B. Filippi et al.). A simple technique to estimate the
flammability index of forest fuel was proposed (M. Hachmi
et al.) for the fire risk mapping. Other topics covered in
this issue concern extreme fire behavior and safety issue
in the case of fire-fire interaction and mass fire (M. A.
Finney and S. S. McAllister) and for vortices interaction with
fires, like horizontal roll vortices (J. M. Forthofer and S. L.
Goodrick). An observational study details the formation of
a fire whirl during a low intensity prescribed fire (D. Seto
and C. B. Clements). Finally, an investigation of radiation
emitted by optically thin and thick flames (P. Boulet
et al.) emphasizes the importance of fundamental studies to
improve our knowledge of heat transfer in fires.

We would like to express our thanks to the reviewers that
gave up their time to read and discuss the submitted papers.
This special issue would not have been possible without their
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contribution. Their instructive comments and suggestions
have helped to improve all papers. We wish that the papers
published in this special issue on forest fires will inspire
future research and cooperation.

Paul-Antoine Santoni
Andrew Sullivan

Dominique Morvan
William E. Mell
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Wildland fire risk assessment and fuel management planning on federal lands in the US are complex problems that require state-
of-the-art fire behavior modeling and intensive geospatial analyses. Fuel management is a particularly complicated process where
the benefits and potential impacts of fuel treatments must be demonstrated in the context of land management goals and public
expectations. A number of fire behavior metrics, including fire spread, intensity, likelihood, and ecological risk must be analyzed
for multiple treatment alternatives. The effect of treatments on wildfire impacts must be considered at multiple scales. The process
is complicated by the lack of data integration among fire behavior models, and weak linkages to geographic information systems,
corporate data, and desktop office software. This paper describes our efforts to build a streamlined fuel management planning
and risk assessment framework, and an integrated system of tools for designing and testing fuel treatment programs on fire-prone
wildlands.

1. Introduction

Wildland fire risk assessment and fuel management activities
have become a major activity in the Forest Service as part of
efforts to reduce the growing financial and ecological losses
from catastrophic wildfires [1–4]. For instance, between 2004
and 2008, 44,000 fuel treatments were implemented across
the western US as part of the National Fire Plan [5], with
a large proportion of these on national forest land. The
importance of fire risk assessments and fuel management
will continue with urban expansion into the wildlands and
climate-change effects on fire frequency [6, 7]. Fuel treat-
ment activities encompass a wide range of operational meth-
ods including thinning (removal of small trees), mechanical
treatment of fuel (i.e., mastication, grinding of surface and
ladder fuels), and underburning to reduce both surface and
canopy fuel to ultimately reduce the frequency of unchar-
acteristic wildfires [8]. The goal for specific fuel treatment
projects vary widely depending on ecological conditions with
respect to natural fire regimes and the spatial pattern of

values deemed at risk. For instance, some treatments are
designed as localized fuel breaks to minimize fire occurrence
within highly valued social and ecological values [9] while
others are designed to impede the spread of fire over large
landscapes [10].

Both wildfire risk assessment and designing fuel man-
agement projects are difficult problems, especially on federal
land where planners are required to follow complex plan-
ning processes while addressing multiple land management
objectives [4, 11, 12]. Public expectations from federal land
management have expanded in recent years to now include
an array of ecological services such as critical habitat for pro-
tected species, drinking water, wood products, carbon stor-
age, and scenic and recreational opportunities. Large wild-
fires continue to threaten many of these values, and signif-
icant change in fuel loadings will be required to effectively
reduce future wildfire risk.

The inherent complexity of risk assessment and fuel
management planning has led to a rapid increase in the appli-
cation of fire behavior modeling software in both a research



2 Journal of Combustion

and operational context [1, 13–16]. Simulation models are
routinely used to characterize fire behavior under specific
fuel and weather conditions, and examine the potential effec-
tiveness and ecological impacts of fuel treatment programs.
Models are used to study fire behavior over a range of scales,
from a localized fuel type (e.g., “forest stand”, 5–50 ha), to
large landscapes (1,000–50,000 ha). Simulation of multiple
fires at local and landscape scales are often performed to
analyze uncertainty associated with wildfire events in terms
of the timing, location, intensity, and duration. Fire behavior
models used in recent studies include NEXUS [17], Fire and
Fuels Extension to the Forest Vegetation Simulator (FVS-
FFE) [18], FARSITE [19], FlamMap [20], BehavePlus [21],
and FSIM [22]. A number of supporting models and software
are used to estimate appropriate weather, fuel moisture, and
other input variables required to run the fire behavior models
[23–26]. Operational application of the models by planners
and fuel specialists in land management organizations con-
cerns quantitative assessment and mapping of fire risk to
important social and ecological values, and the design of
fuel treatment projects in terms of where, how much, and
how to treat surface and canopy fuel to meet wildland fire
management objectives. For instance, wildfires are modeled
in treated stands to examine how different thinning regimes
(intensity, size distribution, and species) affect crown fire
ignition, fire intensity, postfire tree mortality, wildlife habitat,
soil erosion, and other factors. Landscape fire spread models
are used to examine how fuel treatment patterns change spa-
tial patterns in burn probability and large fire spread [27].

The deployment of fire behavior modeling software from
developers to research and application communities has
largely been ad hoc, and strategic proposals that address sys-
tems integration of models have been slow to emerge. While
the field application of nonspatial fire behavior models (e.g.,
BehavePlus) for a single fuel type and constant weather
conditions is relatively straightforward, the design and eval-
uation of large-scale risk assessment and fuel management
activities requires more complex landscape fire modeling to
fully understand the potential benefits of fuel management
proposals [28]. Landscape modeling of fire risk is increas-
ingly expected of fuel treatment planners and is required to
receive funding under newer federal planning initiatives [29].
The planning process must consider and evaluate multiple
treatment alternatives, as well as cumulative impacts on a
range of human and ecological values within proposed treat-
ment areas [30].

The above issues and a host of other factors have created
a strong demand in the fire modeling user community for
an integrated modeling system to assess current wildfire risk,
and analyze the potential benefits of proposed fuel manage-
ment activities. Integrated approaches to fire modeling and
fuel management planning have not evolved at the same
pace as fire simulation models, mostly because integration
issues are a technology transfer problem that is beyond the
scope of the research community. The result is that many fire
behavior and supporting vegetation models were developed
without a concise understanding of the operational context
and constraints for application within the management com-
munity.

In this paper, we describe a geospatial interface that in-
tegrates a number of fire behavior models and facilitates
their application for landscape risk assessment and fuel
management activities. Although the system was designed to
specifically address wildfire risk issues on US national forests,
the architecture and analysis framework has relevance to a
broad range of fire risk management issues in other fire-
prone regions of the world as well. The system creates a trans-
scale interface to apply the various models within a geospatial
analysis platform and eliminates a number of tedious data
transformations and repetitive processes that have plagued
the operations and research community as they apply the
models to solve fuel management problems. The system in-
tegrates geographic information system (GIS), spatial data-
bases, stand and landscape fire behavior models, vegetation
growth models, and a streamlined process for developing
and testing fuel treatment alternatives using risk-based
metrics. The system enables collaborative planning for fuel
management activities [14], an important part of developing
landscape fuel treatment programs that span public and
adjacent private lands. We describe the development history,
core fire behavior models, and provide example applications
of the system for landscape fuel planning and wildfire risk
assessment.

2. Review of Existing Models and
Information Systems

This work was initiated in 2004 with an ad hoc review of
existing fire behavior modeling and spatial analysis systems
in use by fuel management analysts. We observed Forest Ser-
vice planning teams in the Pacific Northwest, Southwest, and
Rocky Mountain Regions (Oregon, Washington, California,
Montana, and northern Idaho) and the analytical process
used to design fuel treatment projects at the ca. 1,000–50,000
ha scale. We assessed fire behavior and vegetation models
in use, and the context (scale and purpose) for which they
were applied in the planning process. Data sources, formats,
outputs, and other aspects of the models were examined as
well in terms of their potential contribution to analyzing
wildfire risk and fuel management issues. The fire behavior
models were all derived from the same lineage of systems
that model one-dimensional behavior as part of a spreading
line fire, including spread rate [31], fire shape [32, 33], spot
fire distance [32], and crown fire spread rate [34, 35]. These
models included NEXUS [36], Fire and Fuels Extension to
the Forest Vegetation Simulator (FVS-FFE) [37], FARSITE
[19], FlamMap [38], and BehavePlus [21]. We also exam-
ined published reviews that organized and cataloged fire
behavior models and their practical application [15, 39, 40].
We concluded the following: (1) despite the existence of
numerous fire behavior models and review papers describing
them, very few models were actually developed specifically
for fuel management planning; but rather were developed
as part of basic fire behavior research; (2) relatively few of
the existing fire behavior models could be easily adopted
to address specific analysis requirements for risk assessment
and fuel management projects; (3) every fire behavior model
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had a unique data input and output format and these
data were not widely available for many of the models; (4)
planners require both stand and landscape fire behavior
modeling tools to test stand prescriptions and landscape ef-
fectiveness of fuel treatment packages [14]; (5) reviews at-
tempting to organize and catalog the models included fire
behavior and vegetation models that were never intended
for operational planning in the first place; (6) most fuel
treatment projects have multiple objectives and constraints
that must be integrated with the analysis of fuels and fire
behavior; and (7) the bulk of the analysis process for fuel
treatment projects did not involve fire behavior modeling,
but rather organization and processing of a wide spectrum
of data within GIS to meet the broader resource analysis
requirements of the project. We specifically found that the
software foundation for a wide range of risk assessment and
fuel management planning tasks was the ArcMap (ESRI,
Redlands CA) geographic information system. Moreover, we
found a robust development environment within ArcMap
[41] that was being leveraged by some analysts to customize
the system for project planning. Microsoft Office software
(Access and Excel) was also an important component in the
organization and analysis of data for operational projects.
These and other observations led us to propose, develop, and
deploy a system (“ArcFuels”) of integrated spatial analysis
and fire behavior modeling tools within ArcMap. This work
did not address the many limitations and criticisms of fire
behavior models used by the fuel management community
[42–44], but rather focused on the demands of users for
better integration of data and models within a streamlined
planning framework.

2.1. Description of Selected Fire Behavior Model, Function-
ality, and Limitations. As noted above, the majority of fire
behavior models used for fuel management planning were
derived from the same lineage of systems that model one-
dimensional fire behavior as part of a spreading line fire
[31–33, 35, 45]. All the aforementioned models linked or
integrated (or both) Rothermel’s [35] models for predicting
surface and crown fire rates of spread with VanWagner’s
[34, 46] or Scott’s [47] crown fire transition and propagation
models in various ways, and provided outputs of several
fire behavior characteristics (e.g., rate of fire spread, fireline
intensity, and crown fire activity). In depth discussions
of these models and their limitations can be found in
several recent papers [40, 42–44]. Fire effects models are
also important in the context of fuel management planning,
and are used to examine the potential impacts of modeled
fuel management activities and fire in terms of tree mor-
tality, carbon, soil, and other ecosystem services [13, 48–
51]. Additionally, several ancillary programs are used to
determine appropriate weather inputs [26]. While many of
the fire behavior models have some unique functionality and
context, we concentrated our efforts on integrating two com-
prehensive fire modeling systems (FVS-FFE and FlamMap)
that together provide the analytical capacity required to
address a broad array of fuel management problems. The
core functionality of these two systems is described below,
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Figure 1: Fuel and topographic grid data used for wildfire simula-
tions by FlamMap, FARSITE, and FSIM. The data are available from
the national LANDFIRE project as ArcGIS grids. After adjustments
and validation, the data are converted with ArcFuels scripts to the
binary format (“LCP file”) required by these fire models.

including detailed descriptions of the basis for fire behavior
predictions. The complete list of all the fire models linked
within ArcFuels, and selected case studies describing their
application, are described in Table 1.

2.1.1. FlamMap. The FlamMap program has previously been
described by Finney [20] and the description below was
adopted from that paper. We also discuss FlamMap inputs,
outputs, and types of application. FlamMap is a widely used
landscape fire behavior model for both researchers and fuel
treatment planners in US federal land management agencies.
The program was originally developed to incorporate spatial
variation in fuel loading, fuel moisture, wind speed, and
wind direction to calculate landscape fire behavior. FlamMap
utilizes the same set of gridded spatial inputs as the FARSITE
[19] simulation system. The spatial inputs include eight grid
themes that describe fuel canopy characteristics, surface fuel
model, and topography, which are combined into a binary
landscape (LCP) file (Figure 1). Canopy fuel is described by
crown bulk density, canopy closure, height to live crown,
and average height. Surface fuel is described by a fuel model
[72, 73] that characterizes fuel load of live and dead fuels
(by size class), surface-area-to-volume ratio for live and dead
fuels, the fuel bed depth, moisture of extinction, and heat
content. Fuel models are classified into groups depending on
the dominant carrier of fire (grass, grass and brush, brush,
timber with vegetative understory, timber litter, and slash).
Each classification then has subcategories primarily based on
fuel load among the fuel classes and typical fire behavior is
described for each fuel model. For example TL1 (timber-
litter 1, 181, or low load compact conifer litter) represents a
fuel model where the primary carrier of fire is compact forest
litter with a shallow fuel bed depth and is characteristic of
slow fire spread. Fuel models are either selected in the field
using guides or obtained from data sources such as Landfire
[74].
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Table 1: Vegetation and fire behavior models used in conjunction with ArcFuels.

Model and citation Description Linkage within ArcFuels Case studies

Forest Vegetation Simulator (FVS) [52]
Individual-tree,

distance-independent
growth and yield model

Calls the program, creates
input data, processes

output data, plus allows
interaction in execution

[53–56]

Fire and Fuels Extension to FVS (FVS-FFE) [18]
Stand-level simulations of

fuel dynamics and potential
fire behavior over time

Calls the program, creates
input data, processes

output data, plus allows
interaction in execution

[57, 58]

Stand Visualization System (SVS) [59] Generates graphics
depicting stand conditions

Calls the program, creates
input data

N/A

NEXUS [17]

Stand-level spreadsheet
that links surface and
crown fire prediction

models

Calls the program, creates
input data

[60–62]

BehavePlus [63]

Stand-level fire behavior,
fire effects, and fire

environment modeling
system

Calls the program [64–67]

BehavePlus (SURFACE module) [68]

Stand-level fire behavior,
fire effects, and fire

environment modeling
system

Fully integrated (Behave
calculator in Wildfire

Models tool)
N/A

FlamMap [20]
Landscape-level fire

behavior mapping and
analysis program

Calls the program, creates
input data, processes

output data
[69]

FARSITE [19] Fire spread simulator
Calls the program, creates

input data, processes
output data

[62, 67, 69]

FOFEM [13] Stand-level first order fire
effects modeling system

Calls the program [70]

N/A denotes not available.

There are three distinct types of fire simulation pro-
cedures within FlamMap: (1) basic fire behavior for each
pixel, (2) minimum travel time fire spread (MTT) [75] for
an individual fire, and (3) multiple fires to generate burn
probabilities. Modeled outputs are ASCII grid and shapefile
(vector) format and are created for a number of variables
(Table 2).

In the first type of simulation, basic fire behavior is cal-
culated by independently burning each pixel on the land-
scape (Figure 2(a)). Primary modeled outputs include rate of
spread, flame length, fireline intensity, and crown fire activity
which are all described below. Surface fire rate of spread (R,
m min−1) is calculated using the Rothermel spread equation:

R = IRξ(1 + Φw + Φs)
ρbεQig

, (1)

where IR is the reaction intensity (kJ min−1 m−2), ξ is the
propagation flux ratio, Φw and Φs are coefficients to account
for wind and slope, ρb is the oven dry bulk density (kg m−3),
ε is the effective heating number, and Qig is the heat of
preignition (kJ kg−1). Surface fireline intensity (IB, kW m−1)

is calculated from the Wilson [77] modification of Byram’s
[78] equation:

IB = IR
60

12.6R
σ

, (2)

where IR is the reaction intensity and R is the surface fire
rate of spread as described above, and σ is the characteristic
surface area to volume ratio of the fuel bed (m−1). Flame
length (L f , m) was calculated using the Wilson modification
of Byram’s equation for SI units:

L f = 0.0775I0.46
B , (3)

where IB is the fireline intensity described above.
Within FlamMap, crown fire activity has three categories:

surface fire, passive crown fire, and active crown fire. The
values are derived for each cell independently so active crown
fire does not spread from cell to cell. Surface fire occurs
when the surface fireline intensity (IB) is less than the critical
threshold. The critical fireline intensity for crown fire in-
itiation (Io, kW m−1) is calculated from Van Wagner [46]:

Io = (0.010CBH(460 + 25.9M))3/2, (4)

where CBH was the canopy base height (m) and M was the
foliar moisture content specified by the user. If the critical
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Table 2: Fire behavior output variables from FlamMap for a static simulation where fire is simulated for all pixels on the input landscape
file.

Fire behavior value Simulation type Output type Units

Spread vectors Static Vector m min−1

Major paths MTT Vector N/A

Flow paths MTT Vector N/A

Flame length Static Grid m or ft

Rate of spread Static/MTT Grid m min−1 or ft min−1 or ch hr−1

Fireline intensity Static/MTT Grid kW m−1 or BTU ft−1 sec−1

Heat per unit area Static Grid kW m−2 or BTU ft−2 sec−1

Crown fire activity Static Grid Index (0, 1, 2, or 3)

Midflame windspeed Static Grid mi hr−1 or km hr−1

Horizontal movement rate Static Grid m min−1 or ft min−1 or ch hr−1

Max spread direction Static Grid Radians or degrees

Elliptical dimension Static/MTT Grid m min−1 or ft min−1 or ch hr−1

Arrival time MTT Grid min

Node influence MTT Grid Frequency

Burn probability MTT Grid Interval [76]

N/A denotes not available.

Flame
length (m)

44
0

(a) (b)

0.462
0

Proposed fuel
treatments

Burn
probability

(c)

2 km

(d)

Figure 2: Images from FlamMap showing selected wildfire behavior outputs for the Mt. Emily study area. Panel (a) shows flame length from
a static FlamMap run, (b) is single fire simulation from a point ignition, (c) is burn probability simulation of 10,000 wildfire ignitions and
outlines of proposed treatment areas, (d) burn probability map as in (c) with fuel treatments simulated. All images were adapted from [71].

threshold is surpassed (IB > Io), the type of crown fire
is determined using Van Wagner’s [34] definitions: passive
crown fire when IB = Io but RCactual < RAC and active
crown fire when IB ≥ Io,RCactual ≥ RAC. Where RAC is
the threshold for active crown fire spread [79] rate and is
calculated using the following equations:

RAC = 3.0
CBD

, (5)

where CBD is canopy bulk density (kg m−3). RCactual

(m min−1) is the actual active crown fire spread rate and

is determined from the maximum crown fire spread rate
(RCmax, m min−1), surface fire spread rate (R) and crown
fraction burned (CFB, proportion [46])

RCactual = R + CFB(RCmax − R), (6)

where

CFB = 1− e−ac(R−Ro), (7)

ac = − ln(0.1)
0.9(RAC− Ro) , (8)
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Ro = Io
R

IB
, (9)

RCmax = 3.34R10Ei. (10)

R10 is the active crown fire spread rate (m min−1) determined
from the surface fire rate of spread using a fuel model 10 [73]
and a wind reduction factor of 0.4. The term Ei is the fraction
of the forward crown fire spread rate at the ith perimeter
vertex relative to the maximum spread direction. With
respect to Rothermel’s [46] spread equation, fuel models are
used to characterize surface fuel size, surface-area-to-volume
ratio, bulk density, loading, and heat content.

Crown fire behavior metrics can be calculated using two
different methods, Finney [80] or Scott and Reinhardt [36],
depending on how the input canopy bulk density is derived.
The different calculation methods affect passive and active
crown fire rate of spread. When the Finney method is used
passive crown fire rate of spread is equivalent to the surface
fire rate of spread. Passive crown fire rate of spread is a value
between the surface fire rate of spread and the crown fire
rate of spread scaled by the crown fraction burned (see (6))
using the Scott and Reinhardt [47] method. Active crown
fire fireline intensity (Ic, kW m−1) is calculated using the
following equation:

Ic = 300
(

IB
300R

+ CFB∗ CBD(H − CBH)
)
RCactual, (11)

where IB is the surface fireline intensity (2), R is the surface
fire rate of spread (1), CFB is crown fraction burned ((7)–
(9)), CBD is canopy bulk density, H is canopy height (m),
CBH is canopy base height, and RCactual is the active crown
fire rate of spread (6).

In the second type of simulation, discrete wildfires are
simulated using the two-dimensional MTT fire growth algo-
rithm (Figure 2(b)). MTT calculations assume independence
of fire behavior among neighboring cells but are dependent
on the ignition locations, resolution of calculations, and
simulation time. The MTT algorithm replicates fire growth
by Huygens’ principle where the growth and behavior of the
fire edge is modeled as a vector or wave front [81]. This
method results in less distortion of fire shape and response
to temporally varying conditions than techniques that model
fire growth from cell-to-cell on a gridded landscape [75].
Specifically, a rectangular lattice of a defined resolution
(preferably scaled to the input data) is used to determine fire
spread or travel time (based on the same equation set as
specified above for static calculations) between each node
based on the input variables, fuel moisture, wind speed,
and wind direction. In addition to the fire spread, fire
behavior is stored for each node [75]. Minimum travel
time is determined starting at the ignition location for all
adjacent nodes, until the minimum cumulative travel time
is determined. Extensive application has demonstrated that
the Huygens’ principle in general, and the MTT algorithm
in particular can accurately predict fire spread and replicate
large fire boundaries on heterogeneous landscapes [82].
The MTT algorithm is widely applied daily for strategic
and tactical wildfire management planning and operational
wildfire problems throughout the US [83, 84].

In the third type of simulation, multiple fires are sim-
ulated with the MTT fire growth model to generate burn
probabilities (Figures 2(c)-2(d)). The program simulates
a user-defined number of random ignitions (e.g., 1,000–
100,000) for a fixed burn period. Burn probability is then
calculated as the ratio of the number of times a pixel burns
to the total number of fires simulated. Burn probability in
FlamMap measures the probability that a pixel will burn
given one random ignition on the landscape and the modeled
weather conditions and burn period.

2.1.2. Forest Vegetation Simulator and the Fire and Fuels
Extension. Fuel treatment prescriptions are patch-scale for-
est treatment regimes that modify surface and canopy
fuel loadings and species composition to meet fire behav-
ior and other management objectives. Treatment regimes
can include sequences of thinning, mechanical treatment/
removal of fuel, and burning or some combination. Pre-
scription development can be a complex process, especially
considering that a key part of the process is an assessment
of both the treatment effect on potential fire behavior,
and the potential impacts of fire on the treated stand.
A modeling system with this functionality was developed
by the Forest Service by extending the capabilities of the
Forest Vegetation Simulator (FVS, [52]) with existing fire
behavior and first-order fire effects models to create the
Fire and Fuels Extension (FVS-FFE [18]). The combined
functionality allows for detailed modeling of stand and fuel
dynamics, forest and fuel management, fire behavior, fire
effects on tree mortality, and fuel consumption. FVS is a
distance-independent, individual-tree model where stands
are the basic unit of management, and projections are
dependent on interactions among trees within stands [85].
Tree growth and mortality predictions are from empirically
derived relationships. The model is executed with “keyword”
commands in a text file, and stand inventory data in ASCII
text files or Microsoft Office Access format. The combined
functionality (FVS-FFE) allows for detailed modeling of
stand and fuel dynamics, forest and fuel management, fire
behavior, fire effects such as tree mortality, and fuel con-
sumption. Inputs include inventory data on tree density, size,
and species, along with site information on ecological condi-
tions, topography, and other variables. The model is widely
used to explore vegetation and fuel management scenarios to
create desired (e.g., fire resilient) stand structures (density,
size distribution, species) and the effects of a wildfire.

The FFE can be used to simulate surface fuel dynamics,
potential fire behavior, and first-order fire effects as part of
forest stand simulations. Surface fuel models [72] can be
dynamically selected based on fuel load and stand attributes
(see below). Surface fuels can be modified with a number
of keywords to match intended management activities. As
described above for FlamMap, fire behavior is modeled with
coupled Rothermel, Van Wagner, and Scott and Reinhardt
fire behavior models. Fire effects, such as tree mortality, fuel
consumption, and smoke from fire are predicted according
to the methods implemented in first order fire effects model
(FOFEM [13]). FOFEM uses empirical mortality relations
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based on scorch height to calculate tree mortality. The FFE
also contains models of snag and fuel dynamics, down
wood accumulation, and decomposition. These models were
built from an array of data sources and the mechanics are
described in detail in [18]. Model outputs include predicted
fuel loadings over time, and measures of fire hazard including
potential flame length, canopy base height, and canopy bulk
density, torching and crowning indices, and potential stand
mortality over the simulation period. If a prescribed fire or
wildland fire is simulated, output also includes predicted
fire behavior, fuel consumption, smoke production, and tree
mortality. Additional output includes the amount of stored
carbon and coarse woody debris. FVS can be implemented
in a spatial context with the Parallel Processing Extension
(FVS-PPE). Landscapes are composed of stands and the
simulation is executed for all stands before cycling to the next
time period. FVS-PPE recognizes stand contagion, and can
model management constraints (area treated) and dynamic
treatment goals much like other spatial forest planning
models. This system was used to explore long-term spatial
fuel management problems in several studies [27, 53, 71].

2.1.3. Limitation of Fire Models. The bulk of recent criticisms
[44, 86] are aimed at the semiempirical family of fire
behavior models (including FlamMap) that couple Rother-
mel’s [35, 45] models for predicting surface and crown
fire rates of spread and Van Wagner’s [34, 46] crown fire
transition and propagation models. While these models
continue to be widely used by researchers and practitioners,
the assumptions and limitations are important to consider
in model integration efforts like the one described in this
paper. One of the primary problems with semiempirically
derived models are they do not account for fire-atmospheric
interactions, and they do not explicitly include fire-fuel
interactions such as the combustion and heat transfer proc-
esses. Additionally they model a quasisteady state fire spread,
which is inconsistent with active spreading crown fire con-
ditions and characteristics. It has been suggested that another
class of theoretical or physics-based models, which include
FIRETECH [87] and WFDS [86] are more robust at charac-
terizing fire propagation. However, these models are in the
research domain, and require computing resources that are
not yet widely available to fuel management analysts.

Another major concern with the fire behavior models
discussed in this paper is the modeling of crown fire.
Crown fires are a substantial challenge and remain poorly
understood [88]. A recent paper by Cruz and Alexander
[44] discusses factors that lead to underpredictions in the
crown models. These stem from (1) incompatible linkages
between the Rothermel’s [45] surface fire spread model and
the Van Wagner [34] crown fire ignition model, (2) the
inherent underprediction of rate of spread associated with
the Rothermel’s surface and crown [35] fire spread models,
and (3) using crown fraction burned to reduce crown
fire rate of spread [44]. In FlamMap, fireline intensity is
calculated from Rothermel’s [45] reaction intensity which is
lower by a factor of 2-3, [44] compared with Byram’s [78]

fireline intensity. This results in an overall underprediction
of crown fire occurrence. The rate of crown fire spread is
underpredicted as well. Observed versus predicted crown
fire rate of spread for experimental fires and wildfires in
the US and Canada have also shown an underprediction of
2.6- to 3.75-times (Figure 5 in [44]). This may be the result
of applying crown fire models beyond the realm intended
[47]. The Rothermel crown fire rate of spread model was
derived from linear correlation of eight wind-driven crown
fire events in the northern Rocky Mountains and is directly
linked to a surface fire spread rate calculated with a fuel
model 10, and thus the use of different fuel models creates
a disconnect between the surface fuel model and crown fire
rate of spread [36]. Finally, the Van Wagner crown fire model
[46] assumes gradual progression from surface to active
crown fire that can be scaled by the crown fraction burned.
However, observational evidence suggests that the transition
from surface to crown fire is not gradual [44, 88].

Finally, it should be noted that fire behavior models
discussed in this paper implement crown fire transitions
differently, and thus can yield different results. The current
understanding of crown fire behavior is inadequate to de-
termine the most defensible way to integrate the various
crown fire models. Depending on the intended purpose of
modeled outputs, this may or may not be a limitation. In
a planning or research context where models are used to
assess relative fire behavior under different treatment alter-
natives, the important point is that the predicted change
in fire behavior is captured in the modeling effort [89].
However, when absolute fire behavior metrics are required
to determine fire hazard and locate potential treatment
locations, the outputs should be compared with observation
and experience to determine which model is more accurately
depicting expected results [89].

The above limitations in models and input data are well
known by the user community, and careful application of the
fire behavior models has been stressed in recent papers [26,
40]. While many issues are apparent, the main fire behavior
models used by practitioners continue to generate reasonable
results for many applications. As more advanced fire models
are developed and made computationally efficient, these
models will filter to the field and improve modeling accuracy
for all phases of their application, especially modeling
wildfire risk to WUI where models discussed here are not
capable of modeling structure to structure ignition [43].

2.1.4. Limitations of FVS-FFE. Limitations discussed above
for FlamMap apply to the FVS-FFE model since surface
and crown fire modeling is implemented with a similar
framework. Additional limitations of the model in terms
of modeling vegetation and fuel dynamics are described
below. One of the most significant limitations with FVS-
FFE is that nonforest live vegetation and associated fuel is
not modeled, except for one FVS version that pertains to
northern Idaho State. The calculation of fuel model from
live and dead surface and canopy fuel is handled with coarse



8 Journal of Combustion

rule sets that determine fuel model based on overall stand
characteristics, including habitat type, tree canopy cover, tree
species, and other variables. Thus careful examination of
the fuel model selection is required by users. Likewise, fuel
model selection in long-term simulations can be suspect, and
user intervention in the process requires detailed keyword
statements. Decay of fuel pools over time is also based on a
limited set of empirically derived relationships as described
in Rebain [18], and changes in these parameters can have
dramatic effects on fuel model selection.

2.1.5. Data Considerations for Fire Behavior Modeling. Two
widely recognized data issues with the application of the fire
behavior models discussed in this paper are the choice of
fuel model and the quantification of canopy fuels. All fire
behavior models described in this paper require a surface
fuel model which is typically chosen from a predefined set
or a custom model defined with field fuel data. Custom fuel
models are difficult to calibrate [47] and are rarely validated
with observed fire behavior; uncalibrated custom fuel models
should only be used to compare relative differences and
not absolute fire behavior [60]. Improvements have been
made with the new set of standard fuel models [72] relative
to the original 13 fuel models [73]. These improvements
include (1) more fuel model choices to fine tune modeled
surface fire behavior which in turn will improve crown fire
prediction, (2) increased applicability for more diverse fire
conditions such as prescribed fire and less severe wildfire
conditions, (3) increased ability to represent posttreatment
surface fuel conditions, and (4) addition of dynamic fuel
moisture for all fuel models including live fuels [72]. Despite
these improvements, fuel models still rely on the Rothermal
surface fire equations, and fire behavior is only represented
for frontal combustion. In addition to the limitations of
the fuel models themselves, the process of selecting an ap-
propriate fuel model is difficult when fuel inventory data are
not recorded in stand data.

Known limitations exist with estimates of canopy fuel
characteristics critical to modeling crown fire behavior [36].
Canopy base height and foliar moisture content are both
used to calculate the critical fire line intensity (4), and
canopy bulk density is used to determine active crown fire
rate of spread (5). For multistrata stands neither a single
crown measurement nor the average of the crowns in a
stand are a good representation of the stand as a whole
[47]. Because destructive measuring on canopy fuels is not
feasible, indirect methods using tree inventory data are
necessary [90]. Vegetation modeling systems such as FVS-
FFE are used to process inventory data to determine the
effective canopy base height and canopy bulk density using
a running mean. Effective canopy base height is the lowest
height where a minimum bulk density of fine fuel is found
and effective canopy bulk density is the maximum mean for a
given window [91]. Foliar moisture content is rarely gathered
in the field and sparse data exists on what moisture levels to
use when modeling. Foliar moisture content varies among

species, age of needles, and season, and typically straddle
100% [36], which is the default value in many fire behavior
models such as FlamMap.

3. Integration and Systems Analysis
with ArcFuels

We built ArcFuels using the ArcObjects library [41] and
Visual Basic for Applications (VBA, [92]) within ArcMap.
The ArcFuels scripts link selected fire behavior models
with vegetation databases and Microsoft Office software
(Table 1). The ArcFuels system provided a logical flow
from stand scale to landscape analyses of vegetation, fuel,
and fire behavior, using a number of different models
and a simple user interface within ArcMap (Figures 3,
4, Table 1). Extensive use was made of the FVS database
extension [93] to leverage Microsoft Office Access and Excel
software. Specific functionality of ArcFuels includes (1) an
interactive system within ArcMap to simulate fuel treatment
prescriptions with FVS-FFE, (2) an automated generation of
data plots within Excel showing how stand fuel treatments
change wildfire behavior and stand conditions over time
(Figure 5(d)), (3) scale-up of stand-specific treatments to
simulate landscape changes in vegetation and fuel from
proposed management activities (Figure 6), (4) data linkages
to FlamMap to simulate landscape-scale fire behavior and
measure the treatment performance in terms of wildfire
probabilities, spread rates, and fire line intensity (Figure 6),
(5) the ability to easily modify and reevaluate fuel treatment
scenarios, and (6) viewing and analyzing spatial fire behavior
outputs in ArcMap. The system was built to process both the
national LANDFIRE grid data [74] and tree list inventory
data that are widely available in some regions of the US for
fire behavior analysis (Figures 2 and 6). A prototype system
was summarized by Ager [94].

The ArcFuels scripts are distributed within an ArcMap
project file for ArcMap versions 9.0, 9.1, 9.2, 9.3, and 10.0.
The scripts are accessed via a toolbar when the project file is
loaded (Figure 4, Table 3). An extensive demonstration data
set and accompanying user guide were developed for distri-
bution with ArcFuels that covered a wide range of fuel man-
agement and planning problems [95]. The suite was posted
for download at http://www.fs.fed.us/wwetac/arcfuels/ along
with supporting literature and case study examples. We
also completed case study publications on fuel treatment
problems to demonstrate application of the system [96].

As ArcFuels was implemented in the field on fuel treat-
ment projects and employed for fuel management research,
we continued enhancing the system and eliminating bot-
tlenecks in the analysis process. Most of the major issues
were related to awkward user interfaces and weak data
linkages. We focused development efforts on five key areas:
(1) modeling fuel treatments with FVS-FFE, (2) repetitive
testing and adjusting landscape fuel treatment scenarios, (3)
using burn probability modeling and risk analysis to measure
the performance of fuel treatments, (4) landscape analysis of
carbon offsets, and (5) spatially optimizing fuel treatments.
These individual focal areas are described below.
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Figure 3: Flow chart of the analysis process to design and test fuel treatment and other vegetation management projects as required by the
National Environmental Policy Act. Several treatment alternatives must be proposed and analyzed that address the project purpose and need
(e.g., reducing fire risk) and impacts on other resource values. Automation of the analysis process with ArcFuels makes it possible to explore
more treatment alternatives and leverage fire behavior models in the process.

Figure 4: ArcFuels appears as a toolbar (outlined in red) on top of
the ArcMap window. For functionality of the different buttons see
Table 3.

3.1. Modeling Fuel Treatments with FVS-FFE. ArcFuels adds
a spatial context to FVS-FFE and facilitates its application for
both stand and landscape modeling of fuel treatments. Stand
level analysis with FVS-FFE typically involves simulating
activities like thinning, fuel mastication, and underburning,
and examining the effects of fire behavior and other values
of interest [8]. Stand modeling in ArcFuels was implemented
in the interactive Select Stand function (Figures 4-5, Table 2)
with the intention that users could view stand images on
high resolution (1 : 12000 color) digital orthophotos and

click on stands to process their inventory data through
FVS-FFE. ArcFuels generates graphs of stand metrics, fuel
loadings, and fire behavior and other outputs as requested
by the user. Direct links to the FVS prescription files
allows efficient editing of the keywords that control fuel
management options. The treatments and simulated wildfire
can then be visualized (Figure 5(f)) through time using
the FVS-generated data for the Stand Visualization System
(SVS; McGaughey). Much of stand-level modeling involves
validating data and iteratively examining different treatment
combinations on a suite of stands that collectively comprise
a coordinated landscape fuel treatment strategy. At the
landscape-scale modeled outputs are written to a database
and the Landscape tool can be used to build LCP files
(Figure 6) for fire behavior modeling in FlamMap to test
treatment alternatives with wildfires. Posttreatment stand
development and fuel dynamics can be used to determine
retreatment frequency over time. Carbon, wildlife, and other
impacts from fuel treatments can also be analyzed with FVS-
FFE at the stand [58] and landscape scale [53]. The Select
Stand function also builds input files for the NEXUS fire
behavior model for performing rapid sensitivity analysis of
fire behavior under different weather conditions [61].

Beyond the functionality described above, we built three
specialized modeling interfaces in ArcFuels to facilitate (1)
treatment prescription sensitivity analysis, (2) building loss-
benefit functions for risk analysis, and (3) analyze carbon
impacts of fuel treatments. The prescription sensitivity
analysis in ArcFuels provides a simple modeling process to
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Figure 5: ArcFuels interface within ArcMap, showing images from an analysis of a fuel treatment prescription calling for a sequence
of thinning, surface fuel reduction, underburn, and wildfire with the supplied demonstration data. (a) Digital orthophoto with stand
boundaries for the project area; (b) access database containing forest and fuel information; (c) simulating vegetation dynamics and wildfire
with FVS (d) viewing the output spreadsheets, including ArcFuels-generated graphs from the simulation showing fire behavior variables
in the potential fire output report; (e) SVS image depicting the wildfire pretreatment; (f) SVS images depicting the treatment sequence
including the wildfire behavior after the treatment was completed.

explore how different fuel treatment prescription parameters
affect fire behavior and other outputs. The user can vary FVS
keyword parameters (intensity of thinning, fuel mastication,
underburning, and wildfire) over a specified time range and
step amount, and ArcFuels will batch process the runs and
generate spreadsheet results and graphs for a single stand,
or generate a database for multiple stands. The process is
useful to uncover thresholds and other nonlinear behaviors
in the FVS-FFE and supporting models. The form can also
be used to vary parameters for sensitivity analyses related to
ecological values (e.g., carbon and wildlife habitat).

The treatment analysis procedure can also be used to
build loss-benefit functions required for quantitative risk
analysis [97, 98]. The process we devised for wildfire
risk analysis [54] combines burn probability outputs from

FlamMap and loss functions from FVS-FFE to calculated
expected loss (described in a subsequent section) to quantify
the change in conditions (e.g., stand structure, species
composition, old growth density). In this process, each
stand in the study area is burned within FVS-FFE under a
predefined surface fire flame length with intervals that match
the output burn probabilities from FlamMap. The postfire
data are then processed to build loss functions that describe
change in stand condition as a function of flame length.
Loss functions are matched with burn probability outputs
to calculate the expected change in stand conditions. This
approach was used to quantify the expected loss [97] of
several attributes of interest including old growth, northern
spotted owl habitat, and carbon [55, 71]. The process is
now being scaled up with a national tree list data set and
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Figure 6: Flow chart (a) of process for creating binary landscape
files for modeling fire behavior in FlamMap and FARSITE from
inventory or LANDFIRE grid data for the Mt. Emily study area
and the ArcFuels form (b) is used to convert the ArcGIS grids.
Treatments are effected using adjustment databases as described
in the ArcFuels user’s guide. A separate form exists for processing
outputs from FVS simulations or for using multiple sources of
ArcGIS grid data. The form can be used to modify LANDFIRE grid
data to reflect proposed fuel treatments.

fire simulation outputs from Fire Program Analysis [84]
to analyze the effect of fuel treatments on annual wildfire
carbon emissions (K. Riley, Forest Service, Rocky Mountain
Research Station).

A third interface was added to ArcFuels to enhance
the postprocessing of carbon outputs generated by FVS-
FFE (Figure 7, Table 4). Of specific interest was the carbon
impacts and potential offset from different types of fuel
treatments [99]. The problem involves postprocessing stand
simulations with and without a treatment and summarizing
the various carbon pools to measure the carbon difference.
The offset calculation involves accounting for carbon re-
moved from the site and fixed in building products, as well
as adding emissions from logging residue to the emissions
pool (Table 4). We wrote ArcFuels scripts that automate the

calculations as part of the Select Stand and Landscape func-
tions. Calculation of landscape carbon impacts of fuel treat-
ments is described in a subsequent section.

3.2. Simulating and Testing Landscape Fuel Treatment Pro-
grams. Landscape analysis of fuel treatment scenarios exam-
ines the aggregate effect of all treatments on potential
wildfire behavior [14]. On national forests, ancillary analyses
of impacts on wildlife, visual quality, aquatic habitat, and
other values are also required in a typical project. Key
considerations in landscape treatment design is the spatial
arrangement, unit size, and total area treated [80, 100].
The FlamMap program described previously is widely used
for analyzing landscape fire behavior. ArcFuels scripts are
a wrapper around FlamMap data input and outputs that
streamline the preparation of inputs for treatment alter-
natives, and geoprocessing of fire behavior outputs to
analyze treatment effects. Spatial treatment designs can be
formulated within ArcFuels and then simulated within FVS.
Flam Map landscape files can be built from the FVS outputs,
or from ArcGIS grid data such as LANDFIRE (Figure 6),
or combinations of the two, using the Landscape tool for
FlamMap simulations. In this way, combinations of stand-
level fuel treatments can be tested in different landscape
configurations to iteratively refine fuel management plans.
Spatial fuel treatment designs can also be modeled with the
Parallel Processing Extension FVS-PPE) [101], as demon-
strated in several landscape studies [71, 80]. The ArcFuels
interface to FVS-PPE provides the command structure to
simulate typical spatial forest planning problems [102] with
landscape treatment goals and constraints. The system can
be used to explore tradeoffs between fuel management
programs and other important management objectives such
as forest restoration, habitat conservation for important ter-
restrial and aquatic species, and other ecological values.

3.3. Burn Probability Modeling and Risk Analysis. When the
MTT fire spread algorithm for FlamMap was parallelized
for multithreaded processing and compiled for 64-bit
SMP operation [82], it became computationally feasible to
simulate thousands of fires to generate burn probability
and intensity maps over large areas (10,000–2,000,000 ha).
Extensive testing has shown that this algorithm can replicate
fire size distributions in the continental US [105]. Prior
to this method, fire likelihood for fuel treatment projects
was quantified with relatively few (<10) predetermined
ignition locations. The incorporation of the MTT algorithm
into fire behavior models [21] make it feasible to rapidly
generate burn probability surfaces for different management
scenarios (Figures 2(c)-2(d)). Newer models that use the
MTT algorithm include spatiotemporal probabilities for
ignition, escape, and burn conditions, and yield estimates of
annual burn probabilities [82]. Burn probability modeling is
now being applied across the US [106].

We coupled burn probability modeling in FlamMap with
fire effects modeling in the FVS-FFE to create a risk assess-
ment system for fuel management projects. This system was
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Table 3: ArcFuels toolbar button descriptions.

Category Button Description

Stand-level Stand
Set up options for FVS/FVS-FFE including export type, applying fuel
treatment prescriptions, treatment analysis, and treatment comparison tools.
External linkage to open SVS.

Select stand
Toggle button that allows the user to select individual stands within the
landscape to run FVS/FVS-FFE.

Wildfire models

External linkage to open NEXUS and BehavePlus. Internally coded version of
BehavePlus (“Behave Calculator”) for quick stand level calculations of rate of
spread and flame length while varying fuel model and/or fire climate
information.

Landscape-level Cell data
Toggle button that allows the user to select individual pixels within the
landscape to see the values associated with the FARSITE grid sandwich.

Modify grid values
Tool that allows for modification of grid values (integer or floating point)
across the whole landscape or for user-defined portions.

Landscape

Multiple functions: (1) apply prescriptions to the landscape using “Stand
select” ArcGIS selection, and grid based selections, (2) set up and running of
FVS/FVS-FFE (includes all FVS functionality) including treatment analysis,
carbon offset calculations, (3) create landscape files from FVS data, grid data,
or multiple sources, and (4) restoration treatment optimization model.

Wildfire models
External linkage to open FlamMap, FARSITE, and an internally coded
command line version of FlamMap.

Risk
Used with FlamMap 5.0 and FVS-FFE outputs to calculate and analyze
conditional flame length, loss functions, and fire hazard matrices.

Conversion
Single and batch conversion of point data to shapefiles and ASCII files to
grids, and direct export of attributes to Excel.

Other Projects and files
Location of linkage information between ArcFuels linked programs, GIS
layers, GIS layers and FVS databases, and input and output data folders.

ArcFuels help ArcFuels version information.

Table 4: Example carbon calculations from ArcFuels for analyzing
carbon impacts of fuel treatments. The Forest Vegetation Simulator
with the Fire and Fuels Extension is used to simulate a fuel treat-
ment and wildfire, and the resulting carbon pools are compared
to the same stand without a treatment. It is in this example that
harvesting residue is burned on the site and thus contributes to
emissions. The carbon balance determines whether the treatment
could potentially contribute a carbon offset. Data are for stand 451
in the Mt. Emily study area.

Carbon pool Tonnes ha−1

No treatment carbon emissions 12.1

No treatment carbon stocks 49.5

Fuel treatment carbon emissions 18.2

Fuel treatment carbon stocks 31.9

Carbon balance—emissions −6.1

Carbon balance—stocks −17.6

Total carbon change −23.6

used to complete several case studies to quantify landscape
wildfire risk and compare treatment alternatives [54], and
to examine expected carbon offsets from landscape fuel
treatments [53]. In the first study, wildfire risk was calcu-
lated for northern spotted owl (Strix occidentalis caurina)
habitat in central Oregon [55]. This study demonstrated
the feasibility of conducting operational risk analysis for

habitat conservation planning and quantified the change in
risk from several fuel treatment options. Portions of the
analysis were incorporated into NEPA documents for the
Five Buttes fuel management project [107]. The analysis
was the first application of quantitative risk analysis for
fuel treatment planning on federal lands. In a second study,
a risk framework was used to analyze tradeoffs between
ecological management objectives (large fire resilient trees)
versus the protection of residential structures in the wildland
urban interface (WUI). The former was quantified using
the expected mortality of large trees and the latter with
burn probability in the location of residential structures.
In a subsequent application, the analyses were scaled up to
analyze wildfire risk factors (burn probability, fire intensity)
to social and ecological values on the Deschutes National
Forest in central Oregon (Figure 8), and Oregon and Wash-
ington State (Figure 9). These example plots of fire risk
factors can be used to identify social and ecological values at
risk, and prioritize fuel management activities. The plots can
also be used to illustrate the change in wildfire risk factors
from fuel management projects [71].

3.4. Landscape Analysis of Fuel Treatment Impacts on Carbon.
Analyzing the carbon dynamics with fire behavior models
like the FVS-FFE has become a common fire modeling
exercise and has been motivated by questions about carbon
impacts from fuel management programs [99, 108, 109]. The
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Figure 7: ArcFuels-generated graph of fuel treatment and wildfire
impacts on selected carbon pools generated with FVS-FFE simu-
lation and ArcFuels scripts for stand 1020 in the Mt. Emily study
area. The graph was generated with the process as described in
Figure 3, where users can model stand dynamics within ArcMap
while viewing remotely sensed imagery such as digital orthophotos.
The simulation included thinning (2002), underburning (2003),
fuel removal (2004), and wildfire (2005).

potential carbon impact from fuel treatments is dependent
on the distribution of carbon in different pools (live, dead,
surface, canopy, etc.) and the contribution of the pools to
fire behavior. Fuel management activities differentially affect
carbon pools, and result in emissions from underburning
and the wood manufacturing process. Both positive [110]
and negative [109, 111] carbon impacts from fuel treatments
have been reported. These carbon studies used stand-scale
simulation (one fuel type) to model fuel treatments and
wildfire, and assumed carbon effects from fuel treatments are
confined to the treatment units, and wildfires will burn the
treated stands (i.e., burn probability = 1.0). To demonstrate
a landscape risk approach to the problem that incorporates
actual burn probability estimates, we used ArcFuels, FVS-
FFE, and FlamMap to model carbon dynamics on a large
fire prone landscape [53]. The study area was a 160,000 ha
watershed on the Fremont-Winema National Forest in
southern Oregon, US. Carbon loss functions were built
within ArcFuels and FVS-FFE by burning each stand in
the study area at a range of fire intensities, and recording
emissions and changes in carbon pools. We estimated burn
probability by simulating 50,000 wildfires in FlamMap and
recording the probability of a fire at a given intensity. To
calculate the expected carbon change from fuel treatments
we combined the carbon loss functions with the flame
length probability outputs, yielding a probabilistic estimate
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of carbon impacts that accounted for the uncertainty about
future wildfire events. The results suggested that landscape
effects of treatments on expected carbon as manifested in
lower burn probabilities, intensity, and a reduction in the loss
of carbon outside the treated areas. Even though landscape
effects of fuel treatment were observed, a net carbon loss
was still observed due largely to emissions from underburns
in the fuel treatments, and from manufacturing of wood
products. The study contributes towards a full accounting of
carbon impacts from fuel management activities that have
been omitted in other studies [99, 109].

3.5. Fuel Treatment Spatial Optimization. The concept of
strategically placing fuel treatments to block the progression
of wildfire was demonstrated in simulation studies by Finney
[56, 100]. Treatments located in a staggered, overlapping pat-
tern perpendicular to the prevailing wind are most effective
at reducing rates of spread. Moreover, there exist optimal
dimensions of the individual treatment units such that the
time required to burn through the unit equals the time to
burn around it. Although the concept is largely theoretical,
empirical data from controlled fires in rangelands have
supported the simulation results, and the concept itself is
useful for landscape fuel management. The concepts were
institutionalized by planners in Region 5 (California) of the
Forest Service as a key component of their collaborative
“Fireshed Assessment” process [112]. ArcFuels became the
analytical engine for the Fireshed Assessment process [94]
and a Region-specific version of ArcFuels was developed for
that purpose. The Forest Service created a national program
to promote wider application of the concept [113], and
facilitate the use of an automated treatment optimization
model (TOM) developed for FlamMap [56]. The TOM
system located treatments to block the fastest routes of travel
and maximize the reduction in spread rate across a landscape
per area treated. The process required two input landscapes,
one untreated, and the other containing the fuel charac-
teristics if all possible treatments were implemented, given
administrative and other operational restrictions. Building
these input data required significant geospatial processing to
correctly locate treatment units and simulate changes in fuel
from proposed management activities. Within ArcFuels, we
developed a number of interfaces and scripts that allow both
interactive and geospatial rule-based treatment assignments
to facilitate input data preparation for TOM. We also built a
system to build a new FlamMap landscape based on the op-
timal treatment location grids generated by TOM, thereby
permitting more detailed analyses of the TOM treatment
alternative.

4. ArcFuels Workshops—Teaching
Integrated Landscape Analysis

There is a growing demand for broader training on landscape
planning for fuel management and restoration projects
[114]. The bulk of current fire modeling training sponsored
by US land management agencies focuses on the application
of specific fire behavior models, and lacks integration with

the landscape planning process used by fuel management
planners. To address this gap, we built training curricula
and a user guide for ArcFuels that was designed to pro-
vide instructions on solving a wide range of realistic fuel
management problems, including examples of measuring
fuel treatment effects on social and ecological values. The
tutorial includes a demonstration of risk concepts to test fuel
treatment effectiveness. The data for the tutorial contain a
complete set of both grid (e.g., LANDFIRE [74]) and stand-
based [115, 116] information to allow the development
of different data scenarios and models. For instance, with
grid data [74], the fuel planning process is conducted
using the combined functionality of ArcFuels scripts, ArcGIS
functionality, and FlamMap. For stand-based data, students
use ArcFuels scripts, FVS-FFE, SVS, and FlamMap. In a third
scenario, the tutorials mix the two data types and show
how to inform grid-based analyses with stand data that are
available for only portions of the landscape. Specifically, the
tutorial demonstrates how to use FVS to develop adjust-
ment factors to modify grid data to reflect posttreatment
conditions. Ancillary documentation for ArcFuels includes
a GIS appendix that describes spatial analyses and data
manipulations that are particularly useful in the landscape
fuel planning process. We have conducted over 15 workshops
in the past five years attended by planning teams from
around the US including over 200 fuel specialists, and ac-
ademic institutions involving both students and faculty.

5. Discussion and Conclusions

Although many of our example applications were derived
from case studies on US national forests, the architecture
of the system and the methods for integration are relevant
to risk assessment and fuel management planning efforts
elsewhere. We addressed a major gap in the integration
of tools for operational application to address wildfire risk
issues. An important end product of the work is providing an
efficient working environment that allows users to interact
with fire behavior models in a geospatial context, and thus
gain a better understanding of their limitations and biases
[44]. Application of the system continues to grow among
planners and researchers alike, especially as federal land
management agencies like the Forest Service require inte-
grated landscape analyses to be eligible for funding from new
national initiatives. Controversial Forest Service fuel treat-
ment projects have been completed with ArcFuels, FlamMap,
and FVS, and the analyses have withstood court challenges.
The gap in fuel management planning tools addressed in
this work was largely an artifact of the decentralized and
uncoordinated research programs on fire behavior models
and, more importantly, the lack of operational context in
the model development process. Although recent reviews
have catalogued and compiled information on numerous
wildfire behavior and vegetation models (Table 1 and Table 2
in [13]), we note that the vast majority of models described
have never been used in a federal NEPA planning effort at
any scale, primarily because the model or tool was never
designed for that purpose in the first place. Our work
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with ArcFuels has demonstrated a framework for model
integration that focused on the operational context for
modeling. The approach, which leveraged ArcObjects and
ArcMap, recognized that geospatial analyses are at the core of
fuel management problems. Since the initial release of Arc-
Fuels, a number of other wildfire modeling tool developers
has adopted the same ArcGIS integration approach [117–
119] and made use of ArcFuels code.

We have also eliminated some, but not all of the barriers
to adopting a risk-based framework for wildfire manage-
ment, a recommendation by oversight agencies [120]. Our
analysis framework contributes to a consistent analytical
process for assessing the level of risk that communities face
from wildland fire [121]. Risk provides a comprehensive
index of likelihood, intensity, and potential effects. Burn
probability modeling and risk analyses will play an important
role in research to address a number of management
problems, including analyzing carbon offsets, understanding
temporal and spatial tradeoffs of fuel treatments [27], and
wildfire impacts to ecological conservation reserves.

We continue to develop ArcFuels and conduct workshops
on wildfire risk assessment and fuel management planning.
The ArcFuels code is being updated to the Microsoft NET
framework for improved portability and compatibility with
the newer versions of ArcGIS. Other efforts are underway
to build a distributed system similar to ArcFuels, such as
the Integrated Fuels Treatment Decision Support System
(IFT-DSS [13, 114]). This system is designed to deliver
analytical tools for fuel treatment planning over the internet
using server-based fire models and geoprocessing. Our
observation working with field units over the past decade
is that the complexity of issues and diversity of data issues
that are brought to bear on forest fuel planning demand
a level of flexibility in geoprocessing that will be difficult
to meet outside of a GIS such as ArcMap. Moreover,
ArcGIS remains the corporate spatial data system for most
public land management agencies in the US, and replicating
its functionality in an online, noncommercial system will
require considerable programming resources. These issues,
combined with expanding requirements for fuel treatment
planning that include climate change impacts and carbon
accounting, will collectively require increasing flexibility at
local scales to respond to the issues at hand. With multi-
ple and varied objectives, including ecosystem restoration,
wildlife habitat management, carbon sequestration, and
responding to climate change issues, a fully prescripted
and fuel management-specific environment for landscape
planning will lack integration with these other management
concerns. There are numerous ArcMap applications used by
Forest Service specialists for a range of resource management
problems, and it seems that integrated resource analysis for
proposed management projects is best served in the ArcMap
geospatial environment. Bandwidth issues and access to
interagency corporate data centers are additional potential
problems with an interagency system described in [114],
and significant changes in agency infrastructure will be
required to fully deploy an internet-based systems approach.
Migrating ArcFuels scripts to a cloud-based GIS computing
environment and the USDA Forest Service Citrix GIS server

system is in progress, which eliminates many of the presumed
accessibility issues [114] with the current desktop ArcFuels.

There are many modeling needs to keep pace with the
demands of planners facing an increasingly complex array
of wildfire risk issues on large fire-prone landscapes. The
numerous issues and limitations with the current fire
behavior models as discussed in several papers needs to
be addressed. Physics-based fire models [86] to replace the
wildland fire spread models described in this paper will
contribute to improved wildfire simulation methods, espe-
cially in the WUI areas. Until improved models are devel-
oped, case studies need to include detailed reporting of
parameters and assumptions so that accurate comparisons
of results can be made. Calibration with empirical data and
sensitivity analyses should accompany all modeling efforts to
help ensure appropriate application of the modeling tools to
the fuel management and wildfire risk assessment problems.
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This work presents the extension of a physical model for the spreading of surface fire at landscape scale. In previous work, the
model was validated at laboratory scale for fire spreading across litters. The model was then modified to consider the structure
of actual vegetation and was included in the wildland fire calculation system Forefire that allows converting the two-dimensional
model of fire spread to three dimensions, taking into account spatial information. Two wildland fire behavior case studies were
elaborated and used as a basis to test the simulator. Both fires were reconstructed, paying attention to the vegetation mapping, fire
history, and meteorological data. The local calibration of the simulator required the development of appropriate fuel models for
shrubland vegetation (maquis) for use with the model of fire spread. This study showed the capabilities of the simulator during
the typical drought season characterizing the Mediterranean climate when most wildfires occur.

1. Introduction

The ability of the forest fire community in modelling and
simulating forest fire spread [1–4], as well as developing
management approaches and techniques [5], has increased
significantly in recent years. Modelling has become an essen-
tial tool in forest fire research and becomes a crucial instru-
ment in the studies of wildland-urban interface fires [1], fire
mitigation, and risk mapping [5]. Wildfires are driven by
complex physical and chemical processes, operating on vastly
different scales ranging from micrometers to kilometers.
Their interactions depend on coupling between nonlinear
phenomena such as turbulence in the lower part of the atmo-
spheric boundary layer, topography, vegetation, and fire itself
(chemical reactions, radiation heat transfer, and degradation
of the vegetation). Different reviews of fire spread models
have been conducted these last ten years [6, 7]. Depending
on the authors, wildland fire mathematical models may be
classified according to the nature of the equations (physical,
quasiphysical, quasiempirical, and empirical) or according
to the physical system modeled (surface fire models, crown
fire models, spotting models, and ground fire models). With
regard to the first classification, the simplest models are the
statistical ones, which make no attempt to involve physical

mechanisms [8]. Empirical models [9] are based upon the
conservation of energy, but they do not distinguish the
mode of heat transfer. Finally, physical models differentiate
the various kinds of heat transfer in order to predict fire
behaviour [10]. Among them, multiphase modeling [4] and
coupled fire-fuel-atmosphere models [1, 11] represent the
most complete approach developed so far. Whatever the
classification, there is a general agreement on the fact that
simple models have to be used if one wants to provide
real-time operational tools. Conversely, multidimensional
numerical fluid-dynamical wildfire simulation models must
be used to study the behavior of wildfire and wildland-
urban interface fires. However, these last models require
computational resources that preclude real-time forecasts
[1]. The computational cost of physics-based wildland fire
modeling limits the application of the approach to modeling
wildfire behaviour within a certain scale range. On another
hand, quasiempirical and empirical model may be very
efficient for fuel and environmental conditions comparable
to those of test-fires, but the absence of a real physical
description makes them inapplicable to other situations.
The dilemma is whether one wants to simulate wildfire
phenomenon accurately or quickly.
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The aim of the present paper is to extend at landscape
scale a physical model of surface fire [3]. Up to now,
the model has been tested only at laboratory scale against
experiments for which fuel beds of pine needles or straw were
used [12]. Although pine litter presents a clear fire hazard in
pine forests by providing a continuous fuel matrix across the
forest floor, fire hazard also corresponds clearly to grassfires,
fires in shrubland and forest fires. Our model of fire spread
was thus modified to take into account the structure of the
actual vegetation. Particular attention was paid to intermixed
live and dead vegetation found in the Mediterranean maquis.
Fire behavior fuel models were developed for some Mediter-
ranean vegetation types in order to match the requirements
of the modified model of surface fire. The fire model was
included in the wildland fire calculation system Forefire
[13]. Forefire allows conversion of the two-dimensional
model (x-z) to three dimensions (x-y-z) and then simulating
the propagation of the fire perimeter across a modeled
landscape, taking into account spatial information. Two
wildfire case studies have been reconstructed and used to test
the simulation model. Wildland fires are very difficult, if not
impossible, to study with full-scale repeatable experiments
in the field [14] due to their expense, safety implications,
and variations in atmosphere, terrain, and fuel conditions.
However, although basic research on combustion is essential
to a full understanding of fire behavior, such research would
not be very useful without actual field experience gained
and case study documentation. Wildfire case studies are
invaluable in providing fire behavior data for developing and
evaluating fire behavior models [15]. The contribution of
the present work is the development of a wildfire calculation
system based on a physical model of fire spread that satisfies
two contradictory properties: to be as complete as possible
with regard to the equations that govern fires and to be as
simple as possible to predict fire behavior faster than real
time. The model distinguishes the mode of heat transfer
and avoids the complexity of the chemical aspect related
to combustion. It is, thus, able to provide information on
physical quantities like radiant heat flux [12]. Conversely,
most commonly used operational models for wildland fire
spread rely on empirically derived relations to predict the
spread rate of a wildland fire across landscapes. In the United
States, FARSITE [16] is based on the quasiempirical spread
model of Rothermel [9]. In Australia, SiroFire [17] uses
McArthur’s fire spread models for grass [8] and forest [18] as
well as the recommended replacement grassland model [19].
The Canadian Wildland Fire Growth Model, Prometheus
[20], is based on the Canadian Fire Behaviour Prediction
System [21] and uses the wavelet propagation algorithms of
Richards [22]. The approach presented in the current paper
is not a coupled atmosphere-wildland fire model. We use
realistic precalculated wind field data as input. The impact
of the fire on the atmosphere and the subsequent feedback of
these fire-induced winds on fire behavior are not simulated.

2. Fire Model and Fire Simulator Overviews

2.1. Fire Model. The aim is to provide a model of surface fire
that will form the core of a simulation tool for fire fighters.

Unburned fuel

Preheated fuel
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Figure 1: Flame profile along the normal direction to the fire front.

The model is derived from a simplified modeling of the
transport phenomena governing the fire [3, 12]. It is physical,
because in addition to rate of spread, it provides also the
main global physical quantity related to the fire front such
as radiant heat flux. Its computational time must be low to
be usable under real time conditions for the simulation of
actual wildland fires. Its accuracy must be reasonably good.
The main calculation steps leading to the model equations
are provided in appendix. The appendix describes the first
version of the model elaborated at laboratory scale for dead
fuel. The interested reader is referred to [3, 12] for more
details on this model. In this section, we outline these
equations, and we propose some modification to simulate
actual vegetation. The main equations are for the flame tilt
angle γ and for the rate of spread R. γ and R are, respectively,
given by

tan γ = tanα cosφ +
U

u0
cosψ, (1)

R = RB + RF , (2)

RB = Dd

σd

BT4
B(

cpdΔT +mdΔh
) , (2a)

RF = AR
1 + sin γ − cos γ
1 +

(
R cos γ

)
/r0

. (2b)

In (1), α represents the slope angle, φ is the angle between the
unit vector, normal to the fire front and the unit ground slope
vector, and ψ is the angle between the unit vector normal to

the fire front and the wind velocity vector, �U . U is the value
of the wind velocity. In (2), RB and RF represent, respectively,
the contributions to rate of spread, of the radiation due to
embers, and radiation due to the flame when it is tilted under
wind and/or slope condition (Figure 1).

In (2a), Dd is the depth of the vegetation, σd is
the fuel load, B is the Stefan-Boltzman constant (5.67 ×
10−8 W/(m2K4)), Tf is the temperature in the burning fuel,
cpd is the specific heat of the fuel, ΔT = Tig − Ta, where
Tig is the temperature of ignition and Ta is the ambient
temperature, md is the fuel moisture content on dry basis,
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and Δh is the latent heat of vaporization of water (Δh =
2.25 × 103 kJ/kg). In (1) and (2b), the terms u0, r0, and A
are given by

u0 = υu00, (3a)

r0 = sdr00, (3b)

A = υA0, (3c)

where

υ = inf

(
sdDdβd

4, 1

)
, (4a)

u00 = 8
(st + 1)
τ0/ρd

T f

ρaTa
, (4b)

A0 = χ0ΔH

4
(
cpdΔT +mdΔh

) , (4c)

Tf = Ta +

(
1− χ0

)
ΔH

(st + 1)cpa
, (4d)

u0 stands for the upward velocity of the combustion gases
under no slope. It is given by (3a), (4a), and (4b) in which
sd is the surface to volume ratio of the fuel, βd is the packing
ratio of the fuel, st is stoichiometric mass-based air/fuel ratio
for the complete combustion of pyrolisis gases in air (st =
8.3), τ0 is the empirical constant provided by Anderson [23]
for the residence time of fire, ρd is the density of the fuel
and ρa is the density of ambient air. In (4c), χ0 represents the
radiant fraction of the rate of heat release within the flame.
The model assumes that the radiant heat transfer fraction
decreases when the volume to surface ratio of the flame
increases and r00 is a model parameter used to establish this
relationship [12]. In (4d), ΔH is the net heat of combustion
of the combustible gases and cpg is the specific heat content
of air at 1273 K (cpa = 1173 J·kg−1·K−1). The values of the
model parameters are τ0 = 75590 s·m−1, χ0 = 0.3 and
r00 = 2.5× 10−5 m·s−1. The fuel parameters are given in the
section devoted to the presentation of the fire behaviour fuel
model.

As mentioned in Section 1, we recall that our aim is to
extend at landscape scale this model of surface fire. Hence,
the simple structure of the model was kept, considering that
shrubland fires are surface fires. Shrubland include both
dead and live vegetations that must be considered in the
thermal balance. Two hypotheses are thus formulated. We
first assume that thin dead fuels (1-h) are mainly responsible
of the fire spread considering that live fuels and coarse dead
fuels (greater than 10-h) are partly desiccated within the
flame and not only ahead of the fire front. We assume also
that ahead of the fire front, the heat flux impinges both dead

and live fuels in proportion to their leaf area index. With
these hypotheses, (2), (4c), and (4d) become

R = RB ×
(

Sd
Sd + Sl

)2

+ RF , (2′)

A0 = χ0ΔH(1− ξ)

4
(
cpdΔT +mdΔh

) , (4c′)

Tf = Ta +

(
1− χ0

)
ΔH(1− ξ)

(st + 1)cpa
, (4d′)

with

Sd = sdDdβd, (5a)

Sl = slDlβl, (5b)

ξ = (ml −md)
Sl
Sd

Δh

ΔH
. (5c)

In these relations, the subscripts d and l are, respectively, for
1-h dead and thin live fuels, while s, e, β, and m remain as
defined in this section.

2.2. Fire Simulator. The model of fire spread is bidimen-
sional, since it provides the flame height (not detailed here
but given in [12]) and the forward rate of spread. It is,
however, necessary to develop a method of converting the
forward spread model into a two-dimensional one that could
spread the entire perimeter across a landscape. This involves
two distinct processes: first, representing the fire perimeter in
a manner suitable for simulation, and second, propagating
that perimeter in a manner suitable for the perimeter’s
representation. Both processes are carried out by Forefire
[13]. The Forefire simulation code is based on a discrete event
simulation (DEVS) [24] formalization of a front tracking
method. In the front tracking method, the fire line is
decomposed into a set of connected points, or markers, like
in FARSITE [16]. Each marker is a DEVS [24] atomic model
that has a specific propagation direction and speed, as shown
in Figure 2. The speed at which the marker is traveling along
its propagation vector is given by the rate of spread of the fire
model (2′). The direction of the propagation vector is given
by the bisector of the angle formed by the marker with its left
and right neighbor’s (see Figure 2). Markers are redistributed
along the front if separated by more than the resolution
distance Δr and removed if separated by less than Δr/4. A
fire line is defined as a full set of interconnected markers. If
two points of different fire lines are separated by less than
Δr/4, the two fronts are merged. The integration of a marker
advance is performed in a discrete event manner, with no
global time step but specific activation time for markers.
Every marker is always advancing by the same distance Δq,
estimated from the propagation speed when the marker
would travel this distance. The timed activated events are
placed in a sorted event list, and the simulation is performed
by activating the most imminent event. The method has been
selected because of its computational efficiency and its ability
to simulate the propagation of an interface at high resolution
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Figure 2: Front tracking and markers. Circles represent markers
along the fire line. Arrows show the propagation vector (bisector
of the local angle at the marker P0 between the left point Pl and the
right point, Pr). The grey area represents the burned fuel.

(submeter) needed to take into account different vegetation,
roads, houses, and fire breaks over a large area typical
of wildfires (hundreds of square kilometers). Concerning
ignition, the fire simulator necessitates defining a burning
area (usually a triangle) since it follows a Lagrangian schema.
The size of each segment of this polygon is given by the
resolution of the numerical perimeter of the simulation.
Usually, this resolution (quantum distance Δr) is 8 meters.
Thus, the initial contour is an 8 meters sided equilateral
triangle. Decreasing the quantum size does not influence the
simulation results but increases the calculation time.

3. Case Studies

This section summarizes the findings from the case studies
of Favone fire and Suartone fire that occurred in South
Corsica coastal region. In the last fifty years, this area
was submitted to several catastrophic wildfires which lasted
several days and burned thousands hectares of shrub. Most of
them occurred in summer under western windy condition,
high ambient temperature (greater than 30◦), low relative
humidity (lower than 30%), low fuel moisture content, and
drought conditions. The case studies were selected in this
area in order to get simultaneously some of those conditions
for which high-intensity fires occurred. Although many of
the environmental factors affecting severe fire occurrence
have already been recognized [25], it has been observed
that there is not some constant prevailing. There are, rather
than that, mixes of several danger variables, that together
produce conditions for a major fire to occur. Our aim
was to reconstruct wildfires representative of weather and
fuel state conditions encountered in severe fires. For both
cases, we detail the chronology and behavior of the fire, the
environmental conditions (topography and fuel mapping,
meteorological data) as well as the suppression activities.

3.1. Favone Fire Case Study

3.1.1. Chronology and Behavior. This (human-caused) fire
occurred in South-East Corsica in July 08, 2009 (Figure 3)
near the village of Favone (ignition point: lat. 41◦45′57.08′′,
long. 09◦23′44.84′′, 33 m a.s.l.), where about 30 ha were
burned. The fire was detected at about 3:00 p.m. in a place
(Figure 4(a)), where fuel load was reduced by mechani-
cal treatment. Logs were burned and smoldered causing

Figure 3: Fire perimeter for the case study of Favone fire (courtesy
of South-Corsica firefighters).

the Favone fire. The fire spread quickly, moving uphill
(Figure 4(b)) and then shifted on the left towards the east
driven by a western south-western wind of about 18 km/h
in average. A tourist detected the fire and called firefighters.
The first crews happened to arrive on scene at 3:05 p.m.
within 5 minutes of the fire’s origin. The fire threatened
some residential and resort areas on the left flank. Three
crews (each crew composed of a pumper truck and men)
were deployed to protect these residential and resort areas
and to constrain the fire on its left flank. The terrain and
fire intensity did not allow a direct suppression attack on the
head of fire. At first, aerial resources (four air tankers) worked
on the left flank to protect the residential and resort areas
and to allow firefighters to be safely deployed. Then, aerial
resources worked on the right flank. The idea was to push the
fire towards the sea. The fire jumped over the road at 4:00 pm
and reached the sea at about 4:15 pm. It was contained at
this time by 10 crews deployed to extinguish the edges of
the fire front. The fire was mopped up and declared out at
7:00 pm. The fire rate of spread was about 920 m/h between
points A and B under upslope condition (see Figure 5) and
about 666 m/h between points B and D under downslope
condition.

3.1.2. Site Description. The site is located near the sea. It is
slightly hilly with two hills along the path of the fire that
do not exceed an altitude of 100 m (Figure 5). The area is
characterized by the typical subarid Mediterranean climate,
with a remarkable water deficit from May through September
and most of the annual rainfall amount occurring in fall and
winter. The burned area was composed of three vegetation
types (Figure 5): a small part of the area was a woodland of
Quercus suber (cork-oak) near the ignition point (9 ha). It
is referred to as Oakland 1 in the following. Near the road
and the beach (end of the fire, point D in Figure 5), the
area was covered by a low typical shrubland Mediterranean
vegetation, with plant height of about 1.8 m. This type of
vegetation is a Mixture of grass and shrub, up to about 90
percent shrub coverage and 50 percent grass coverage below
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Figure 4: Ignition point and subsequent spreading.
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Figure 5: Topography, fire perimeter (in black) and vegetation
types as defined in Table 1 for the case study of Favone fire.

the shrub. Dominant species included Erica arborea (60%),
Phyllirea angustifolia (15%), Myrtus communis (15%), and
other species in fewer amounts. This vegetation type is not
represented in Figure 5, since it represent a negligible part
of the burned area (less than 1 ha). The rest and main part
of the burned area was covered by a high typical shrubland
Mediterranean vegetation (20 ha), with plant height ranging
from 2 to 4 m and a coverage of 100%. Quercus suber
were scarcely present in this area. This type of vegetation is
referred as Shrubland 2 in the following. There is no grass
but a heavy litter of leaves of Arbutus unedo and Quercus
suber. Dominant species included Arbutus unedo (50%),
Erica arborea (30%), Pistacia lentiscus (10%), and Quercus
suber (10%).

3.1.3. Environmental Conditions. Two regimes for wind
speed and direction prevail in this area. The first one which

is the most frequent is an easterly regime due to a sea breeze
effect. It is especially present during daytime in the eastern
façade of Corsica. The second one is a westerly regime due
to large-scale atmospheric circulation. It takes place mainly
during the night and after 4:00 pm when the sea breeze effects
cease. The prevailing winds directions during which intense
fire occur at the sites are typically west and southwest. It was
the case for the Favone fire for which wind velocities varied
between 5 and 7 m/s and wind direction ranged from 240◦ to
270◦. Air temperatures varied from 25◦C to 27◦C during the
fire, and relative humidity of air was between 41% and 46 %.

3.2. Suartone Fire Case Study. This site is about 30 km from
Favone. Hence, the general description and environmental
conditions provided in the previous section are similar. Only
the local variation in vegetation and change in meteorologi-
cal conditions the day of the fire are described in this section.

3.2.1. Chronology and Behavior. This fire occurred in South-
East Corsica in July 28, 2003 (Figure 6) near the vil-
lage of Suartone (ignition point: lat. 41◦28′21.93′′, long.
9◦13′30.48′′, 40 m a.s.l.) where about 456 ha were burned.
The fire was detected at 3:00 p.m. The first crew (pumper
truck and men) happened to arrive on scene at 3:15 p.m.
within 15 minutes of the fire’s origin. The fire was spreading
moderately in an area surrounded by shrubs on the left
side of the road. Firefighters could not get near the fire and
were too far away to drop water with their water cannon.
Then, five more crews arrived on scene. The terrain and fire
intensity did not allow the direct suppression attack on the
head of fire. All crews were positioned on the road trying
to extinguish the fire from their position. Suddenly, due to
a local change in wind direction the fire jumped over the
road. The right flank of the fire front was about 350–400 m.
It became the fire head that accelerated both driven by a
western wind of about 30 km/h in average and upslope effect.
Then, nearing the village of Suartone the rate of spread of the
fire decreased. Aerial resources arrived and dropped water on
both flanks of the fire and constrained it. The fire ended when
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Figure 6: Topography, fire perimeter (in black) and vegetation type
as defined in Table 1 for the case study of Suartone fire.

it reached the sea. It was mopped up at 7:00 pm and declared
out in the night. The mean spread rate of the fire front
between ignition and arrival at the sea was about 1440 m/h.
Intermediate velocity was difficult to calculate due to few
observations on scene.

3.2.2. Site Description. The site is located near the sea.
Ignition occurred at the bottom of a canyon (Figure 6).
Then, when the fire jumped over the road, it spread on
a hilly area with four hills along the path of fire that do
not exceed an altitude of 200 m. The burned area was
composed of four vegetation types (Figure 6). But two types
of vegetation covered the most important (85%) part of the
burned area (456 ha). The first main type is a high and dense
Mediterranean shrubland (285 ha, 62%), with plant height
about 2,5 m height and coverage of 100%. Dominant species
included Juniperus phoenicea (40%), 30% Juniperus oxyce-
drus (30%), Pistacia lentiscus (15%), Phyllirea angustifolia
(10%), and Cistus monspeliensis in fewer amounts. This type
of vegetation is referred as Shrubland 4 in the following.
The second main type (104 ha, 23%) is similar in species,
but the Juneperus shrub were higher (up to 4 m), and some
Quercus suber were scarcely present in this area. This type of
vegetation is referred as Shrubland 2.

3.2.3. Environmental Conditions. During Suartone fire, wind
velocities varied between 18 to 32 km/h with wind gusts up
to 57 km/h and wind direction ranged from 270◦ to 290◦.
Air temperatures varied from 26◦C (at the end of the fire)
to 31◦C during the fire event, while relative humidity of air
was between 21% and 55% (at the end of the day).

4. Fire Behavior Fuel Models

The simulation of wildland fire necessitates determining the
fuel parameters as input for the fire model and mapping
the fuel complexes (or fuel types) at landscape scale for
the fire simulator. Since the description of fuel properties is
usually complex, researchers have summarized the physical
parameters and spatial distribution of fuel in different classes

Table 1: The main fuel complexes identified for Corsican Island.

Fuel type
name

ID Description

Alpine land 1 Land of grass above forestry vegetation

Mountain
land

2 Land of shrubs smaller than 0.6 m

Pine land 1 3 Pinus laricio stand with understorey <2 m

Pine land 2 4 Pinus laricio stand with low understorey

Pine land 3 5 Closed Pinus pinaster stand with understorey
>2 m

Shrubland 1 6 Open Pinus pinaster stand with maquis <2 m

Oak land 1 7 Closed Quercus suber stand with maquis >2 m

Shrubland 2 8 Open Quercus suber stand with maquis <2 m

Oak land 2 9 Closed Quercus ilex stand with maquis >2 m

Shrubland 3 10 Open Quercus ilex stand with maquis <2 m

Shrubland 4 11 Maquis with shrubs from 0.6 m to 4 m

Grassland 12 Herbaceous and pasture

Urban area 13 Urban area

also known as “fuel models” [26, 27]. A fuel model has been
defined as “an identifiable association of fuel elements of
distinctive species, form, size, arrangement, and continuity
that will exhibit characteristic fire behavior under defined
burning conditions” [28]. The most well-known fuel model
is the Northern Forest Fire Laboratory system [29] that was
developed for North-American vegetation. In our case, we
specifically developed a new fuel type classification system to
better represent the fuel characteristic of the Mediterranean
ecosystems for Corsica. Other studies showed that custom
fuel models provide more realistic prediction than using
standard fuel model for existing fire simulator like Farsite
[30]. Our classification is derived from the National Forest
Inventory (IFN, http://www.ifn.fr/spip/) that was modified
to aggregate vegetations exhibiting a similar response in
wildfire in terms of propagation and intensity (Table 1).
However IFN does not differentiate maquis of different
height and density. As a first stage, we have thus kept one
fuel type for maquis although two shrublands complexes
should be considered in future: a medium height maquis for
shrubs between 0.6 m and 2 m and a tall maquis for shrubs
between 2 m and 4 m. For the simulations of the case studies
of Favone and Suartone fires, the physical characteristics of
local fuel-bed maquis were determined (surface to volume
ratio of particles, fuel height, heat content, etc.) from field
measurements in order to be as realistic as possible.

Because not all biomass burns the same way, a fuel
model is generally discriminated by size class and dead/live
condition. But the fuel models may be different according
to the fire model being employed for the same fuel type.
For instance, in the USA, the fuel model concept was
developed as a way to accommodate the input requirements
of Rothermel’s fire spread model [27]. In our case, the
input fuel properties have to meet the requirements of the
model of surface fire given in the second section. We need
to consider the 1 hr [27] size class, herbaceous, litters, and
thin live particles. However, properties for other size classes
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Table 2: Fuel parameters for Favone and Suartone fire case studies.

Case study Variable Favone fire Suartone fire

Vegetation type Shrubland 2 Shrubland 4

Dominant species
Arbutus unedo Juniperus phoenicea

Erica arborea Juniperus oxycedrus

Height (m) Dd 2 2

Fuel load (Mg·ha−1)

1-h σd 3.92 3.92

10-h Not used 3.92 3.92

100-h Not used 2.02 2.02

Litter σd 5.00 —

Cured herbaceous σd — 0.4

Live leaves σl 17.9 17.9

Surface to volume ratio (m−1)

1-h sd 5544 10200

Cured herbaceous sd — 10000

Litter sd 5544 —

Live leaves sl 4766 10200

Dead heat content (kJ·kg−1) ΔH 18620 18620

Live heat content (kJ·kg−1) Not used 19735 21173

Fuel moisture content on dry basis %

1-h md 8 8

Cured herbaceous md — 8

Litter md 8 −
Live leaves ml 100 39

Specific heat content (J·kg−1·K−1) cpd 1900 1900

Fuel density (kg·m−3) ρd 720 750

(10-hr, 100-hr) are also provided hereafter for generality.
Concerning all classes, the dry weight of fuel per unit area
(kg·m−2) is a required quantity. However, the behavior of
a fire depends not only on the quantity of fuel available
to burn but also on other structural properties of the
fuel complex. The structural arrangement of fuel particles
within a fuel complex is essentially defined by the packing
ratio and the height of the vegetation. Then, for each
fuel class, the following physical, chemical, and thermal
characteristics have to be determined: density, surface area-
to-volume ratio, moisture content the day of the fire, low
heating value, and specific heat content. Table 2 gives the
input variables used for the shrublands corresponding to the
Favone and Suartone case studies. The name of each variable
is recalled (see the model overview in Section 2.1 and
detailed presentation in appendix). These fuel models were
built based on local measurement (vegetation species and
height), laboratory measurement (density, surface to volume
ratio, heat content, and specific heat content) and using
data from previous studies conducted in North Sardinia on
similar vegetation types for fuel load [30]. The moisture
content of 1-h dead fuel was obtained from the literature
data [30], while the moisture content of thin live particles
was obtained from field measurements the day of the fire.
In the simulation, we considered that the burned areas were
solely covered by shrubland, since it was the main fuel type
present on both sites (see Section 3).

It should be mentioned that the load of fine dead fuel is
the sum of the 1-h fuel load, the litter loads and the load of
the cured herbaceous. The values considered for the surface
to volume ratio of fine dead fuels were 5544 m−1 for Favone
fire and 10000 m−1 for Suartone fire.

5. Results and Discussion

As described in Section 3, for both case studies, fire fighters
did suppression attacks only on the flanks of the fires and not
on the head of the fires. The idea was to push the fires towards
the sea. Although these attacks efficiently allowed protecting
resorts and residential areas, they did not alter the rates of
spread of the head fire. Obviously, the suppression attacks
on the flanks allowed both fires not to enlarge drastically.
But the main spreading was driven by the wind and was not
modified by suppression attacks. Thus, we ran the simulation
without taking into account the effect of the fire fighters on
the fires. For both fires, studied areas are complex terrains
typical of Corsica that modify the local wind direction. This
is the reason why wind maps were calculated in order to
provide more accurate wind directions and speeds over the
landscape. The wind maps were obtained using a microscale
wind model [31] specifically developed for the wildland
fire community. The resolution of the wind maps is the
same as the digital elevation model: 50 m × 50 m. Figure 7
presents the wind fields for Suartone case study. The figure
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Figure 7: Wind fields for the case study of Suartone Fire.

clearly shows that the complexity of the terrain greatly affects
the local wind that is modified in velocity and direction
according to the local topography.

As detailed in Section 2, Forefire simulator is based on
discrete events, and it does not necessitate any time step. The
simulation were run with a quantum distance Δr = 8 m for
the fire front perimeter and a quantum distance Δq = 0.1 m
for the fire front advance. While thin details are taken into
account with this quantum, the calculation times are less
than 10 seconds and less than 30 seconds, respectively, for
Favone and Suartone case studies using a 1.8 GHz single
core processor with 200 MO of RAM. Concerning the fuel
models (see Table 2), we have aggregated the 1-h fuel class
and the litter to model the fine dead particles (less than
6 mm in diameter) for the simulation of Favone case study.
To simulate Suartone fire, since the grass was fully cured,
we have aggregated the 1-h fuel class and the grass in the
fine dead particles. As mentioned in Section 3, we used
only shrubland types 2 and 4 for the simulations of the
case studies. The reasons are the following. Firstly, the
vegetation type shrubland 2 (20 ha) represents 69% of the
burned area of Favone fire (29 ha), and the vegetation types
shrubland 2 (104 ha) and shrubland 4 (285 ha) represent
85% of the burned area of Suartone fire (456 ha). Thus, the
fires behavior was mainly imposed by these vegetations that
cover the great part of the domains. Secondly, we have not yet
acquired the input data (see Table 2) for the other vegetation
types (shrubland 1 and Oakland 1) that were present in
the burned areas (see Section 3). Since Corsican vegetation
is very dense due to the rainfall in spring and fall, other
fuel models like those given in [26] are not appropriate to
model shrubland 1 and Oakland 1. Simulation results and
observations are presented in Figures 8 and 9, respectively,
for Favone and Suartone fire. Concerning Favone case study,
the simulation was started at 15h00 at the estimated ignition
point and stopped at 16h15. In Figure 8, the simulated fire
perimeters are plotted for a time interval of 10 minutes. We
can see that both observed and simulated time of advance
is in general agreement even if the simulated fire is slightly
faster than actual fire (about 10 minutes). Although no
observed intermediate fire perimeters are available, some

Figure 8: Simulated and observed intermediate time of fire advance
for Favone fire with final observed perimeter and calculated wind
field in black (Points A, B, and C correspond to the observed times).

Figure 9: Simulated intermediate fire perimeters obtained with
a nonconstant wind and observed final perimeter in black for
Suartone fire.

pictures and observation confirmed that the actual fire
had also a narrow head shape under downslope and wind
driven conditions as predicted by the simulation. The final
simulated and observed fire perimeters are also in general
agreement. We can observe, however, that the simulated
contour is larger than the observed one particularly at the
rear and along the flanks. The reasons are the following:
concerning the flanks and the rear, the firefighter attacks were
not simulated; furthermore, as shown in Figures 4(a) and
4(b), at the rear, the maquis was cleared and the vegetation
was removed. The fuel map was not modified to carry out
this local effect. Another reason might be a cooling effect of
the wind on the fuel that is not taken into account by the fire
model for counter flow fires.

Concerning Suartone fire (Figure 9), we also notice that
the final simulated contour is larger than the observed one
particularly at the rear and along the flanks. Since this fire
was driven by a strong wind, we can thus conclude that
the fire model needs some improvement for backing fires.
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However, for the rest of the prediction, the simulated results
are in general agreement with the observation. In Figure 9,
the simulated fire perimeters are plotted for a time interval of
20 minutes. We also observe that the fire regimes described
in Section 2 are predicted by the simulation. Indeed, the
acceleration of the fire under slope condition and its slowing
down near Suartone village are clearly displayed by the
intermediate fire perimeters.

The sensitivity of the simulator to fuel models and
wind was also studied. Figure 10 displays the simulated
results for constant wind (25 km h−1, 290◦). The comparison
with Figure 9 corresponding to the simulation using a
nonconstant wind field clearly exhibits that the local effects
due to topography that accelerate or slow down the wind
have a great influence on the rate of spread (see, e.g., time
17h20 and 18h00 in Figures 9 and 10). We can see that the fire
perimeters distortions due to these local effects are different
when the local wind (speed and direction) is different from
the constant wind. These results are important in terms of
fire hazard, since an increase in rate of spread leads to an
increase in fire intensity hence in radiant heat flux and in
acceptable safety distance.

Figure 11 displays the simulated results for a nonconstant
wind field and using Anderson fuel model shrubland FM4
[26] instead of shrubland 4. The main difference between
shrubland 4 type and FM4 concerns the fuel loads and
surface to volume ratios. For FM4, the 1-h fuel load and
the woody fuel load were both 11.3 Mg·ha−1. The surface to
volume ratio of these two classes was, respectively, 6500 m−1

and 4900 m−1. For FM4, the 1-h fuel load is more than twice
the one of shrubland 4. Figures 10 and 9 show that the
best performance was obtained with simulation performed
using our fuel model that is more suitable for Mediterranean
vegetation. FM4 is not appropriate, because it induces an
overestimation of the rate of spread (twice the rate of spread
using our custom model).

6. Conclusion

In this paper, two wildland fire behaviour case studies were
reconstructed to test the performances of a physical model
of fire spread coupled with Forefire simulator. Fuel models
were developed to consider typical shrubland vegetation for
these Mediterranean areas. The asynchronous front tracking
method used to propagate the fire front allowed simulating
both case studies with a computational time significantly
lower than real time (about 30 s simulation for 4 hours
of spreading). Such simulation times opens the way for
new practices in wildfire simulation, where many fighting
scenarios can be tested in a short amount of time and many
virtual fires can be started from a large number of possible
ignition points. Simulated results were in good agreements
with observation for the fire perimeter and the rates of spread
in both case studies. The sensitivity of the model to wind field
and fuel models was studied. It was shown that custom fuel
models improve the coherency of the simulation. These fuel
models are characterized by a higher live to dead fuel ratio, in
comparison with the standard fuel model FM4 of Anderson
[26]. Local wind field data increase the performance of the

Figure 10: Simulated intermediate fire perimeters obtained with a
constant wind (25 km h−1, 290◦) and observed final perimeter in
black for Suartone fire.

Figure 11: Simulated intermediate fire perimeters obtained with a
non constant wind and Anderson [26] fuel model FM4 for Suartone
fire. Observed final perimeter is in black.

simulation by depicting the local increase in rate of spread.
However, two case studies are not sufficient to validate the
simulator. Information derived from databases of actual fires
that occurred in Mediterranean areas will be used to provide
an extensive calibration and validation of the simulator.
Enhancements of the simulation system are planned in order
to model the cooling effect of the wind during counterflow
fires and to take into account the effects of the relative
humidity on the fire dynamics during the night.

Appendix

A. Detailed Presentation of the Fire Model

This appendix presents the derivation of (1) to (4d). Since
the details of this derivation were already provided in [12],
only the most relevant steps are given.

A.1. Derivation of (1), (3a), (4a), and (4b). Equation (1) was
derived from the mass balance and from the composition of
the velocity in the flame.
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Mass Balance . Along one meter of a fire front without wind,
the flow rate of pyrolysis gases is given by Lσ̇d, where L is
the fire front depth (see Figure 1) and σ̇d is the mass loss
rate. Assuming that the air enters the flame according to the
stoichiometric proportion st , it leads to a flow rate stLσ̇d. The
mass flow rate at mid-height of the flame is given by

ρ f
L

2
�u · �N = ρ f

L

2
cosαu, (A.1)

where ρ f is the density of the flame gases, �u is the upward

velocity into the flame, α is the slope angle, and �N is the
normal to the ground (see Figure 1). The mass balance gives

ρ f
L

2
cosαu = Lσ̇d + stLσ̇d. (A.2)

This expression yields to

u = u0

cosα
, (A.3)

with

u0 = 2(st + 1)
ρ f

σ̇d, (A.4)

where u0 stands for the upward velocity of the combustion
gases for no slope.

By using the quasi-isobaric assumption for the flame
gases,

ρ f T f = ρaTa, (A.5)

and the Anderson [23] model for the residence time of fine
dead particles, τ,

τ = τ0/sd, (A.6)

with τ0 = 75590 s·m−1 and sd the surface to volume ratio of
the dead fuel, (A.4) becomes (3a) with (4a) and (4b), where
Dd is the depth of the vegetation and βd is the packing ratio of
the fuel. The coefficient υ indicates whether all the vegetation
is burning (υ = sdDdβd/4) or a height corresponding to the
optical length (υ = 1).

Velocity Composition and Flame Tilt Angle. We assume that
the tilt of the flame is given by the composition of the
previous calculated upward velocity �u and the wind field

velocity �U . Thus, the gas velocity in the flame is given by
�V = �U + �u, and the normal component of the velocity field
that tilts the flame (see Figure 1) is given by

�Vnormal = U cosψ�n + u
(

cosα�N + sinα cosφ�n
)

, (A.7)

where �n is the unit vector normal to the fire front, φ is the
angle between the unit vector normal to the fire front and the
unit ground slope vector, and ψ is the angle between the unit
vector normal to the fire front and the wind velocity vector,
�U see [12].The resulting tilt angle is given by

tan γ = u sinα cosφ +U cosψ
u cosα

, (A.8)

that is, (1).

A.2. Derivation of (4d). Equation (4d) was derived from the
thermal balance written for one meter of the flame front

ρ f cpau
L

2
Tf cosα = (st + 1)Lcpaσ̇dTa +

(
1− χ0

)
Q, (A.9)

where cpg is the specific heat content of air at 1273 K, χ0

represents the radiant fraction of the rate of heat released
within the flame Q, and Ta is the ambient temperature.
Substituting (A.2) in (A.9) and using Q = ΔHLσ̇d, where
ΔH is the net heat of combustion of the gases, we obtain the
flame temperature; (see (4d)).

A.3. Derivation of (2), (2a), (2b), (3b), (3c), and (4c) Thermal
Balance in the Unburned Fuel. Equations (2), (2a), and
(2b) were derived from the thermal balance written in the
unburned fuel ahead of the flame front

σdcpd
dTd
dt

= φB + υφF − Δh
dσH2O

dt
, (A.10)

where φB and φF represent, respectively, the radiant heat
flux incoming from the embers and from the flame, σd is
the fuel load, cpd is the specific heat content of the fuel, Δh
is the latent heat of vaporization of water (Δh = 2.25 ×
103 kJ/kg), and σH2O represents the water load. The fraction
of the flame radiation absorbed by the fuel is denoted by
υ (see Section A.1). Let δ be the optical length through the
vegetation given by δ = 4/(sdβd), and the integration of
(A.10) gives:

Rσd
[
cpd
(
Tig − Ta

)
+mdΔh

]
=
∫ δ

0
φBdx + υ

∫ � sin γ

0
φFdx,

(A.11)

where Tig is the temperature of ignition, md is the fuel
moisture content on dry basis, � is the flame length, and R is
the rate of spread. The submodels for radiation φB and φF are
detailed in [12] and are not provided here. After integration,
we obtain ∫ δ

0
φBdx = BT4

BDd, (A.12)

∫ � sin γ

0
φFdx =

ε f

2
BT4

f �
(
1 + sin γ − cos γ

)
, (A.13)

where B is the Stefan-Boltzman constant, TB is the temper-
ature of embers, and ε f is the flame emissivity. Equation
(A.11) gives

R = Dd

σd

BT4
B(

cpdΔT +mdΔh
) + υ

ε f BT
4
f �
(
1 + sin γ − cos γ

)
2σd

(
cpdΔT +mdΔh

) ,

(A.14)

where ΔT = Tig − Ta. This equation can thus be written as
(2) with (2a) and

RF = υ
ε f BT

4
f �
(
1 + sin γ − cos γ

)
2σd

(
cpdΔT +mdΔh

) . (A.15)
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We will now modify relation (A.15) in order to show that it
corresponds to (2b). First, since half the flame is radiating
towards the unburned fuel, we can write that

ε f BT
4
f � =

χ

2
Q = χ

2
ΔHσ̇dL. (A.16)

Since σ̇ = σ/τ and L = Rτ, (A.16) becomes

ε f BT
4
f � =

χ

2
ΔHσdR. (A.17)

Substituting (A.17) into (A.15) leads to

RF = υ
χΔH

4
(
cpdΔT +mdΔh

)R(1 + sin γ − cos γ
)
. (A.18)

McCaffrey’s correlation [32] indicates that the radiant frac-
tion is constant as long as the flame remains relatively thin
and then decreases slowly with an increasing flame thickness.
This assumption was used in [12] and led to the following
relationship for χ to establish its variation with the surface to
volume ratio of the flame

χ = χ0

1 +
(
R cos γ

)
/r0

, (A.19)

with (3b) and χ0 = 0.3 [33].
Substituting (A.19) in (A.18) leads to

RF = υ
χ0ΔH

4
(
cpdΔT +mdΔh

)R1 + sin γ − cos γ
1 +

(
R cos γ

)
/r0

, (A.20)

which becomes (2b) with (3c) and (4c), and r00 was
determined by fitting the predicted and observed rate of
spread for several test fires conducted across different fuel
and fuel loads. We obtained r00 = 2.5 × 10−5 m · s−1. r00

that can be considered as the only empirical parameters of
the model.

Nomenclature

A0: Function of variables
B: Stefan-Boltzman constant
cp: Specific heat
D: Depth of the vegetation
l: Flame length
L: Fire front depth
m: Moisture content on dry basis
�n: Unit vector normal to the fire front
�N : Unit vector normal to the ground
r00: Empirical constant
Q: Rate of heat released within the flame
R: Rate of spread of the fire front
RB: Contributions on rate of spread due

to embers
RF : Contributions on rate of spread due to

the flame

s: Surface to volume ratio of particles
st : Stoichiometric mass based air/fuel ratio
T : Temperature
�u: Upward velocity vector in the flame

without wind
u0: Value of the upward velocity in the flame

without wind and without slope
u00: Function of variables
�U : Wind velocity
�V : Composition of wind velocity and upward

velocity in the flame.

Greek Symbols

α: Slope angle
β: Packing ratio of the vegetation
χ: Function of variables
χ0: Radiant fraction of the rate of heat release

within the flame
δ: Optical length
ε: Emissivity
φ: Angle between the unit vector normal to the

fire front and the unit ground slope vector
φB: Radiant heat flux incoming from the embers
φF : Radiant heat flux incoming from the flame
γ: Flame tilt angle
ρ: Density
σ : Load
τ: Residence time of fine dead particles
τ0: Empirical constant
υ: Fraction of the vegetation height involved

in fire
ψ: Angle between the unit vector normal to the

fire front and the wind velocity vector
ΔH : Net heat of combustion
Δh: Latent heat of vaporization of water

2.25× 103 kJ/kg
ΔT : Tig − Ta.

Subscripts

a: ambient air
B: Embers
d: Dead fuel
f : Flame
ig: Ignition.
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Simulating interaction between forest fire and atmospheric processes requires a highly detailed and computationally intensive
model. Processing this type of simulations in wildland fires forbids combustion-based models due to the large amount of fuels
to be simulated in terms of quantity and diversity. In this paper, we propose an approach that couples a fire area simulator to
a mesoscale weather numerical model in order to simulate local fire/atmosphere interaction. Five idealized simulation cases are
analysed showing strong interaction between topography and the fire front induced wind, interactions that could not be simulated
in noncoupled simulations. The same approach applied to a real-case scenario also shows results that are qualitatively comparable
to the observed case. All these results were obtained in less than a day of calculation on a dual processor computer, leaving room
for improvement in grid resolution that is currently limited to fifty meter.

1. Introduction

Wildland fires are influenced by many physical processes,
from which several of them directly stem from the atmo-
sphere behaviour such as wind or humidity, showing a direct
influence of the atmosphere on the fire. Feedback from the
fire to the atmosphere has been studied and observed since
the fifties [1], and several attempts to model and simulate
fire-atmosphere interaction have been successful since then.

Among the most recent numerical studies of fire/atmo-
sphere interaction, Mell et al. [2] have obtained with the
wildland-urban interface fire dynamics simulator (WFDS)
model a good correspondence between numerical results and
real prescribed burning experiment of Australian grassland
Cheney and Gould [3]. Similar numerical results were
obtained by Linn et al. [4] using the HIGRAD/FIRETEC
model performing several numerical investigations with
different topography and wind conditions, but, unlike Mell
et al. [2], no comparison to actual burns were made in these
academic cases. These models focus on the processes of solid
fuel pyrolysis, heat transfer, gas phase combustion, and local

fire-atmosphere interaction that are essential to the physical
mechanisms involves in fire spread. Nevertheless simulating
these interactions at the scale of their appearance (i.e., the
combustion scale) requires a highly detailed and computa-
tionally intensive model that is nowadays not reachable for
actual wildland fires. Moreover, it is rarely possible to gather
sufficient data to initiate a simulation at the level of detail
required for such simulations.

On other hand, less physically detailed models based on
the fire area simulator, such as FARSITE, are of a prime
interest to the people who fight wildfires, and taking into
account more of these coupled physical effects may permit
to enhance the accuracy of such models.

The proposed approach has been developed to enable
numerical fire/atmosphere coupling between available me-
soscale atmospheric models (WRF, Meso-NH, etc.) with the
family of fire area simulators. Numerical fire/atmosphere
coupling has already undergone numerous studies, starting
from the static fire simulations of [5] to more recent works
where a simplified model of Rothermel type [6] fire spread is
coupled with the so-called Clark-Hall atmospheric model [7]
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or the WRF mesoscale model [8]. While efforts at simulating
coupled effects were fruitful even at the scale of large fires
(several square kilometres), the use of Rothermel model
may be subject to caution as effects of wind and slope
on the rate of spread are expressed through coefficients
that are experimentally fitted to wind values and usually
uncorrelated. Moreover, the wind input into a fire area
simulator, such as the Rothermel model, when used in a
current operational setting, is almost always a near-surface
single (temporal and spatial) mean wind provided by either
a weather observing station (often hundreds of kms away
from the fire) or predicted by a weather forecast model
with resolution on the tens-of-kilometer scale at best. The
operational forecast for surface fire propagation is, therefore,
based on an input wind as if the fire was not here, that is,
no local heterogeneous change in the wind field and fire
behaviour due to the fire/atmosphere coupling can be taken
into account.

In an effort to tackle these problems, a fire area simulator,
named ForeFire, based on the propagation speed model of
Balbi et al. [9] has been developed. In order to investigate
fire/atmosphere coupling while aiming for operational Fore-
Fire simulation code, it has been coupled with the Meso-NH
model [10]. In an approach similar to Clark et al. [7], the
mesoscale atmospheric model is coupled to a reduced front
tracking wildfire model. This setup allows investigations on
the differences induced by the atmospheric feedback in terms
of propagation speed and behaviour. The main originalities
of this combination resides in the fact that Meso-NH is run
in a Large Eddy Simulation (LES) configuration and that the
rate of spread model used in ForeFire provides a physical
formulation to take into account effect of wind and slope.

2. Numerical Models and Coupling Method

In order to numerically couple the atmospheric and fire
models, one has first to determine the physical phenomena
responsible for the actual coupling.

Modelling the effects of the atmosphere on the fire
(influence of the wind, humidity, etc.) represents a complex
topic and has undergone a lot of studies. Modelling such a
strong nonlinear dependence (moreover when slope is taken
into account) has forced operational fire simulators such
as Farsite to consider really simple models (usually, it is
assumed that propagation velocity is linear with respect to
the wind velocity normal to the front). This influence was
also a challenge even for nonoperational research-oriented
fire simulators fire simulators like FIRETEC or WFDS. In our
case, these phenomena are embodied in the theoretical (and
physicallybased) model of Balbi et al. [9] for the propagation
speed that is presented hereafter.

Concerning the feedback from the fire on the atmo-
sphere, one should take into account several phenomena
such as heat transfer by means of convective heating and
radiation and modification of the roughness of the canopy.
In this first attempt to investigate the numerical coupling of
both models solely energy fluxes from the fire front are taken
into account as atmospheric model boundary conditions.

Still, the fire spatial scales are usually much lowers than the
scale of resolution of the atmospheric (typically the order
of hundreds-of-meter in our simulations). Thus, the front
tracking method used to simulate the fire front needs a
higher resolution than the atmospheric model.

2.1. Fire Propagation Model and Simulator. The rate of spread
(ROS) model for the fire front (see, [9]) is based on the
assumption that the flame is acting lake a tilted radiant panel
heating the vegetation in front of it. It provides an analytical
formulation of the propagation speed accounting for slope,
wind speed, and fuel parameters effects. It belongs to the
family of Rothermel-like models in the sense that the fire
behaviour is only described by the mean of the propagation
velocity of the fire front. Although more complete than the
Rothermel formulation, several physical assumptions on the
flow are made in order to derive the rate of spread R in order
to provide a computationally reachable for operational-use
fire area simulator (unlike models solving the full Navier-
Stokes equations like WFDS or FIRETEC).

Readers are referred to Balbi et al. [9] for full derivation
of the model. For self-consistency, we will review here the
major assumptions.

(i) Shape of the flame is assumed triangle with the base
size on the ground given by the depth of the front in
the normal direction.

(ii) Velocity in the flame is the geometric sum of the wind
at the flame location and the buoyancy velocity.

(iii) Pre-heating is only induced by radiation (no heat
convection).

(iv) Input air flow in the flame is supposed stoichiomet-
ric.

(v) Degradation kinetic is constant over time; that is,
heat release from a flaming fuel is constant over the
burning time RT .

(vi) Propagation is normal to the existing front.

In the end, the model for the propagation speed of the
front R can be summarized in

R = R0 + A
R

1 + (R/r0) cos γ

(
1 + sin γ − cos γ

)
, (1)

with R0 the propagation speed in case of null wind and no
slope (to be measured) and a the radiant coefficient.

The flame tilt angle relative to the ground normal γ
(which includes wind U , buoyancy effect u0 and slope α) is
given by

tan γ = tanα +
U

u0
. (2)

Model parameters are either fitted, or can be deduced
from fuel properties (see, Balbi et al. [9]). Given this velocity
in supposedly each point of the fire front, a Lagrangian front
tracking method is used for simulating the evolution of the
fire front and, by the means of historical fronts, also the
evolution of the burning area.
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ForeFire [11] simulation code uses the velocity model in
order to integrate the front surface over time using a front
tracking method. In this Lagrangian method, the fire front
line is decomposed into a set of connected points or markers.
According to the configuration of the two neighbouring
markers, each marker is affected with a normal vector to
the front pointing to the unburned material, as shown in
Figure 1. As the front shape is represented as a polygon, the
normal vector is approximated as the bisector angle. The
front is propagating towards the outside of the polygon (in
white in Figure 1), while markers are linked in the clockwise
direction.

The velocity of each marker is given by the rate of spread
model of Balbi et al. [9] and the direction that coincides with
the normal to the fire front. This method has been selected
due to its computational efficiency, and the ability to simulate
the propagation of an interface at high resolution (less than
one meter) needed to take into account different vegetations,
roads, houses, and fire breaks over a large area typical of a
wildfire accident (hundreds of square kilometres). Indeed,
by advecting the markers by less than one meter at each
step, the fuels seen by the markers can be spatially fine-
grained so as to have nonburnable areas such as roads
or fire breaks. To estimate if a fire can or cannot pass a
nonburnable area, fuel parameters are checked ahead of all
fire marker along its normal at a distance equal to the front
thickness.

The fire front thickness is constructed by looking into
the history of the fronts. Each marker has a “parent” marker,
and each parent keep in memory the time of ignition. With
a simple tracing back of the parents till one is found to be
completely burned (the current time is superior to the sum
of the ignition time and the burning time τ), one can find the
rear of the fire area and thus the thickness of the fire front. It
should be noted that this calculation of the front thickness is
only an approximation of the theoretical front thickness in
the direction of the normal needed in Balbi et al. [9], but
allows for highly nonstationary effects when the fire front
crosses discontinuities (in fuels, humidity, or topography, for
example).

2.2. Meso-NH Atmospheric Model. Meso-NH is an anelas-
tic nonhydrostatic mesoscale model [10] intended to be
applicable to all scales ranging from large (synoptic) scales
to small (large eddy) scales and can be coupled with an
online atmospheric chemistry module. For the fire coupling
application, Meso-NH is run in large eddy simulation con-
figuration (Δx ≤ 50 m) mode without chemistry. Turbulence
parameterization is based on a 1.5-order closure [12], with a
prognostic equation for turbulent kinetic energy in 3D. We
selected open boundary condition for all tests. Momentum
variables are advected with a centered 4th order scheme,
while scalar and other meteorological variables are advected
with a so-called monotonic piecewise parabolic method
[13]. The externalised surface module SURFEX (aimed at
providing physicallybased boundary conditions to Meso-
NH at ground level) is used for the fire feedback in the
simulation.

Pl

Po

Pr

(a)

Pr
Po

Pl

(b)

Figure 1: Front tracking and markers. Circles represent markers
along the firefront line. Arrows show the propagation vector (bisec-
tor of the local angle at the marker P0 between the point at left, Pl ,
and point at right, Pr). Grey area represents the burned fuel.

Δy

Δx

Sb : burning area

Sc : cell area

Figure 2: Integration of burning area. Red shape represents the fire
front. Integration is performed on each atmospheric cell to compute
the ratio of the burning area over the cell area.

2.3. Coupling Atmospheric and Wildfire Model. Finally, a spe-
cifically designed coupling component performs the simula-
tion synchronisation, the data transformation, and interpo-
lation.

The wildfire model acts in the atmospheric model as a
new boundary condition, that is, injecting a heat flux Qe

(W·m−2), a water vapour flux Wve (kg·m−2), and a radiant
temperature Te (K). Polygon clipping is used to derive the
burning surface of an atmospheric cell (noted Sb) over the
total cell area noted Sc (ΔxΔy) (Figure 2). The burning ratio
for each atmospheric grid cell is noted Rb = Sb/Sc.

As only a portion of the cell is burning, an equivalent
radiant temperature for the whole cell is averaged from a
nominal flame temperature (Tn) and the soil temperature
from the atmospheric model (Ts). Te is given by

Te = 4
√

(1− Rb)T4
s + RbT4

n . (3)

Equivalent heat fluxes corresponding to the energy of the hot
gaseous column over an atmospheric cell is approximated
from a nominal convective heat flux (Qn) with Qe = RbQn.
Finally, equivalent water vapour fluxes, representing the
amount of water vapour evaporated from the vegetation is
interpolated over an atmospheric cell from nominal water
vapour content (Wvn) with Wve = RbWvn.

Tn is a fuel model parameter between 950 and 1100 K
experimentally measured and different for oil/resin/lignin
rich vegetation, and for all experiments, it has been set to
1000 K. Ts is the day temperature at the ground level. Wvn, is
taken as the water content of the fuel per unit area.

The operation is performed for all atmospheric grid
cells at ground level, that is, constructing three matrices
that are passed to the atmospheric model as additional
boundary conditions at the beginning of each time step of
the atmospheric model.
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Table 1: Experimental parameters, with A: Radiant factor, R0: rate of spread without wind and slope, r0 flame thickness speed factor, u0:
flame gas velocity, RT : fire residence time, Qn: nominal heat flux, Wvn: nominal water vapor flux, and Tn: nominal radiant temperature.

A R0 r0 u0 RT Qn Wvn Tn

1.5 0.1 m·s−1 0.01 m·s−1 5 m·s−1 30 s 250 kW·m−2 0.1 kg·m−2·s−1 1000 K

Concerning the effect of the atmosphere on the fire
propagation, wind is interpolated in space using a bi-
cubic method at the very location of the markers and in
time by assuming the values of the wind, humidity, and
all atmospheric variables to be constant throughout the
atmospheric time step. All atmospheric model values are
approximated from the first atmospheric level. Slope angle in
the fire propagation direction is estimated from the elevation
difference between the elevation at the fire marker and
the elevation at the location projected after the estimated
burning time RT . Each elevation is also obtained a bicubic
interpolation method.

3. Idealised Experimental Setup

In order to evaluate the ability of the proposed coupling
approach and estimate the coupled influences of topography
and wind on fire spread, five tests were run corresponding
to a partial set of configurations proposed by Linn et al.
[14] and solved by the same authors using fire spread
model designed for smaller scales than the one presented
here, thus making these simulations a reference for models
designed for large wildfires. It should be pointed out that the
configurations of Linn et al. [14] are idealized and were not
compared to actual field observations. Given the paucity of
observations in real-case scenario, the only available method
of evaluation of models like MNH/ForeFire is the direct
comparison with “reference” simulations such as the ones
carried by Linn et al. [14].

The domain size is set to 640∗320∗500 m for all cases
and discretized for the atmospheric model with a Cartesian
grid whose parameters are a horizontal spacing of 16 m (in
both direction of the ground) and an average vertical spacing
of 20 m. Boundary conditions were taken as open boundary
conditions.

Base functions used to create the different topographies
are taken from Linn et al. [14], which functions are used
to create an idealized flat, canyon, hill ridge, and upcan
terrains. In these simulations, the vegetation was modelled
as a grass fuel bed with an inhomogeneous canopy with
details as fine as discrete trees. As this level of refinement is
not directly relevant to our propagation, model vegetation
in our simulations is assumed homogeneous in the domain
for all simulations. These values are based on mean values
deduced from experimental studies [15] which exhibited rate
of spread at flanks (relatively unaffected by wind or slope)
close to the ones simulated by Linn et al. [14]. This resulted
in an average dry fuel load of 7 kg·m−2 and parameters given
in Table 1.

Atmospheric model background wind field is exactly the
same for each case, with values of 6 m·s−1 constant in height.
Ignition line in all cases is set to a 60 by 8 meters fire line

located at the centre of the domain. A passive scalar tracer
with a distribution set to the burning ratio of each grid point
and for each atmospheric time step is used as a marker for
smoke injection.

Figures 3, 4, 5, 6, and 7 present the simulation results
for the flat, canyon, hill, ridge, and upcan cases 120 s
after ignition. In all the figures, the red indicates the fire
burning at the time of the snapshot, whereas the grey area
represents the same front in an “uncoupled” simulation. The
terms uncoupled stands for simulations without the two-
way coupling of the fire and atmosphere considered here;
that is, the atmospheric simulation is still performed, and
winds at the Lagrangian marker location are still given by
the interpolation of the atmospheric data. Slope is computed
equally in each case, and thus, the only difference between
the red and grey plots is taking into account the feedback of
the fire on the atmosphere (influence of the atmosphere on
the fire is modelled equally in both cases).

In the flat case (Figure 3(a)), the flow remains largely
unaffected behind the fire. The simulation reveals an area of
confluence ahead of the front with some recirculation that
is located at the base of the fire plume (Figure 3(b)). The
plume is relatively weak, affecting the flow to an altitude
of 60 m over ground. Overall flow speed does not greatly
differ from the original flow speed of 6 m·s−1. However,
local enhancement of the surface velocity due to the coupling
between the fire and the atmosphere leads to a greater ROS at
the head of the fire compared to the noncoupling case. This
effect can be attributed to the induced wind being taken into
account in the coupled simulation.

The canyon case (Figure 4) clearly enlightens the strong
influence of taking into account the coupling between fire
and atmosphere in the simulation of the fire dynamics.
In that case, the surface wind is strongly decreased in the
canyon by topographic effects. These effects are not fully
compensated by the increased slope, and we observe weaker
ROS than in the flat case. In such scenario, the induced wind
plays a major role in the dynamics of the fire spread, and the
use of a coupled model results in increased ROS and better
accounting of the physics.

With the same slope and same wind speed, the Hill
case (Figure 5) presents a slightly different behaviour. The
area of confluence is located here ahead of the fire front, so
the maximum wind speed are just over the fire head. The
resulting tilt angle results in a stronger ROS and a larger
burning injection area. The effects of considering a coupling
between the atmosphere and the fire are also of prime
importance in the prediction of the rate of spread. In the hill
case, the predictions issued by noncoupled simulations can
be as low as half the rate of spread predicted during coupled
simulations.
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Results for the ridge test case are presented in Figure 6.
The topographic effects results in a widening of the burning
area in the transverse direction of the wind due to slope
gradient in that direction. In this case, the effect of taking into
account the feedback from the fire on the atmosphere has less
drastically changed the propagation speed of the front but
still has a major influence on the depth of the fire front.

Results for the upcan test are shown in Figure 7. The
narrowing of the fire head compared to the ridge case is of
factor 3 in our case, whereas Linn et al. [14] results show a
factor around 2. But in this case, simulating with a coupled
approach provides much higher rates of spread than in the
noncoupled simulation, accounting for the strong induced
wind in the upcan.

Finally, Figure 8 presents for all cases the propagation
distance of the fire front in the wind direction for three
different types of simulations:

(i) results of Linn et al. [14] using FIRETEC, that is,
where the fire propagation is resolved using a fully-
resolving Navier-Stokes simulator,

(ii) results of ForeFire for uncoupled simulations, that is,
Rothermel-like propagation model with no feedback
from the fire on the atmosphere is accounted for,

(iii) results of ForeFire for coupled simulations, that is,
Rothermel-like propagation model with injection of
heat, vapour, and passive scalar.

One can relate directly relate the rate of spread to the
derivative of the propagation distance plotted in Figure 8,
and thus make comparison on the behaviour of each model.
As the FIRETEC simulations account for more physical
phenomena than our simulation, it is assumed that the
results of Linn et al. [14] represent the reference simulations.

Compared to FIRETEC results, uncoupled and coupled
simulations both show an underestimation of the rate of
spread in all cases. This is especially the case at the beginning
of the simulations when the propagation model used in
ForeFire is not able to capture the unsteady effects taking
place in the transition regime. Though the underestimation
can be partly imputed to the fuel properties which are
different in our simulations and those of Linn et al. [14],
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we decided not to change the parameters of the propagation
model in order to assess only the effect of considering a full
fire/atmosphere coupling.

Figure 8 shows that taking into account fire/atmosphere
coupling always improve the results in terms of propagation
distance. The term “improve” should be taken as “results
are in better agreement with the reference simulation of
FIRETEC”. These improvements are of two types.

On one hand, the flat ridge and canyon cases exhibit
only a quantitative improvement in the prediction of the
propagation distance. Indeed, no change in the behaviour of
the fire front is observed between uncoupled and coupled
simulations. This is best seen in the canyon and flat cases
where the propagation velocity tends to very low values
whereas FIRETEC simulations do not show that kind of
behaviour. These low values of rates of spread in our
simulations are the consequences of a narrowing of the
head front in our homogeneous ground-level vegetation,
whereas in FIRETEC simulations, it is supposed that the fire
propagates mainly in the crown.

On the other hand, in the hill and upcan cases, one
definitely needs a coupled simulation in order to obtain
subtle effects such as velocity enhancement by the fire
and be able to predict plausible rate of spread. In these
cases, simulations without fire/atmosphere coupling exhibit
a different behaviour from the coupled ones as the rate
of spread tends to very low values if uncoupled, whereas
coupled simulations show rates of spread similar to the ones
observed in Linn et al. [14].

While only comparing model to model, the level of
accuracy (and computational cost) of both models are
different and comparing results from a fire area simulator
coupled to an atmospheric model such as ForeFire/MNH to
a Navier-Stokes solver such as FIRETEC is once again a good
way of assessing our model’s results. As a consequence results
show that taking into account fire/atmosphere coupling
seems mandatory even in fire area simulator such as ForeFire.
The authors believe this is a promising way of improvement
of such simulators that should not be overlooked while fitting
a Rothermel-like propagation model.
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4. Real-Case Simulations

The aim of coupling a fire area simulator (with underlying
Rothermel-like model) to an atmospheric is to build a
computationally affordable numerical tool for operational
use while providing a frame for later improvements based
upon physics. We then performed simulations of the cou-
pled approach in two real-case scenarios (relatively well-
documented fires). These two fires occurred in the Corsican
region, thus facilitating access to fuel data available.

4.1. Simulations Setup. The coupled simulations were run on
a 2.5 km × 2.5 km × 1.5 km domain discretized on a 50 ×
50 × 30 mesh for the atmospheric model simulation (Δx =
Δy = Δz = 50 m). Topography is given by the BDTOPO
(IGN database) with a precision of 50 m. Vegetation is
extracted from the IFN database and classified between a
homogeneous Mediterranean Maquis where fuel is present
and nonburnable areas representing roads and buildings.

Both atmospheric conditions were initialized with radio
soundings taken from the Ajaccio station at mid-day on the
day of the fire (Figure 9).

Simulations were run on a Xeon 3.0 Ghz processor (4
cores) for which it approximately takes 4 hours of simulation
to obtain one hour of spreading in the real physical space.
In those simulations, the fire propagation accounts for less
than 5% of the total CPU time, and exact timing is difficult
to point because the front tracking algorithm consumption
depends of the number of markers in the simulation.

Vegetation in both simulations consisted of shrubs, sim-
ilar to the fuel model described in [15]. The only differences
with model parameters of Table 1 is the vegetation water
content, that is reflected by a larger R0, water vapor emission,
and a lower u0. For both cases, vegetation water content was
assumed to be similar, as it corresponds to three consecutive
days without rain, reaching ambient humidity (60% relative
air humidity in both cases) (Table 2).

Case 1 (Vazzio). The Vazzio fire occurred on the 16th of
October 2007 near. The fire ignited around 14:30 on a day
with stable and dry meteorological conditions, with a ground
temperature of 20 degrees. The radiosounding made at the
airport about three kilometers away at 12:00 gives a sustained
westerly wind of about 4 to 5 m·s−1 with gusts of about the
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Table 2: Experimental parameters, with A: Radiant factor, R0: rate of spread without wind and slope, r0 flame thickness speed factor, u0:
flame gas velocity, RT : fire residence time, Qn: nominal heat flux, Wvn: nominal water vapour, flux and Tn: nominal radiant temperature.

A R0 r0 u0 RT Qn Wvn Tn

1.5 0.12 m·s−1 0.01 m·s−1 4 m·s−1 30 s 250 kW·m−2 0.03 kg·m−2.s−1 1000 K

same magnitude. The wind changed direction during the
event, but as no radiosounding are available to account for
wind changes, the simulation was run with only the westerly
forcing wind. The fire experienced almost free propagation
till 15:40 and was finally stopped around 18:30 and was
fought mainly over the head of the front by air attack. It
burned up to 0.60 km2 of land with the burned area contour
reported in Figure 10.

Case 2 (Favone). The Favone fire occurred on the 8th of
July 2009 near the village of Favone (south east Cosica).
The fire was detected at 15:00 and experienced almost free
propagation till 16:30 under a sustained and whirling wind of
about 4 to 5 m·s−1. The fire was fought for protection along

its flanks, passed the road at 16:00 and arrived to the sea at
16:15. Total extinction of the fire was declared at 19:00, with
a total burning area of 25 ha. As in the Vazzio case, direct
comparison between simulations and observations are to be
handled with care as no fire fighting is taken into account in
simulations (taking the fire fighting into account is possible,
but information about fire fighting is scarce).

As for the first case, atmospheric conditions were stable
and dry with a ground temperature of about 27 degrees and
a west westerly wind of about 5 m·s−1.

4.2. Results and Discussion. For the selected fires, it was not
possible to gather specific quantitative measures over the
fire plume (such as plume height or smoke concentration at
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specific points); nevertheless, a qualitative analysis is possible
since some pictures were taken during those fires, thus
enabling some qualitative verification. As the goal of the
simulation is to be used as a decision support system, a
satisfying verification would be to compare the general aspect
of the plume as well as the modification of the wind field that
affects the front. For all simulations, smoke concentration
is given in unit·m−3 and corresponds to the passive scalar
tracer, with one unit being injected every second per mater
square. Wind is provided in m·s−1.

A general behavior observed in both cases is the separa-
tion of the plume in two distinct area, the first one (from the
front to about 500 meters) is the strong convective column
and a second one, more diffuse, where the atmospheric flow
is transporting the smoke into the atmosphere.

Results are in qualitative agreement with this behavior
in both cases (Figures 10 and 11). In Case 1, the first part
of the fire plume appears as a concentrated, opaque, and
thick area of smoke that becomes suddenly diffuse. In Case
2 (Figure 11), both parts are separated, with the upper part

changing direction while catching higher atmospheric winds.
Both changes in direction and shape are in accordance with
the tephigrams (Figure 9), where a ground atmospheric layer
of about 100 meters high can be observed as a faster drop in
temperature.

Another observation that can be made on Figure 11
(Case 2) is the initial separation of the plume into two
parts, one on each flank of the fire. From the picture, we
can note that the two flanks are generating two plumes
that are later rejoined just over the most active front of
the fire. Simulation well reproduced this behavior with the
same initial separation of the plume that are merging while
on top of the most active part of the front. While these
two convective columns appears to be clearly separated, it
is difficult to analyze and draw a picture of the flow along
the columns and distinguish clear contrarotative behavior as
simulation outputs at discrete time steps mainly represent
eddies moving along these columns.

Figure 12 shows a thick plume that is transported over
the sea with very little smoke reaching the shore. Similar
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behavior is observed in the simulation, with the front
arriving approximately at the same time over the road as a
thick, well-formed plume. Nevertheless, it appears that the
angle between the plume plane and the sea plane is not
well represented, but without knowing the exact time of the
picture or the time of ignition, it is not possible yet to use this
observation as a qualitative measure for the validation.

For all simulations, the structures of the simulated
plume are not as refined as in the real one, but this is
mainly due to the relatively low refinement of the grid
for the atmospheric simulation (50 m). Simulated direction
and height of the plume are similar to the observed ones.
Nevertheless, dispersion seems to be underestimated in
our simulation as the plume expansion is slightly lower
in the simulation. This drawback supposedly mainly stems
from the coupling fluxes injected by the fire simulation. As
explained earlier in this paper the forcing fluxes from the fire
are the heat flux, the flux of water vapor and the radiant
temperature. Thus, no turbulent kinetic energy is directly

injected in the atmospheric simulation, and thus, the fine
structures of characteristic length less than 50 m (observed
in the fire and assumed to contribute to the agitation of
the atmosphere) are not taken into account in the present
coupling.

Figures 13 and 14 present the intermediate and final front
shape for Cases 1 and 2. One major feature of the proposed
model is the ability to simulate topographic effects such as
fire confinement by crests. In Figure 12 (Case 1), we can
observe that the simulated contours reported in Figure 12
are in better agreement with the observations concerning the
north side of the fire front, where changing slope effects have
maintained the fire on one side of the hill. With a constant,
noncoupled wind field, the simulated front is passing over
the hill, which is less in accordance with the observed fire.

A major effect of the coupled wind field for Case 2
(Figure 14) is the acceleration near the ignition point. A
direct consequence of this wind acceleration is that the
backfire is propagating much slower, with a better accordance
with observation.

Nevertheless, a side effect of the wind acceleration near
the front in coupled simulation is to constrain the front on
the flanks. For both cases, it appears that coupled simulation
does underestimate the side propagation of the fire; it is
particularly true in the Favona fire (Case 2), as this fire
was fought on its flanks and is still underestimated by the
simulation.

Plotting the general surface wind field for both simu-
lations is not possible due to the fact that fields from the
coupled simulation are dynamic and constantly changing
during the simulation.

5. Conclusions

In order to be able to simulate subtle but nonetheless
important physical phenomena such as induced wind or
smoke dispersion, a coupled model has been developed
synchronising the MesoNH atmospheric model with the
physically based Lagrangian front tracking ForeFire wildfire
simulator. With a straightforward coupling method, the
atmospheric model is able to simulate the atmosphere
dynamic induced by the fire and the subsequent effects on
the RoS with meaningful results.

The five idealized scenarios allowed simulating induced
flow patterns similar to those observed from simulations
done by Linn et al. [14] with HIGRAD/FIRETEC. Transverse
topological effects seem to be of more importance in
our model as the widening/narrowing of the head fire is
significantly greater in our simulations. The main feature of
these simulations still remains that the fire head spread rate
in the wind direction exhibits similar behaviours to those
found by Linn et al. [14] in coupled simulations. The use
of such fire/atmosphere coupling is mandatory in two of the
five cases to retrieve behaviours similar to those simulated
with FIRETEC. Results show large improvements in the pre-
diction of the propagation distance along the wind direction
for all cases when using coupled models. Rates of spread are
still underestimated but show a much stronger qualitative
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agreement with the reference simulations. This behaviour
is of particular interest, as performing HIGRAD/FIRETEC
simulations of the flow and fire patterns over a com-
plex vegetation distribution with high resolution is nowa-
days computationally unreachable for large-scale wildland
fires.

The proposed coupled model was then applied to two
real-case scenarios and compared with observations. Model’s
behaviour is qualitatively similar to the real fire in simulating
the fire propagation in terms of plume behaviour, with
apparent plume similarities based on pictures taken the

day of the actual fire. Nevertheless, while the front velocity
formulation used in this study was not built to use input
wind “as the fire was not there”, it is still remains a rather
parametric model that must be enhanced.

The objective in this paper was to move from fire
area model with forced wind fields to coupled wind field
that could represent the local perturbations affecting fire
behaviour. As such, and considering the relatively small
computational time (few hours for a medium size fire on
a small cluster), these simulations seem to provide yet a good
insight in terms of plume behaviour and fire wind effect.
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Figure 13: Case 1: Simulations results and observations for the
Vazzio fire. Blue: simulated fire contour at 15:30 (after 1 h), Green:
simulated contour at 18:30, Yellow: Simulated contour at 18:30 (non
coupled); Red: final observed contour of the fire.

As a decision support tool, coupled simulation may help
to forecast plume size, transport dispersion and smoke con-
centration at the ground, information of prime importance
to protect the population, and anticipate the visibility loss for
the fire fighters and civil transport in general.

More work is now carried out on the forest fire propaga-
tion code in order to use a better, nonparametric, description
of fire fuels. Further enhancements are also planned to
perform simulation of large past fire and simulation with

Figure 14: Case 2: Simulations results and observations for the
Favone fire. Blue: simulated fire contour at 15:50 (after 50′′), Green:
simulated contour at 19:00, yellow: simulated contour at 19:00 (non
coupled); Red: final observed contour of the fire.

the online chemistry module of Meso-NH to investigate fire
smoke and particle transport and validation with LIDAR
measurements.
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This observational study documented the atmospheric environment of a prescribed fire conducted in a narrow valley when a small
fire whirl developed during a mesoscale wind reversal. Based on analysis of in situ meteorological measurements, it is hypothesized
that the fire whirl formed due to the presence of strong vertical wind shear caused by the interaction of a sea breeze front with a
weaker up-valley wind. Vorticity generated by the interaction of the wind shear and the fire front was estimated to be ∼0.2 s−1.
Peak turbulence kinetic energy was caused by the wind shear rather than the buoyancy generated by the fire front. It was also
found that the convective Froude number itself may not be sufficient for fire whirl prediction since it is less relevant to the near-
surface boundary-layer turbulence generated by environmental wind shear. Observations from this case study indicate that even
low-intensity prescribed fires can result in the formation of fire whirls due to mesoscale changes in the ambient atmospheric
environment.

1. Introduction

Wildland fire is a physical process that responds to variations
in fuels, topography, and weather. The complex interactions
between these can occasionally result in extreme fire behav-
ior. Extreme fire behavior defined by National Interagency
Fire Center implies a level of fire behavior characteristics that
would make a fire difficult to control and involves one or
more of the following: high rate of spread, prolific crowning
and/or spotting, presence of fire whirls, and a strong con-
vection column. Extreme fire behavior can result in compro-
mised fire fighter safety and increased danger to communi-
ties. One of the fascinating phenomena of extreme fire behav-
ior is fire whirls. Forthofer et al. [1] define fire whirls as verti-
cally oriented, rotating columns of air found in or near fires.
Fire whirls are often associated with extreme meteorological
conditions and fire-atmosphere interactions. Fire whirls can
transport fire far beyond the fire front, and they can also
spread flames vertically. Graham [2] observed a fire whirl
that became violent enough to break off trees at their bases.

Several environmental factors impact the formation of
fire whirls including vorticity, atmospheric stability, and to-
pography. Environmental vorticity can be produced in the

atmosphere by vertical wind shear forming eddies and
rotation of the surface air [3]. Umscheid et al. [4] observed
and photographed a large fire whirl that lasted for about
20 minutes and occurred during a slow moving cold front
where pre-existing environmental vertical vorticity inter-
acted with a wheat stubble field burn causing the fire whirl
development.

Atmospheric instability is a favorable condition for fire
whirl development because strong updrafts produced by an
unstable atmosphere itself can start fire whirls [3]. However,
Byram [5] points out that it is an entirely normal condition
for large fires to cause warmer air below cooler air and fire
whirls are only present where the atmosphere is in particular
unstable conditions and thus, there must be some conditions
other than instability by heating to cause their formation.

Fires on steep lee slopes present a favorable situation for
fire whirls to develop [1, 3]. Graham [6] observed 28 fire
whirls that formed in mountainous terrain and reported that
20 of the fire whirls formed on lee slopes. The ridge acts as an
obstruction to airflow, causing mechanically induced eddies
on the lee side. The lee side of the slope is an ideal location
for the convergence of the upslope flow of hot gases and the
cool opposing ambient wind crossing the ridge potentially
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leading to strong wind shear. An observation of a destructive
fire whirl by Pirsko et al. [7] suggests that channeled drainage
flows in steep canyons are conductive to turbulent winds.
Forthofer et al. [1] also suggested flow channeling in complex
terrain as a potential source of vorticity. The topographic
effects on the fire whirl formation are often mentioned as a
primary cause of fire whirls [6, 8].

In previous studies, a concentrating mechanism has
been suggested as a source of fire whirl formation [1, 3,
9, 10]. Buoyancy generated by the fire acts to converge
nearby ambient eddies and vorticity, triggering the fire whirl
formation. Tilting and stretching of horizontal vorticity most
likely occurs above the flaming front, since hot gasses from
the fire generate strong buoyant forcing. Occasionally, fire
whirls are observed downstream of fire plumes as depicted by
Fric and Roshko [11]. Clark et al. [12] describe the formation
of a near-surface convergence zone ahead of the fire line as a
result of the hydrostatic pressure gradient caused by the tilted
plume and air being drawn into the convection column. The
existence of the downwind convergence zone was verified by
Clements et al. [13] who measured the weak convergence of
winds ahead of the fire front using in situ tower measure-
ments during an intense grass fire that generated a large fire
whirl downstream of the fire front [14]. Additionally, Hanley
et al. [15] found that the arrival of a sea breeze front during
a wildfire resulted in a temporary increase in fire intensity as
a result of enhanced convergence and vertical motion which
could potentially lead to fire whirl formation.

There appears to be similarity in the conditions in
which fire whirls and dust devils form, such as atmospheric
instability and low-level wind shear. Smaller fire whirls are
also comparable in size to dust devils that typically range
from 6 to 60 m in diameter [16]. Bluestein et al. [17] used
a Doppler radar to measure the vorticity in a dust devil core.
They showed the measured vorticity was similar to that in
some tornadoes, but the maximum wind velocity of the dust
devils was much weaker. The main difference between fire
whirls and dust devils is that fire whirls maintain the rotating
column from buoyancy generated by the combustion of the
fire, whereas dust devils rely on the intense surface heating
from insolation as a source of potential energy.

While fire whirls have been observed during a number
of wildland fires, few observational studies have succeeded
in measuring both the in situ atmospheric environment
and fire behavior simultaneously, thus the understanding
of their dynamics is not well understood. In this paper,
observations made during the interaction of a valley wind
reversal and grass fire are explored to investigate the causes
of fire whirl formation. In addition, the convective Froude
number, ambient turbulence kinetic energy, and resulting
fire behavior are analyzed and compared with previous stud-
ies.

2. Experimental Design

2.1. Site Description. The observational campaign was con-
ducted during a vegetation management fire (prescribed
burn) conducted by Cal Fire (California Department of
Forestry and Fire Protection) on 7 October 2008 at Joseph D.

1500
Elevation (m)

750

500

250

50

1000

100

0

D
iablo

Range

0

SJC

SFO

1
2

3 4

California

Santa Clara
Valley

N

10 20
(km)

San
Francisco OAK

Figure 1: A map of San Francisco Bay Area to define the geo-
graphical locations of Joseph D. Grant County Park (box) and four
nearby RAWS stations ((1) Rose Peak (RSPC1), (2) Poverty (MIPC),
(3) Alum Rock (RJSC1), and (4) CDF portable 10 (TR098)). Major
airports are also indicated for reference, San Francisco (SFO),
Oakland (OAK), and San José (SJC) Elevation above mean sea level
(MSL) is shaded according to the scale.

Grant County Park. The park is located in the Diablo Range
approximately 6.5 km east of San José, California and 60 km
east of the Pacific Ocean (Figure 1). The experimental site
is located in the northwest-southeast oriented Hall’s Valley,
with a valley bottom elevation of 440 m MSL surrounded
by ridges that rise 660 m on the west and 830 m on the
east (Figure 2). The burn unit was 0.14 km2 (35 acres) in
size, with fuels dominated by a mixture of grasses including
Italian Rye (Lolium Multiflotun), Oat Grass (Avena Barbata),
Soft Brome (Bromus Hordeaceus), and Purple Needle Grass
(Nassella Pulchra). The soils were dry and fuels were fully
cured. The estimated fuel loading was 0.12 kg m−2 (0.5 tons
acre−1).

2.2. Background Meteorology. The synoptic conditions on the
day of the prescribed burn were warm and dry under the
influence of a building high-pressure ridge over the eastern
Pacific and a weak thermal trough in place over central Cali-
fornia. A shallow layer of stratus confined to Santa Clara Val-
ley below the ridge crests was observed early in the morning,
but the stratus did not fill into the Hall’s Valley site the pre-
vious night due to the topographic blocking. Nearby Remote
Automated Weather Station (RAWS) temperature data sup-
ports that the cool marine air remained below 500 m MSL
as indicated from the surrounding RAWS stations (Figure 3).
For example, at the elevation of 223 m MSL the Alum Rock
site was influenced by the marine layer, while the oth-
er nearby RAWS stations at elevations above 500 m MSL
remained above the marine inversion overnight (Figure 3).
The Oakland 12Z sounding (not shown), which is located
60 km north of site, also showed a moist surface layer be-
low 500 m MSL along with weak northeast winds near the
surface, indicating that the marine layer was below the ridge
height and had not pushed further inland.
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Figure 2: A map of the experiment site and instrument locations.
The burn unit is indicated by the solid black line. The solid arrow
indicates initial wind direction prior to the wind shift. The dashed
red lines indicate approximate positions of the fire front: T1 = 11 :
45, T2 = 12 : 30, and T3 = 12 : 42.

In order to determine the ambient atmospheric stability
and vertical wind profile at the valley site, a rawinsonde
sounding was conducted on the valley floor ∼1 km north
northwest of the burn unit, at 0800 PDT (Pacific Daylight
Time). A shallow inversion layer near the surface to 500 m
AGL is evident from the temperature profile (Figure 4(a)),
and north to northeast winds within the layer are likely to
be a combination of nocturnal down-valley and downslope
winds (Figure 4(b)). Very stable atmospheric conditions and
a clear sky were evident throughout the lower troposphere as
indicated by the sounding. The sounding, however, does not
represent the atmospheric environment during the ignition
since the valley inversion broke before ignition.

2.3. Instrumentation. The objective of the experiment was to
capture and characterize fire-atmosphere interactions during
a grass fire using high-frequency measurements. In order
to capture the micrometeorology of the passing fire front,
a 6.7 m guyed, steel tower was deployed near the center of
the burn unit and the fire front was allowed to burn directly
beneath it (Figure 2). Fuels were removed 1.5 m from around
the base of the tower in order to protect it from direct
flame. The tower was equipped with a 3D sonic anemometer
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Figure 3: 60 min average temperatures recorded at nearby RAWS
sites during the day of the burn. The relative locations of the RAWS
stations are shown in Figure 1.

(Applied Technologies, Inc., Sx-probe) mounted to the tower
at 6 m AGL, four type-T thermocouples (Omega, Inc. 5SC-
TT-40) mounted at 0.15, 2, 2.7, and 3.5 m AGL, and a
temperature and humidity sensor (Vaisala Inc. HMP45C)
mounted at 2.5 m AGL. The sonic anemometer was sampled
at 10 Hz, while the thermocouples and temperature and
humidity probe were sampled at 1 Hz. Additionally, total
heat flux emitted from the fire front was measured with a
Schmidt-Boelter heat flux sensor (Hukseflux, SBG01) that
was attached to a cross arm mounted on the tower at 5 m
AGL and extending 1.5 m away from the tower horizontally.
The sensor transducer was pointed down at a 45◦ angle
and outward towards the approaching fire front. The SBG01
was sampled at 10 Hz. In order to determine the time the
plume impinged on the tower and instrumentation, the
concentration of CO2 in the smoke was sampled using a
Vaisala Inc. GMP343 NDIR probe sampled at 1 Hz. All tower
data were recorded using a Campbell Scientific, Inc. (CSI)
CR3000 datalogger mounted near the base of the tower
housed in an environmental enclosure. Additionally, the
datalogger and the base of the tower were protected from the
intense heat generated by the fire using fireproof insulation
wrapped around the lowest 2 m of the tower.

To document the atmospheric conditions occurring out-
side of the burn unit, a portable weather station was locat-
ed downwind and approximately 150 m away from the
southeast corner of the burn unit (Figure 2). A 3 m tripod
was outfitted with a temperature and humidity probe (CSI,
CS215), barometer (Vaisala Inc., PTB110), and a prop-vane
anemometer (R. M. Young, 5103), all sampled at 1 Hz and
stored as 1-minute averages using a CSI CR1000 datalogger.
There was 2-3 m tall brush surrounding the site, making the
downwind weather station site slightly less exposed to the
ambient wind than the interior tower site.

Fire behavior including spread rate and evolution of
the fire front was documented using a digital SLR camera
(Canon, Inc. 40D) with a 1 Hz time lapse function. The
camera clock was synchronized to the datalogger clocks so
that the time lapse photography could be compared to the
time series data for analysis.
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Figure 4: Vertical profiles of (a) air temperature T and dew point temperature Td and (b) wind speed (WS) and wind direction (WD) at
Stockman’s Field (∼1.5 km north northwest of the burn unit) for the day of the burn, 7 October 2008 at 0800 PDT.
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Figure 5: Time series of 5 min averaged wind speed and direction at
the interior tower. Timing of fire whirl is indicated with solid arrow.

2.4. Burn Operations and Fireline Evolution. The goal of the
prescribed fire was the eradication of invasive grass species;
however, the site was populated with native oak species
requiring low-intensity backing fires (fire moving opposite
the wind direction) to be used in order to limit scorching of
the oaks. The experimental plan was to take advantage of the
burn operations and measure fire-atmosphere interactions
during the grass fire. One specific goal was to determine the
role of fine-scale fire-atmosphere interactions on fire behav-
ior during the passage of a head fire (fire that propagates with
the ambient wind) which required the burn crew to ignite a
single line, head fire upwind of the instrument tower.

During the initial back burning, the wind was from
the southeast, as an up-valley wind (Figure 5), so the back
burning began on the northern edge of the burn plot
(Figure 2, T1, T2). Once the back burning was completed,
the burn crew began walking around the instrument tower
to start a line ignition 100 m upwind (to the south) of the
tower that would spread with the southerly wind and pass

through the tower as a head fire. At this point (12:43 PDT),
a 180◦ wind shift occurred at the surface and the initial
backing fire began to run as a head fire towards the tower
(Figure 2, T3). It was at this time that a fire whirl formed.

2.5. Evolution of Wind Reversal. The time series of 5-
minute average wind speed and direction from the interior
tower (Figure 5) shows that weak (<3 ms−1) south and
southeasterly winds prevailed in the valley and were the
daytime up-valley winds that typically occur in mountain
valleys [18, 19]. By 12:45 PDT, the up-valley winds were
replaced by a break-in of moderate (2.0 to 4.5 ms−1) north
to northwesterly flows associated with the sea breeze surge.

The evolution of the surface environment as the sea
breeze arrived, as well as the timing of the fire whirl
formation and dissipation, is shown in Figure 5. Prior to the
fire whirl formation (12:42 PDT), a southerly component of
the wind (135◦–225◦) was observed at the tower location.
The sea breeze arrival is indicated by the shift in wind
direction and the increase in relative humidity at 12:43 PDT.
It is interesting to point out that the first sign of the north-
northwest winds that dominate the valley afterward are
apparent as the fire whirl dissipates, as if the intensifying
northerly winds act as the cutoff source of the fire whirl. The
in situ measured data reveals that a much more complicated
flow pattern occurred in front of the fire line during the
transition period. This will be discussed further in the
following sections.

3. Results and Discussion

3.1. Fire Whirl Evolution. The fire whirl was observed ap-
proximately 35 m west of the interior tower (Figure 2) dur-
ing the period when the winds shifted from southerly to
northerly. The time lapse photos and recorded video images
are visually analyzed, and they show that the cyclonically
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rotating fire whirl formed at one end of the flaming front
where the most intense flame was present at that moment.
Countryman [3] had previously noted that fire whirls form
near the more intense region of the fire front. Figure 6 shows
a time series of photos taken during the entire evolution of
the fire whirl from its initial formation to dissipation. A∼1 m
wide, vertically rotating column of flame appeared within the
fire front at 12:43:10 PDT (Figure 6(a)). We inferred from
the sequence of the time lapse photos between Figures 6(a)
and 6(b) (not shown) that the vorticity was already present
within the flame by this time. The rotating column kept
drawing the flame along the fire line into the base of the
column (Figure 6(b)), while the flame height at this time
reached ∼4 m AGL within the rotating column (Figure 6(c))
before the flame disappeared altogether from the base of the
fire whirl. This may have occurred because the near-surface
flow converged parallel to the fire front and toward the base
of the fire whirl (documented in the sequence of the photos
as well as in video), limiting the ignition of the unburned
fuel ahead of the fire front and the forward spread of the
fire. Therefore, the flame was no longer supplied to the base
of the fire whirl. Although the rotating column of smoke
initially appeared within the fire line, the fully formed fire
whirl was observed to move backward into the black area
behind the fire front (Figure 6(d)). The fire whirl was still
intensifying over the freshly burnt area (Figure 6(e)) behind
the fire line without any active combustion indicating that
the hot ground can provide a source of energy for its further
development. A maximum vertical extent of approximately
200 m AGL was observed (Figure 7) once the fire whirl was
fully formed (Figures 6(e) and 6(f)). A time series of the
vertical velocity (Figure 8(b)) shows a positive velocity peak
at 12:43:38 PDT, followed by negative vertical velocity lasting
until 12:44:00 PDT. It is interesting to note that the timing
of the downward motion observed at the tower occurred
at the time the fire whirl dissipated. Since the tower was
located 35 m away from the fire whirl, it cannot be assumed
that the observed vertical velocity field is related to the
evolution of the fire whirl. The horizontal wind speed also
dropped to 0.4 m s−1 at this time (Figure 9(a)) indicating a
transition period from one wind regime to another and a
brief period of convergence. It was also observed that the fire
whirl dissipated from its base (Figures 6(g) and 7), while the
rotation and smoke column was still present aloft (Figure 7).
After the fire whirl dissipated at 12:44:00 PDT (Figure 6(h)),
northerly flow observed at the tower started intensifying in
velocity (Figures 9(a) and 9(b)), indicating the full onset of
the sea breeze penetrating through the valley. It was observed
that the intensified flow began driving the flaming front
towards the tower as a head fire with a faster rate of spread.
Time lapse photography indicated a forward-tilting flame
front and smoke plume approaching the tower. Flame height
increased as well with increasing ambient wind speed as
compared with the flame height during the up-valley wind
event. This dramatic change in fire behavior occurred over a
period of only 2 minutes.

3.2. Evolution of the Observed Vorticity. The winds observed
at the tower reveal a rather complex turbulence structure

because of the presence of both the fire front and the
interaction of the two opposing winds. Therefore, it only
allows us to hypothesize what caused the vorticity formation
in the valley. Over flat terrain, the leading edge of the sea
breeze front, being a colder and more dense flow is gen-
erally forced upwards and backwards from the front by the
opposing wind, creating Kelvin-Helmholtz billows along its
interface with the opposing ambient wind [20, 21]. The
vertical shear associated with opposing flows can produce
the so-called hyperbolic wind profile [12] at low levels
leading to the development of horizontal vorticity aligned
perpendicular to the wind direction. When this type of wind
shear interacts with a fire line, a pair of near-surface vortices
may develop in front of the fire line and eventually touch
down in the fire due to advection as described by Jenkins
et al. [22]. The rotating vortices are caused by the tilt-
ing of the horizontal vorticity into the vertical by the updrafts
associated with the fire front. Their simulations also show
that a constant ambient wind profile can produce vortices
but well in front of the fire line. The close proximity of the
vortices to the fire line may play a critical role in the
development of the fire whirl such as in this case study,
especially when fire is wind-driven and the surface wind
drives the vortices well ahead of the fire line further down-
wind. In contrast, a moderate ambient wind decreasing
slowly with height with weak vertical shear does not promote
the extreme fire behavior as demonstrated by Jenkins et al.
[23].

Further analysis of the time-lapse photography shows
that the rotating column of the fire whirl, initially formed
at the fire line, moved behind the fire line, which can be
explained by either the advection of vorticity by the up-
valley flow or from the development of a pressure pertur-
bation/gradient that formed between the burnt area behind
the fire front and the cooler air over the un-burnt area ahead
of the fire front [12]. In the photographs of Figures 6(b)–
6(d), the fire whirl jumped from the fire line at 12:43:27 PDT
(Figure 6(c)) northwestward by approximately 6 m to a point
estimated in Figure 6(d) behind the fire line at 12:43:33 PDT.
The wind direction at this time was 100◦ with velocities of
1.5–2 ms−1 (Figures 9(a) and 9(b)) allowing the vorticity to
advect over a period of 3-4 s.

Although the single-point-in-space tower measurements
in this experiment do not directly provide enough param-
eters necessary to calculate the horizontal vorticity that is
hypothesized to have formed at the fire line, it is possible to
estimate the vorticity under several assumptions. The two-
dimensional relative vorticity field ζ described by Heilman
[24] is defined as

ζ = ∂w

∂y
− ∂v

∂z
, (1)

where w is the vertical velocity and v is the along-valley
wind (sea breeze and up-valley wind) component that is
perpendicular to the fire line. The instantaneous wind veloc-
ity components are shown between 12:40 and 12:46 PDT
in Figure 8. We determined ∂w/∂y from (1) by comparing
the vertical velocity measured directly at the fire front and
well before the fire front passage (FFP) occurred with an
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Figure 6: Time-lapse photographs of the fire whirl evolution during a valley wind reversal. Times are indicated in the bottom of each panel
in PDT.
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Figure 7: Photograph of dissipating fire whirl near the surface while
rotating column is still active aloft (12:44 PDT). Tower can be seen
in the bottom of the photograph.

estimated distance of 10 m (between the fire front and the
tower). The FFP is defined by Clements et al. [14] as a
maximum in the heat flux measured at the tower. It is the
point where the fire front is closest to the tower as measured
by the heat flux radiometers and peak in sensible heat
flux from the sonic anemometers. The maximum observed
vertical velocity associated with the fire front (Figure 8(b))
was ∼2.8 ms−1, while the ambient vertical velocity measured
was ∼0.6 ms−1 resulting in an estimate for ∂w/∂y of ∼
0.22 s−1. To determine ∂v/∂z, we estimate the depth of the
sea breeze front to be ∼200 m following observations by
Simpson [20]. We determined the change in v using the
observed averaged along-valley wind velocities (Figure 8(a)).
The up-valley wind of 1.1 ms−1 prior to the wind shift at
12:43 PDT and the sea breeze velocity of −3.4 ms−1 after
the wind shift provide an estimated value of ∂v/∂z of 2.0
× 10−2 s−1 which agrees with the observed magnitude of
the horizontal vorticity along a typical sea breeze front
[25]. Therefore, the estimated ζ with the given assumptions
in this case is approximately 0.2 s−1 which compares very
well with the modeled vorticity (∼0.2–0.3 s−1) of Jenkins
et al. [23]. This is most likely because the numerical setup
has several similarities with this field experiment such as
grass fuels and the presence of environmental vertical wind
shear. One major difference between the simulations and our
experiment is that the simulation was made without a density
current representing the sea breeze.

Based on the tower measurements, the sea breeze arrival
is clearly evident by 12:43 PDT when the wind direction
shifted to north and northeast (Figure 9(b)) and the relative
humidity (RH) sharply increased 5% over a 1 min period
(Figure 9(c)). Meteorological conditions were also measured

at the downwind site (Figure 2) on the portable RAWS
station. Surface pressure at this site dropped ∼0.2 mb at
12:38 PDT and recovered by 12:48 PDT (Figure 9(d)). We
speculate that the drop in pressure occurred not only at the
RAWS site, but in the whole lower valley and is due to the
development of a convergence zone that formed ahead of
the sea breeze front as it entered the valley and interacted
with the opposing valley wind [20]. At the same time the
pressure recovery occurs, the wind direction shifted to a
more northerly direction that we interpret as the dominant
sea breeze direction in the valley. In addition, RH increased
further, which indicates that the sea breeze front pushed
further into the valley.

The transition between two wind regimes can lead to
hazardous conditions for fire fighters due to the generation
of unpredictable fire behavior. As observed in this case,
the fire whirl appeared approximately 10 m away from the
fire fighters (Figure 6) and only 10 s after the wind reversal
occurred. The video and time-lapse photos also showed fire
fighters running away from the fire whirl indicating their
sense of urgency and safety during this event. Although the
period of interaction between the sea breeze front and the
fire may be relatively short, the impact on fire behavior may
be significant [15, 21]. Jenkins et al. [23] point out that
a background low-level vertical shear generated by a wind
reversal with height is capable of generating extreme grassfire
behavior and fire spread. Furthermore, a fire whirl event
was observed in a canyon of the Santa Ana Mountains by
Schroeder [26] who emphasized the potential for extreme
fire behavior during a transition period between two wind
regimes. Countryman [27] found that certain geographic
locations such as the lee side of ridge tops are favorable
for two opposing currents to meet, and thus major fire
whirl activity tends to occur frequently in these locations.
Mountain valleys are a favorable location for the interaction
of two wind regimes that differ in temperature and direction
such as the wind reversal of valley winds [18]. It is likely
that in this case, the narrow Hall’s Valley sets up an ideal
environment for the interaction of the sea breeze and up-
valley winds in the afternoon, as the elevated topography
of the Diablo Range retarded the onset of the sea breeze
preventing its penetration over the terrain until the up-valley
flow was well established.

3.3. Turbulence Characteristics. This section investigates the
near-surface turbulence structure measured during the sea
breeze break-in, the period associated with the fire whirl
development, and the period the FFP occurred. One vari-
able often used to quantify atmospheric turbulence is the
turbulence kinetic energy (TKE). TKE is defined as the
kinetic energy per unit mass associated with the amount
of ambient wind shear present within an atmospheric layer
[28]. Following Stull [29], the TKE is found by the sum of
the velocity variances u, v, and w

TKE = 0.5
(
u′2 + v′2 +w′2

)
. (2)

The variance of each wind velocity component is calculated
from the processed 10 Hz sonic anemometer data which have
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Figure 9: Time series of (a) wind speed, (b) wind direction, (c) relative humidity (RH), and (d) pressure measured at the interior tower
and downwind RAWS between 12:30 and 13:00 PDT. The tower data and RAWS data are averaged over 1 s and 1 min, respectively. The blue
represents the interior tower and the black represents the RAWS.

been high-pass filtered to remove any spikes. Additionally,
the time series of the velocity components has been tilt-
corrected [30] in order to rotate the components into
the mean flow and remove any bias of the anemometer
mounting not being precisely level during deployment. The
turbulent components of the variables, u′, v′, w′, and T′s
are calculated by removing the mean from the instantaneous
data. We have selected an averaging period of 10 min
to calculate the perturbations, while the averaging period
chosen for the variance and TKE was 30 s which allowed
the turbulent fluxes associated with the FFP and fire whirl
to be isolated. Another key turbulent statistic is the sensible
heat flux, hs = ρcpw′T′s , where the term w′T′s is the
covariance between the vertical velocity perturbation and
sonic temperature perturbation, ρ is the density of air, and cp
is the heat capacity of air at constant pressure. The sensible

heat flux was averaged over 1 min and allows us to also
determine the timing of smoke plume and FFP at the tower.

Figure 10 shows a time series of the TKE and sensible
heat flux (Figure 10(a)) and the individual velocity variances
(Figures 10(b)–10(d)). Although there is no increase in
TKE between 12:43 and 12:44 PDT when the fire whirl was
observed, a large increase in TKE is clearly evident prior
to 12:43 PDT in Figure 10(a). The increase in TKE begins
at 12:40 PDT with the value of 5.2 m2 s−2, compared to
prior ambient background value of <1.5 m2 s−2. The peak
TKE occurs at 12:42 PDT with the value of 10.4 m2 s−2

before sharply dropping to 1.4 m2 s−2. It should be noted
that the TKE started increasing three minutes before the
relative humidity started increasing. We hypothesize that
the interaction of the sea breeze front and up-valley flow
started at 12:40 PDT, but the relative humidity increase was
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Figure 10: Time series of (a) 30 s averaged turbulence kinetic energy and 1 min averaged sensible heat flux, (b), (c), and (d) 30 s averaged u,
v, and w velocity component perturbation variances, respectively.

not detected by the humidity sensor due to the mixing
of the air between the two flows. The second and third
TKE peaks (5.0 and 4.5 m2 s−2) that occur at 12:45 and
12:47 PDT, respectively, are the turbulence associated with
the FFP. Although the wind flow around the flaming area
is known to be highly turbulent [14], observations indicate
that the greatest TKE measured was caused by wind shear
associated with the sea breeze arrival and is two times greater
in magnitude than the TKE generated by the passing fire
front. The FFP is indicated by the maximum in sensible heat
flux (∼12.5 kW m−2) that occurred at 12:45 PDT. The source
of the turbulence kinetic energy generation is determined by
diagnosing the velocity variances separately.

The large increase in TKE between 12:40 to 12:43 PDT
was dominated by v′2 which was nearly 20 m2 s−2

(Figure 10(c)), while both u′2 and w′2 remained below
10 m2 s−2. Since the v variance represents north-south
component of the turbulence intensity, it is most likely
that the observed turbulence was caused by the wind
shear generated between the southerly up-valley flow
and northerly sea breeze. We also believe this shear to be
responsible for setting up the horizontally rotating column
of the air ahead of fire front creating the observed vorticity
and resulting fire whirl. The observed increase in w′2 at
12:45:00 (Figure 10(d)) corresponds to the maximum in
sensible heat flux. The second peak in w′2 (at 12:49:30 PDT)
suggests an impact from smoldering after the FFP occurred.
The maximum w variance of 1.5 m2 s−2was much lower
than the v component suggesting that wind shear played
a larger role on the local turbulence than the sensible heat
flux generated by the fire front. Comparing these results
with other grass fire experiments (e.g., FireFlux, [14])
indicates that the values observed during this experiment
are much lower than those reported by Clements et al. [14]
who measured peak w variances > 5 m2 s−2. This can be
attributed to the fact that the heat flux observed during
FireFlux was twice as large as observed in the present study.

The reason for this can be simply due to a higher observed
fuel loading measured during FireFlux [13].

3.4. Fire Intensity. In previous studies, the fire intensity has
been used primarily to determine resulting fire behavior.
However, in order to determine the role the fire had on
the development of the fire whirl, the heat release or fire
intensity must be quantified. Byram [5] and Graham [6]
associated fire whirl occurrence with large fire events or high
intensity fires. Model simulations by Heilman and Fast [31]
also showed that the roll vortices become more vigorous
with increased surface temperature. Although the tower was
∼35 m away from the fire front when the fire whirl occurred,
we estimate the amount of heat supplied at the fire front
to tilt the horizontally rotating column by assuming the
heat flux measured at the tower at 12:46:30 PDT is nearly
the same during the fire whirl formation (12:43:10 PDT).
A time series of the 1 Hz total heat flux (Hukseflux,
SBG01 sensor) presented in Figure 11(a) shows that the
maximum in total heat flux of ∼10 kW m−2 as the fire
front approached and passed the tower. The instantaneous
total heat flux of 12.3 kW m−2 (not shown) is nearly the
same magnitude as the 1 min averaged sensible heat flux of
12.5 kW m−2 (Figure 10(a)). We assume that the total heat
flux present during the fire whirl formation is close to that
measured at the tower given the uniform fuel type and
flame lengths observed with the time-lapse camera. The total
heat flux measured during the FFP of this particular grass
fire was much lower compared to the radiant heat flux of
290 kW m−2 measured during a crown fire [32] and lower
than the maximum total heat flux of 112 kW m−2 during a
shrubland fire [33]. Fire intensity during prescribed burns
is usually much lower for ecological management purposes
(see Section 2.4). Nonetheless, a small-scale fire whirl formed
very close to the fire fighters as seen in the photos in Figure 6.
Although no fire fighters were injured during the event
due to their safe distance from the fire whirl, it should be
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Figure 11: Time series of 1-s averaged (a) total heat flux,QT , and (b) thermocouple temperatures, Tc, at different levels on the interior tower.

emphasized that the potential for unpredictable fire whirl
formation during low-intensity, controlled burns exists.

Near-flame plume temperatures were measured using the
thermocouple array as the fire front passed the tower. Unlike
the radiative heat flux that is measured from the flaming
front, the observed plume temperatures (Figure 11(b)) can
be used to directly quantify the plume heating rates [34] and
timing of the FFP. An observed increase in the temperature
at 3.5 m AGL between 12:44 and 12:46 PDT was caused by
the tilted smoke plume ahead of the fire front impinging on
the tower. The two lower thermocouples indicated smaller
temperature increases of 150◦C and 120◦C at 0.15 m and
1.9 m, respectively, which are caused by the near-surface
advection from the approaching flaming front. The observed
temperature increase due to the plume is much lower
than those observed by Clements [34] during the FireFlux
experiment.

3.5. Assessment of Convective Froude Number. In order to
determine the role fire intensity has on resulting fire behavior
and the resulting atmospheric circulations, the convective
Froude number is analyzed. The convective Froude number,
Fc, is a measure of the ratio of the kinetic energy of the
air over the fire to the sensible heat flux provided by the
fire [12, 35]. The Fc is useful as a controlling parameter to
determine the type and level of fire-atmosphere coupling.
For instance, Clark et al. [12] hypothesized that a small F2

c

that is indicative of strong coupling between the air and fire
may be a necessary condition for a blowup fire [5] to occur.
The Fc is a nondimensional number given by

F2
c =

(
U − S f

)2

g(〈Δθ〉/〈θ〉)Wf
, (3)

where U and S f represent the wind speed and rate of spread,
respectively, Wf is the fire line width, θ is temperature, Δθ/θ
the convective buoyancy, and g acceleration due to gravity.

The bracketed temperatures are the average for the period
during the FFP.

The tower data and time-lapse photography allow an
estimate of the variables necessary to calculate Fc. Prior
to 12:42 PDT, when the up-valley wind was observed and
the fire front was spreading against the wind, Fc was
calculated using an average up-valley wind speed U f of
2.2 ms−1 between 12:39 and 12:40 PDT, a forward fire spread
rate S f of 0.5 ms−1, and the depth of the flaming fire front
Wf of 4 m. Both S f and Wf were estimated using the 6.7 m
tower in the time lapse photos as a reference length and
scaling the distances of the fire front spread over time and
the depth of the flame in the photos. For instance, we used
two photos to estimate that the fire front spread 6 m in
12 s from 12:40 PDT. The flame depth was estimated from
a photo taken at 12:39:28 PDT (not shown). The measured
thermocouple temperature profile (Figure 11(b)) provides
the mean temperature anomaly, Δθ, over the fire front. A
mean air temperature of the area is obtained from the average
sonic temperature. All the variables used to calculate Fc are
listed in Table 1.

The results show that prior to 12:42 PDT, when up-
valley winds were present, Fc < 1 indicating that buoyancy
is the dominant mechanism and both the atmosphere and
fire were essentially coupled. When the ambient wind speed
increased to 4.1 ms−1 due to the sea breeze arrival, Fc became
greater than one (Table 1). It appears Fc is less relevant
to the low-level environmental shear generated by the
interaction of topography and mesoscale flow and therefore,
the use of Fc itself may not be suitable for predicting the
fire whirl potential in this particular case. Sullivan [36]
recently re-examined Fc and concluded that it is not reflected
in observed fire behavior, and our result is consistent
with Sullivan’s [36] findings on limited usefulness of the
convective Froude number for the assessment of the fire whirl
potential. The large increase in TKE observed during the
valley wind reversal in this study suggests that such a variable
may be either used independently or could potentially be
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Table 1: Numbers used to calculate the convective Froude number
in two cases: up-valley wind case (1st row) and sea breeze wind
case (2nd row). U f represents ambient wind speed, U f forward
rate of fire spread, g gravity, θ potential temperature, Δθ mean
perturbation temperature near the region of intense heating, Wf

fire line depth, and Fc convective Froude number.

U f

(ms−1)
S f

(ms−1)
g

(ms−2)
θ

(K)
Δθ
(K)

Wf

(m)
F2
c

2.2 0.5 9.8 301 36 4 0.61

4.1 0.75 9.8 299 36 5.5 1.73

combined with Fc as a supplemental parameter to assess
whether a fire whirl is more likely. Heilman and Bian [28]
showed that the product of the Haines Index (HI) and near-
surface TKE (HI×TKE) is a useful parameter to indicate
whether atmospheric conditions are highly conductive to
large fire development.

4. Summary and Conclusions

This paper presents observations made of the evolution of
a small fire whirl that formed during a prescribed grass fire
conducted in a narrow mountain valley. The meteorological
conditions and heat release measured at a tower located
in the vicinity of the fire were analyzed in an attempt to
determine what caused the observed fire whirl to form. Key
findings from this study include the following.

(i) The fire whirl occurred with the arrival of the sea
breeze front in a narrow valley that was initially
dominated by a daytime up-valley flow. The two
opposing ambient flows produced low-level, vertical
wind shear. We hypothesize that the fire whirl was
caused by the interaction of the wind shear with the
fire front. The fire whirl formed at the fire front
and was advected behind the fire front during its
evolution. The advection of the vorticity was caused
by either the up-valley wind or by the formation of a
pressure perturbation across the fire line.

(ii) Estimated vorticity generated by the interaction of
the wind shear and the fire front was ∼0.2 s−1 which
falls in range of magnitude simulated by Jenkins et al.
[22] during an ideal grass fire.

(iii) The turbulence kinetic energy of the ambient wind
shear (∼10.4 m2s−2), generated by the wind reversal,
was two times greater in magnitude than turbulence
generated by the buoyancy induced by the fire front.
Therefore, ambient wind shear is most likely the
dominant mechanism for fire whirl development in
this case.

(iv) The sensible and total heat flux measured during the
fire front passage showed that the fire whirl formed
during a low intensity (∼12 kW m−2), controlled
grass fire.

(v) The convective Froude number, Fc, was <1 when up-
valley winds were present in the valley. During this

time the fire was backing into the wind, buoyancy
was driving the fire behavior, and the flow and fire
were coupled with each other. As the wind speed
increased due to the sea breeze surge, Fc became >1,
which is a sign of the decreased level of the coupling.
However, the convective Froude number itself may
not be sufficient for fire whirl prediction because it
does not take account for the near-surface turbulence
generated by environmental wind shear.

(vi) For fire management, a sudden reversal in mesoscale
winds or even a diurnal, valley wind shift should be
carefully monitored since the presence of two op-
posing flows is a favorable condition for the devel-
opment of fire whirls. Although the wind shift may
be brief and localized, the potential for extreme fire
behavior may be high and thus should always be
considered a watch out situation.

The importance of the sudden wind shift and near-
surface TKE is therefore emphasized in terms of the
potential for fire whirl development. Similar scenarios of
wind reversals are possible in complex terrain where the
valley winds transition from nocturnal drainage flows to
daytime up-valley winds that can coincide with wildland fire.
Additionally, further development of surface wind prediction
in complex terrain [37] may become beneficial not only
for fire spread forecasting over complex terrain but also for
specifying locations prone to valley-flow convergence that
can cause sudden wind shifts. The interaction of wildfires
with valley-scale meteorology is not well understood and
remains a topic to be investigated with both observational
studies and coupled fire-atmosphere modeling systems.
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A formula to estimate forest fuel flammability index (FI) is proposed, integrating three species flammability parameters: time to
ignition, time of combustion, and flame height. Thirty-one (31) Moroccan tree and shrub species were tested within a wide range of
fuel moisture contents. Six species flammability classes were identified. An ANOVA of the FI-values was performed and analyzed
using four different sample sizes of 12, 24, 36, and 50 flammability tests. Fuel humidity content is inversely correlated to the
FI-value, and the linear model appears to be the most adequate equation that may predict the hypothetical threshold-point of
humidity of extinction. Most of the Moroccan forest fuels studied are classified as moderately flammable to flammable species
based on their average humidity content, calculated for the summer period from July to September.

1. Introduction

Wildland fire intensity is highly related to forest vegetation
type and structure, importance of fine and coarse fuel types,
biomass of live and dead surface fuels, fuel moisture content,
land topography, weather factors, and to forest stand growth
conditions. Therefore there has been need to study these
parameters to develop helpful tools for forest-management
decision makers [1–9] based on fuel hazard and fire risk
assessment. Most of previous investigations have focused
on determining the forest fuel species fire behavior based
on their flammability values estimated through thermal and
chemical calorimetric studies [10–17], thermo-gravimetric
or limiting oxygen index analysis [18–21], or through simple
laboratory flammability tests performed using an electric
radiator equipped with an external pilot flame [22–24] as
shown in Figure 1.

No standard norm exists for testing forest species flam-
mability, because the flammability parameter can be seen as
a plant property that has no unit, involving three compo-
nents [25]: ignitability (time to ignition), the most important
factor to consider, combustibility (rate of burn after igni-

tion), and sustainability (total burning time). Liodakis et al.
[26] have also related the sustainability term to the rate of fire
spread. Anderson’s study [25] was extended by Martin et al.
[27] to include a 4th component named “consumability”,
corresponding to the amount of vegetation that is consumed
[28].

Regarding the simple laboratory flammability test meth-
od, we have to run a group of 50 flammability tests [22].
Positive tests are noted in order to estimate the ignition fre-
quency (IF) parameter as a percentage. Negative tests are
those for which there was no ignition at all. Also, time to igni-
tion (TI), total burning time or time of complete combustion
(TC), and flame height (FH) are the parameters recorded
for each species flammability test [22]. The most important
parameter in ranking forest species is TI [12, 22, 23]. How-
ever, Valette [22] has combined the mean time to ignition
(MTI) classes with those of the IF parameter under a cross-
link table that helps to determine flammability index values
(Table 1). This classification method gives only qualitative
values of the species-flammability index (FI) leading to a 6-
grade ranking scale system as shown in Table 1. This concept,
based on a discrete notation system, has been conceived
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(a) (b)

Figure 1: Electric radiator apparatus used for fuel species flammability testing: (a) the real apparatus used in this study and (b) its illustrating
schematic components.

because the flammability aspect determination is not easy
and can be appreciated only in a general sense, and not in
a very precise scientific way [22]. Nevertheless, dimensions
of flames are other measures of flammability considered for
species characterization purpose [29, 30]. Beside pyrolysis
gas, the FH parameter could be an indicator of the volatilized
essential oils contained mainly in vegetal leaves. The role of
extractives in the propagation of forest fire was investigated
by Shafizadeh et al. [31] who found that ether extractives
contribute greatly to the heat release from the foliage fuels.
Also, it is of great interest to study this FH parameter in
relation to fire propagation in a vegetation vertical continuity
direction. Another neglected parameter is the sustainability
component (TC), which characterizes the ability of fuel to
sustain combustion for a long time. This total burning time
is related to the fuel bulk density and, subsequently, to the
energy intensity that ensures, to a certain extent, carrying
fire to next fuel [32]. The TC and FH parameters were not
included in the classification method proposed by Valette
[22].

The objectives of this study are (i) to improve Valette’s
classification method by including more parameters and
conceiving a continuous quantitative notation scale system
and (ii) to assess the fire hazard properties of Moroccan forest
species by ranking them according to their flammability
index values determined based on their average moisture
contents observed during the critical summer period, from
July to September.

2. Materials and Methods

2.1. Forest Study Sites and Vegetation Material. Laboratory
flammability tests were performed on fuels of a large variety

of forest species collected from three different Moroccan
forest regions named, in increasing order of fire occurrence
[33]: Mamora lowland forest located on the Atlantic coast
near Rabat city, Middle Atlas forests in the central part of
Morocco, and Rif mountain forests located in the North part
of the country along the western Mediterranean coast.
A total of 31 tree and shrub species were tested within
a wide range of fuel moisture content (fresh, air-dried, and
oven-dried samples). Among these species, a group of only
17 tree and shrub species was used for a preliminary
study of different flammability parameters determined using
the Valette’s method [22]. These species are Acacia mol-
lissima, Arbutus unedo, Cistus crispus, Cistus ladaniferus,
Cistus monspeliensis, Cistus salviifolius, Cupressus semper-
virens, Erica arborea, Eucalyptus camaldulensis, Lavandula
stoechas, Myrtus communis, Olea europea, Pinus pinaster var.
maritima, Pistacia lentiscus, Quercus suber, Teline linifolia,
and Thymelaea lythroides. The results obtained from this
preliminary study were extended and applied to the second
remaining species group composed of Buxus balearica,
Cedrus atlantica, Cistus albidus, Halimium halimifolium,
Juniperus thurifera, Phyllerea angustifolia, Pinus brutia, Pinus
canariensis, Pinus coulteri, Pinus halepensis, Quercus faginea,
Stipa tenacissima, Tetraclinis articulata, and Viburnum tinus.

For each species, a sample of terminal twigs with their
leaves or needles, cut in a sufficient quantity from 3-4 differ-
ent individual mature plants, was collected and immediately
put in large sealed plastic bags. Once in laboratory, and
in order to estimate the ignitability of the live fresh fuel,
a quantity of about 160 g is immediately taken and separated
into two sets. The first set composed of 150 samples, of 1 g
each, was used to realize three flammability test replicates
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Table 1: Flammability index (FI∗) as a function of the ignition frequency (IF) and mean time to ignition (MTI) variables [22].

IF (%)

MTI (s) <50 50–79 80–84 85–89 90–94 >95

> 32.5 0 0 0 1 1 2

27.5< – ≤32.5 0 0 1 1 2 2

22.5< – ≤27.5 0 0 1 2 2 3

17.5< – ≤22.5 0 1 2 2 3 3

12.5< – ≤17.5 1 1 2 3 3 4

≤12.5 1 2 2 3 4 5
∗

Valette’s classification [22]: very little flammable (FI = 0), little flammable (FI = 1), moderately flammable (FI = 2), flammable (FI = 3), highly flammable (FI
= 4), and extremely flammable (FI = 5).

(50 tests/replicate [22]). The second set of three samples,
of 2 g each, was used for moisture content determination
purpose. The remained samples were then left inside the
laboratory for air-drying operation, constituting further
a raw material for testing the species flammability at different
moisture content levels. To get moisture content levels bet-
ween 0% and 30% (case of dead fuels such as leaves or
needles litter), a quantity of vegetation is taken from the air-
dried samples and put in the oven at 102,5◦C for different
drying times according to the target values of the expected
moisture content levels. For each moisture content level, the
same quantity of about 160 g is used as described above. So, if
it is intended to test species fuel flammability at 10 different
moisture content levels, one must collect from the field at
least 1600 g of vegetation material. The moisture content
was expressed as the percentage of the oven-dry weight
(%O.D.W.) and its average is calculated on the basis of three
replicates.

The data obtained from flammability tests were statisti-
cally analyzed. Linear and nonlinear regression models were
tested in a first step on the overall obtained data related to
all species together, to examine the relationships between
explicative variables (moisture content H, and desiccation
index Id), separately considered on one hand, and dependant
variables (FI- and TI-values) on the other hand. In a second
step, the same regression models were tested for each one
of the studied species in order to select the best regression
equation that could help to classify it, given its observed
average moisture content during the critical summer period,
and also to estimate its hypothetical moisture of extinction
(ME). Excel package of Microsoft Office was used to carry
out all the data analysis.

2.2. Flammability Testing Method. The laboratory flamma-
bility test was performed using an electric radiator, an igni-
tion apparatus with an electric heating resistance (500 watt
of heat capacity) beneath a ceramic plate, of 10 cm diameter,
situated at 4 cm below a pilot flame (Figure 1). A graduate
rule, calibrated to the ceramic plate level, is vertically main-
tained beyond the apparatus in order to measure the max-
imum flame height. Flammability test method described by
Moro [24] was used as follows: once the electric radiator is
well heated, we put one gram species sample on the heated
ceramic surface (Figure 1(b)) and we simultaneously start
a chronometer to measure the following parameters: time to

ignition (TI) in second, time of complete combustion (TC)
in second. The maximum flame height (FH) in cm is read
through the vertical graduated rule. For each replicate, 50
flammability tests were performed and served to calculate
the means of time to ignition (MTI), time of complete com-
bustion (MTC), and flame height (MFH). The total number
of positive ignition tests was used to calculate the ignition
frequency (IF) in percentage [22, 24].

3. Results and Discussion

3.1. Investigation Basic Concept. Based on the flammability
index classification proposed by Valette [22], who used only
MTI and IF parameters (Table 1), it was found that almost
all the tested species are extremely flammable (FI = 5) at
humidity contents below 100%, except for Quercus suber
L. Also, some species, such as Acacia mollissima L. and
Teline linifolia L., belonged to the class FI = 5, even at
moisture content greater than 140%. The only species that
are more affected by moisture content are Cistus salviifolius
L., Thymelaea lythroides L., and Pinus pinaster var. maritima.
This showed that Valette’s classification method [22] presents
some disadvantages such as (i) the method is based on two
parameters only, MTI and IF for which the interval classes
are not well equilibrated; (ii) the range time scale interval
(12.5 s–32.5 s) considered for the MTI parameter is narrow
and would work only for live forest fuels. If we want to
extend the classification to include dry fuels such as dead
fine twigs and leaves or needles litter, this interval should
be enlarged because the most of the observed MTI-values
were less than 12.5 s. This is probably due to the presence of
high content of extractives and volatilized aromatic essential
oils in the north-African foliage fuels. Also, (iii) the FI-value
is not a continuous variable that permits to discriminate
between species having the same FI-values as it was observed
for Acacia mollissima L. and Teline linifolia L. This lack
in species discrimination consistency led us to try and
investigate another approach to express the flammability
index formula that would improve Valette’s classification
method. However, before starting to build this formula, let us
assess the relationship existing between all the flammability
parameters. A Pearson linear correlation coefficient analysis
was performed on the data provided by the preliminary
study trial done on the first set of 17 Moroccan species fuels.
The results of this statistical analysis are shown in Table 2.
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Obviously, the moisture content has a strong effect on MTI
and MFH. Also, the MTI is the parameter mostly correlated
to the IF parameter with r = −0.89. This means that there
is no need to use both of them in building Table 1. MTI
parameter would by itself constitute a classification scale
basis. However, a decrease in its correlation is noted in case of
MTC and MFH with r = −0.58 and r = −0.71, respectively.
This is probably due to the existence of other vegetation
parameters such as ash content, organic composition, and
essential oils.

It appears, according to all the precedent developed
points, that the species flammability index (FI) should be
estimated through its three characteristic components:
ignitability, expressed as time to ignition (TI, in s); sustain-
ability, expressed as time of complete combustion (TC, in
s); and combustion intensity that can be partially expressed
through the maximum flame height (FH, in cm). The way to
integrate these three components into a unique and simple
formula is the use of the following empirical mathematical
expression:

FI =
[

TC
TI

]
∗ EXP

[
FH

Hmax

]
, (1)

where Hmax (in cm) is the maximum value observed for FH
parameter.

The basic conception pursued in choosing (1) is that the
TC/TI ratio would really well-characterize species flamma-
bility tendency: the FI-value increases as the numerator
(total burning time) increases and the denominator (time
to ignition) decreases. The FH parameter was weighed to
the maximum observed Hmax-value. The exponential term
for the FH parameter was chosen to reduce its effect on the
global FI-value since the FH parameter represents a postig-
nition stage that corresponds to the maximum released
gases that could vary among species in types and chemical
compositions. This would help to discriminate between spe-
cies that have same values for the major parameters TC and
TI. According to the flammability testing method undertaken
in this study, Hmax was found to be equal to 40 cm. To keep
the same flammability index variation interval as the one
developed by Valette [22], the TC/TI ratio was calibrated
using the class averages of the two extreme MTI-variation
interval classes of Table 1 (10 s and 35 s) as shown in (2). Also,
to ovoid aberrant values in case of probable high values of FH
greater than 40 cm, the FH/40 ratio has been transformed
into FH/(FH + 40), term for which its value would vary
between zero and not more than 2/3. This latter expression
was raised to exponent 2 in order to diminish more again the
effect of FH parameter which is considered of a secondary
variable order. The obtained empirical equation (2) is as
follows:

FI =
[

TC + 35
TI + 10

]
EXP

[
FH

FH + 40

]2

. (2)

Equation (2) would give FI-values that vary on a continuous
variation interval between 0 and 6. Fuel samples that do not
ignite are identified as negative tests and characterized by
TC = 0 s, TI = 60 s [24], and FH = 0 cm; therefore, their

corresponding value is FI = 0.5. However, to let the FI take
the null value for these negative tests, a transformation of (2)
was operated by integrating the value of 0.5 to obtain the final
empirical flammability index (FI) formula which is

FI =
[

TC + 30 − TI/2
TI + 10

]
EXP

[
FH

FH + 40

]2

. (3)

All the values presented here for the species flammability are
computed using (3).

3.2. Sampling Size Determination of the Flammability Test.
The proposed equation (3) permits to calculate the FI-
value for each performed flammability test, since it does
not integrate the ignition frequency IF. Given that, one can
wonder if the commonly used 50 flammability tests [22]
are still necessary to be conducted. To answer this question,
four different sampling sizes, conceived from the 50 already
performed ones, were tested as follows: 12, 24, and 36
first flammability tests only; and the fourth size of the 50
flammability tests together. The FI-values were calculated
for each of these four sampling sizes and an analysis of
variance was done to compare these different FI-calculating
methods (Table 3). The results of this analysis, applied to
all the 31 Moroccan forest species, showed that the overall
F-test is not significant at α = 0.05. This means that
the four FI-calculating methods are all suitable since they
give almost the same mean FI-values varying between a
minimum of FI = 3.25 for a sampling size of 12 samples and
a maximum of FI = 3.32 for the 50 flammability test sample.
As a practical conclusion, we suggest for each replicate to
perform only 12 laboratory flammability tests instead of
50 tests. This would encourage researchers to multiply the
number of sampled forest sites and cover more species
origins, or to simply enlarge the study scope, investigating
other potentially explicative factors of interest.

3.3. Values of the Flammability Parameters. The mean values
of the parameters MTI, MTC, and MFH, measured via
the laboratory flammability tests are shown in Table 4. To
understand the moisture effect on the remaining variables,
and be able to estimate the natural experimental variability,
the minimum and maximum values are also included in this
table. The studied species are sorted in a decreasing order
of the flame height values (Table 4). As it may be noted,
Phyllerea angustifolia, Eucalyptus camaldulensis, and Quercus
suber are the only species that have a MFH-value greater or
equal to 22 cm and a MTI less or equal to 4 s. This means that
these species are potentially very flammable. Therefore, the
observation related to Eucalyptus camaldulensis species seems
to be in agreement with the result found by Dimitrakopoulos
and Papaioannou [23] who classified it as an extremely
flammable species. Whereas, the lowest MFH-value of 7 cm
was observed for Cistus monspeliensis, that shows also a high
MTI of 16.7 s (Table 4). It appears that the two flammability
parameters (MTI and MFH) are inversely proportional.
The shortest mean time to ignition (MTI = 2.4 s) was ob-
served for Quercus suber. In comparison with the results of
Liodakis et al. [26], the shortest value among the six studied
Mediterranean species was observed for Pistacia lentiscus.
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Table 2: Pearson correlation-coefficient matrix of the means of time-to-ignition (MTI), time of combustion (MTC), and flame height
(MFH), the ignition frequency (IF) and the moisture content (H) measured on 17 Moroccan tree and shrub species. This correlation analysis
was done on 145 observations, and each observation is the mean of 50 flammability tests [22, 24].

Variable parameters MTI [s] MTC [s] MFH [cm] IF [%] Moisture content H [%]

MTI [s] 1

MTC [s] −0,58∗∗∗ 1

MFH [cm] −0,71∗∗∗ 0,13 n.s. 1

IF [%] −0,89∗∗∗ 0,65∗∗∗ 0,51∗∗∗ 1

Moisture content H [%] 0,85∗∗∗ −0,34∗ −0,81∗∗∗ −0,61∗∗∗ 1
∗

Significant effect (α = 0, 05); ∗∗∗very highly significant effect (α = 0, 001); n.s., no significant effect (α = 0, 05).

Table 3: Analysis of variance of the four sampling sizes applied to determine the flammability index (FI) through laboratory experimental
tests performed on 31 tree and shrub species.

Source of variation Sum of squares Degree of freedom Mean square F-test Probability F-value

FI-calculating methods 0.6672 3 0.2224 0.1251 n.s. 0.9453 2.622

Residual error 938.8316 528 1.7781

Totals 939.4988 531

n.s.: no significant effect at α = 0.05.

Also, Pinus brutia has a short mean time to ignition, with
6,8 s (Table 4), but it is classified by Liodakis et al. [26] as
a species that presents the longest ignition delay time. The
MTC-value varies between 7.8 s and 23 s for Cistus salviifolius
and Erica arborea, respectively (Table 4). Pinus halepensis,
which was classified by Liodakis et al. [26] as the most sus-
tainable fuel, presents a moderate MTC-value of 14.3 s
(Table 4).

The results in Table 4 should be analyzed with care re-
garding their corresponding moisture content variation
interval which shows differences among species. In fact, the
minimum and the maximum moisture content intervals
are 4–36% and 5–244% observed for Cedrus atlantica and
Lavandula stoechas, respectively. It appears from these pre-
liminary observations and comparisons that species classi-
fication based on one flammability component only is not
a viable method, because there is undoubtedly an effect
interaction of these four parameters, including moisture
content effect, on the species flammability magnitude. This
conclusion confirms, to a certain extent, the idea behind the
willing to establish a new method for classifying the fuel
flammability of different forest species.

3.4. Moisture Effect on Time to Ignition. The moisture con-
tent has a high significant effect on all flammability-related
parameters except for MTC. Its highest linear correlation
coefficient (r = 0.85) is observed with the MTI variable.
Figure 2 shows the tendency curves from the four tested
models (MTI as a function of desiccation index Id) as fitted
to the observed data. It is to remind that Id = 2/(1 + H2),
with H as humidity content, given in absolute value [34].
The advantage to consider the Id parameter is its variation
on a more restricted interval of ]0, 2]. Among the tested
regression equations displayed in Figure 2, the exponential
model equation seems to be the best with a determination
coefficient R2 = 0.73. The data points shown in Figure 2

R2 = 0.73
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Figure 2: Mean time-to-ignition (MTI) values of Moroccan species
as a function of their desiccation index Id.

appear to be divided into two groups, separated by a
threshold point at Id = 1: one group so called “dry” forest
fuels, located at the right side (Id > 1 or H < 100%), that
have their MTI-values almost less than 17.5 seconds (highly
and extremely flammable classes). The other group so called
“moist” forest fuels, positioned at the left side (Id ≤ 1 or
H ≥ 100%) with MTI-values that are more scattered and
covering the whole variation interval that is, between 5 s
and 60 s, which covers all the flammability classes (Figure 2).
This means that for the same Id-value of 0.62 (H = 150%),
different species may have different MTI-values between
10 s (extremely flammable) and more than 32.5 (very little
flammable). This result confirms the existence of other
intraspecific factors, volatilized essential oils for instance that
would interact with moisture content. This interaction is
more obvious at high moisture content level.

The threshold point of Id = 1 (H = 100%) represents
the middle center of the stabilized moisture interval between
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Table 4: Mean values of the moisture content and the flammability test parameters observed for the forest fuel samples collected from
different Moroccan forest species (species are sorted in a mean flame height decreasing order).

Species
Moisture content H [%] Mean time to ignition [s] Mean time of combustion [s] Mean flame height [cm]

Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max.

Phyllerea angustifolia 3 39 92 2 4,0 8 7 9,7 14 12 23 30

Eucalyptus camaldulensis 8 39 99 1 3,8 9 12 12,9 14 15 22 40

Quercus suber 12 23 51 1 2,4 4 11 13,6 18 16 22 27

Stipa tenacissima 4 14 29 2 4,5 7 13 14,3 15 14 17 19

Quercus faginea 21 56 116 2 4,0 7 10 11,4 14 16 17 22

Pinus brutia 4 39 85 3 6,8 12 11 12,7 15 10 17 24

Cistus albidus 6 50 124 2 4,7 9 12 13,8 17 4 15 21

Acacia mollissima 13 54 147 3 5,7 11 12 14,5 18 3 15 21

Pinus canariensis 5 51 87 3 8,0 12 12 13,1 14 9 15 26

Juniperus thurifera 1 30 62 2 4,9 7 14 14,3 15 11 15 19

Viburnum tinus 2 70 124 2 6,7 9 9 11,1 14 9 14 24

Myrtus communis 3 38 95 2 5,6 9 7 8,2 10 8 14 28

Pinus coulteri 2 44 91 2 7,2 14 12 14,1 18 9 14 24

Arbutus unedo 1 66 132 2 6,3 10 7 12,3 15 7 14 26

Olea europea 7 68 130 3 9,3 16 10 10,8 11 6 13 25

Thymelaea lythroides 4 43 155 1 8,8 60 0 16,1 26 0 13 17

Cedrus atlantica 4 20 36 2 3,0 5 20 20,4 21 7 13 18

Pistacia lentiscus 2 37 109 2 6,1 15 12 13,0 15 2 13 20

Buxus balearica 3 35 65 2 4,7 7 11 15,9 19 7 13 19

Pinus halepensis 3 49 95 3 8,2 14 12 14,3 16 7 12 18

Cupressus sempervirens 3 58 102 2 6,9 10 12 15,6 23 7 12 15

Pinus pinaster 11 92 154 3 13,4 20 13 17,2 19 4 11 23

Cistus ladaniferus 3 68 135 4 12,2 21 11 15,0 17 4 11 18

Teline linifolia 22 96 220 2 12,8 60 0 16,5 22 0 10 18

Cistus salviifolius 2 55 229 2 15,9 60 0 7,8 12 0 10 15

Tetraclinis articulata 1 41 128 1 10,1 32 6 13,4 23 1 10 17

Lavandula stoechas 5 81 244 2 19,1 60 0 9,3 15 0 9 17

Erica arborea 23 37 62 1 9,6 29 6 23,0 26 1 9 19

Halimium halimifolium 4 48 125 2 12,7 60 0 12,3 16 0 9 16

Cistus crispus 1 60 140 2 12,2 25 6 12,5 23 1 8 17

Cistus monspeliensis 16 90 195 3 16,7 60 0 11,1 16 0 7 14

120% and 80% H (0.82 < Id < 1.22) defined by Valette [22]
for natural vegetation after August month period. It may be
concluded that a forest vegetation with H < 100% will
undoubtedly constitute a very high fire risk. The so-called
“dry” forest fuels can be encountered, during summer
period, in natural arid degraded-forest sites of the Rif
Mountains. This situation becomes more risky in hot days
with hot wind (Chergui) blowing from the east, (equivalent
of the Sirocco wind). Under such conditions, wildland fires
are frequently triggered, and the local forest staff should be
kept on alert during this period of drought.

3.5. Flammability Index Classes. The FI parameter was
found to be inversely correlated (r = − 0.88) to the
species moisture content H. This tight relationship confirms
the previous results which show that the fuel moisture con-
tent is an important fuel characteristic affecting fire behavior

[5, 35]. To examine the tendency curves between the FI-
values of all the species together as a function of the Id-
values, different regression models were tested. This analysis
showed that the best fitting regression model is the third
degree polynomial equation, followed by the second degree
polynomial, and the simple linear regression equations
(Figure 3). Concerning the third degree polynomial equa-
tion, its null second derivative at its inflection point level
was found to correspond to the FI-value of 2.0, which
represents the middle class of the mostly flat curve central
part from FI = 1.5 to FI = 2.5 (Figure 3). This class matches
with the flammability index class defined by Valette as
“Moderately flammable”. Therefore, we suggest to keep the
same species classification proposed by Valette [22], but in a
continuous scale basis as follows: least flammable (FI < 0.5),
less flammable (0.5 ≤ FI < 1.5), moderately flammable (1.5
≤ FI < 2.5), flammable (2.5 ≤ FI < 3.5), highly flammable
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Figure 3: Flammability index (FI) values of Moroccan species as
a function of their desiccation index Id.
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Figure 4: Flammability index (FI) values of Moroccan species as
a function of their moisture content (H).

(3.5 ≤ FI < 4.5), and most flammable (4.5 ≤ FI). This latter
flammability class would mainly correspond to the case of
exceptionally very flammable species and dry fuel biomass of
less than 15–20% H (Id > 1.90).

By proposing the above flammability index classes, the
Valette’s classification method was improved at two levels:
(i) the magnitude of the FI-value belongs to a continuous
numerical scale that is different from the previously used dis-
crete notation system [22], and this would give best discrim-
inating comparison between species flammability degrees;
(ii) the FI-formula integrates, beside the time to ignition
parameter, two other interesting factors, that is, the time
of complete combustion, a good indicator of the potential
biomass energy that sustains combustion and then the rate
of fire spread [26, 28], and the flame height parameter that
would indicate the importance contribution of the volatile
essential oils or extractives to the heat released from the
species foliage fuels [31]. In fact, the result obtained from the
test on Eucalyptus camaldulensis confirms the contribution
of its volatile essential oils to flammability since it exhibits
a very high mean value of flame height of 22 cm and it was
found to be an extremely flammable species [23].

3.6. Flammability Assessment of Moroccan Species. Since the
FI-value is highly inversely correlated to species moisture

content, two different tendency curves were tested with re-
gard to the determination of the hypothetical moisture of
extinction (ME). As shown in Figure 4, the best fitting model
is the polynomial equation, followed by the simple linear
regression one. However, the polynomial equation appears
not to be adequate because its null derivative would give a
hypothetical moisture of extinction ME = 262%, resulting
in a minimum value of FI = 0,46 which is still much
higher than the negative test FI-value of 0. This means
that the polynomial equation will never get this null value.
Consequently, the linear equation is the right one to use for
predicting moisture of extinction, since for instance at FI
≤ 1, it would give ME = 155% and at FI = 0, ME would
have a value of 211%, a value that makes sense because
at this moisture content level, no fuels would probably
ignite (Figure 4). For each studied species, a linear regression
equation was then performed and used to calculate the
corresponding hypothetical moisture of extinction (ME)
on the basis of FI ≤ 1. The species ME-values and their
corresponding regression constants “a” and “b” with R2 are
given in Table 5. The determination coefficient varies from
R2 = 0.57 observed for Quercus suber to R2 = 0.96 for Cistus
ladaniferus, Cistus albidus, and Quercus faginea. The values
of the intercept “a” which correspond to the FI variation
interval at H = 0%, vary between 3,071 observed for Myrtus
communis and 4,795 for Cedrus atlantica. The values of
the hypothetical extinction moisture content ME, calculated
on the basis of FI ≤ 1, vary from a minimum of ME ≥
72% observed for Erica arborea to a maximum of ME ≥
243% noted for Arbutus unedo (Table 5). The estimation
of the hypothetical moisture of extinction via the linear
regression equation appears to give ME-values higher than
those found by Dimitrakopoulos and Papaioannou [23] for
the commonly studied species, except for Pinus halepensis
and Pinus brutia for which the values are in agreement.
However, for Erica arborea the value is low (≥72% versus
>87%).

3.7. Flammability Classification of Moroccan Species. The
average moisture content of 22 Moroccan species has been
calculated on the basis of data collected during critical sum-
mer periods, from July to September of the years 2007 and
2008 [34]. Based on their average moisture content values,
their corresponding FI-values were calculated, using the sim-
ple linear equations shown in Table 5. Table 6 shows the FI-
values of these species and their corresponding flammability
classes. According to the above classification method using
the proposed flammability index formula, and based on the
obtained FI-values, the studied Moroccan species are divided
into four flammability classes (Table 6). The results of this
species classification would partially explain, to a certain ex-
tent, the difference in fire occurrence existing between the
three studied forest regions.

(i) The Mamora lowland forest is considered of low fire
risk given that its shrub stratum is almost occupied
by the ecological association of Thymelaea lythroides
L. that has the lowest FI = 0.47. The Teline linifolia L.
unit (FI = 1.96) stretches on small area, and the most
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Table 5: Regression coefficient characteristics of the flammability index (FI) equations determined for Moroccan species as a function of the
moisture content H (in absolute value), (FI = a + bH), and their hypothetical moisture of extinction ME (in %) at FI ≤ 1.

Tree/shrub species
FI-equation

Hypothetical moisture of extinction ME (%) at FI ≤ 1
a b R2

Acacia mollissima 3,667 −1,119 0.85 ≥238

Arbutus unedo 3,333 −0,961 0.90 ≥ 243 (58–96%)∗

Buscus balearica 3,815 −1,607 0.80 ≥175

Cedrus atlantica Manetti. 4,795 −3,448 0.82 ≥110

Cistus albidus L. 3,915 −1,289 0.96 ≥226

Cistus crispus L. 3,387 −1,835 0.91 ≥130

Cistus ladaniferus L. 3,120 −1,449 0.96 ≥146

Cistus monspeliensis L. 3,772 −1,744 0.91 ≥159

Cistus salviifolius L. 3,160 −1,476 0.95 ≥146 (>112%)∗

Cupressus sempervirens L. 4,389 −2,576 0.83 ≥132 (>117%)∗

Erica arborea L. 3,492 −3,445 0.73 ≥72 (>87%)∗

Eucalyptus camaldulensis D. 4,446 −2,112 0.91 ≥163 (>140%)∗

Halimium halimifolium 3,773 −2,579 0.94 ≥108

Juniperus thurifera L. 3,672 −1,857 0.78 ≥144

Lavandula stoechas L. 3,469 −1,475 0.83 ≥167

Myrtus communis L. 3,071 −1,330 0.67 ≥156

Olea europea L. 3,252 −1,419 0.84 ≥159 (70–120%)∗

Phyllerea angustifolia L. 3,921 −1,640 0.82 ≥178

Pinus brutia Ten. 3,572 −1,977 0.78 ≥130 (81–130%)∗

Pinus canariensis L. 3,840 −2,399 0.95 ≥118

Pinus coulteri 3,788 −2,331 0.91 ≥120

Pinus halepensis Mill. 3,660 −1,979 0.86 ≥134 (89–138%)∗

Pinus pinaster var. maritima 3,511 −1,557 0.85 ≥161

Pistacia lentiscus 3,930 −2,270 0.82 ≥129 (80–85%)∗

Quercus faginea 3,960 −1,284 0.96 ≥230

Quercus suber L. 4,333 −1,597 0.57 ≥209

Stipa tenacissima L. 3,844 −3,733 0.61 ≥76

Teline linifolia L. 4,132 −1,593 0.78 ≥197

Tetraclinis articulata 4,083 −2,815 0.83 ≥110

Thymelaea lythroides L. 4,426 −2,903 0.80 ≥120

Viburnum tinus L. 3,800 −1,901 0.86 ≥147
∗

The data between parenthesis correspond to the moisture of extinction determined by Dimitrakopoulos and Papaioannou [23].

fire disaster observed in Mamora was in this unit but
in a fenced parcel where the vegetation density of
Teline linifolia L. was very high and animal grazing
was forbidden. The Mamora area is known by a high
population density and by grazing activities. Also, the
litter under the pine stand was always gathered by
local population for domestic energy uses.

(ii) Middle Atlas forests are of a moderate fire risk. In
these forests, the vegetation is mainly composed of
Cedrus atlantica, Pinus pinaster, Quercus rotundifolia,
Pistacia lentiscus, Olea europea, Arbutus unedo, and
so forth. In these mountains, although there is more
vegetation, grazing activity is extensive, basically

sheep. Most forest fires trigged in the pine stands
mixed with Quercus rotundifolia.

(iii) Finally, the highest fire occurrence is observed in Rif
mountains that are characterized by a Quercus suber
forest on steep topography and with a very dense
shrub stratum, mainly composed of Phyllerea angus-
tifolia L, Cistus monspeliensis L, Viburnum tinus L.,
Cistus crispus L., Cistus ladaniferus L., Erica arborea
L., and so forth. In this area, goats constitute most of
the grazing activity.

Except for Cistus salviifolius, ranked in the same “Moder-
ately flammable species” class as suggested by Dimitrakopou-
los’ method [36], the other commonly studied species
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Table 6: Moroccan species classification using their flammability index (FI) values calculated from their linear equations (FI = a+ bH) and
their average moisture content of their leaves or needles determined during the critical summer period from July to September.

Tree/shrub species Flammability index (FI-value) Species flammability classification

Quercus suber L. 2,97

Flammable species
(2.5 ≤ FI < 3.5)

Phyllerea angustifolia L. 2,97

Acacia mollissima 2.85

Quercus faginea L. 2,83

Cistus monspeliensis L. 2,69

Viburnum tinus L. 2,41

Moderately flammable species
(1.5 ≤ FI < 2.5)

Arbutus unedo L. 2,38

Lavandula stoechas L. 2,33

Cistus crispus L. 2,27

Cistus albidus L. 2,16

Cistus ladaniferus L. 2,14

Erica arborea L. 2,11

Eucalyptus camaldulensis D. 2,12

Cistus salviifolius L. 1,96

Teline linifolia L. 1,96

Pistacia lentiscus L. 1,88

Olea europea L. 1,69

Pinus canariensis L. 1,65

Pinus pinaster var. maritima 1,64

Cedrus atlantica L. 1,35 Less flammable species
(0.5 ≤ FI < 1.5)Myrtus communis L. 1,21

Thymelaea lythroides L. 0,47
Least flammable species
(FI < 0.5)

FI-value classification scale: least flammable (FI < 0.5), less flammable (0.5 ≤ FI <1.5), moderately flammable (1.5 ≤ FI < 2.5), flammable (2.5 ≤ FI <3.5),
highly flammable (3.5 ≤ FI < 4.5), and most flammable (4.5 ≤ FI).

Arbutus unedo and Pistacia lentiscus belong, according to the
same method, to a superior class of “flammable species”.
This latter method corresponds to a statistical classification
based on the canonical discriminate analysis of chemical
(heat content, total and silica-free ash content) and physical
(surface area-to-volume ratio and fuel particle density) prop-
erties of eight Mediterranean species [36]. Even though
the concepts of the two classification methods are similar,
in terms of aiming to establish a ranking scale for forest
species with regard to their fire behavior, their comparison
should be done with care because their using conditions are
completely different: the classification method developed in
this study is based on a flammability index value, calculated
from characteristics of experimental flammability tests, as a
function of the average moisture content recorded for each
species during the summer period from July to September.
Whereas, that of Dimitrakopoulos [36] is totally based on an
indirect estimation of the flammability through thermal and
physical properties of the forest species, and without taking
into account the moisture content effect.

On the other hand, however, the results found by Papio
and Trabaud [10] showed that Pistacia lentiscus, Cistus
salviifolius, and Phyllerea angustifolia are species of least,
greatest, and intermediate hazard, respectively, whereas the

same species are classified according to the current developed
method as moderately flammable for the two first species and
flammable for the third one. Liodakis et al. [21] have defined
only two ignitability classes: the most and the least ignitable
species; and for them, Pistacia lentiscus is ranked as the least
ignitable species. All these differences in species classification
are due, on one hand, to the difference in the number of the
defined flammability or ignitability classes and the intrinsic
characteristics of species from different origins, and to the
importance of the moisture content effect that should not be
neglected. On the other hand, it is due to the flammability
estimating-method concepts that are different from one
author to another. This demonstrates that, for future studies,
the fuel moisture content must be always associated to the
species flammability estimated by whatever method used.

From a practical point of view, the flammability index
concept developed in this study would be of great interest
for Moroccan forest managers in terms of fuel hazard and
fire risk assessment, mainly for the already managed forests
with known ecological association units. Mapping the fire
risk for this kind of forests would take less time if we
study the vegetation through setting sufficient number of
sampling plots in different ecological association units. Even
though the species flammability index remains the major
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parameter in forest fire studies, other factors are needed to
be considered such as vegetation structure and architecture,
surface fuel biomass, moisture content, and weather. Finally,
the conclusion to be drawn from this study is that the de-
veloped findings constitute a well-established knowledge
basis for future forest fire prevention studies in Morocco.

4. Conclusions

The aim of the study was to improve the flammability index
estimation method suggested by Valette [22]. In fact, an em-
pirical formula that estimates species flammability index (FI)
was developed, integrating three parameters: time to ignition
(TI), time to combustion (TC), and flame height (FH). The
FI-value varies within an interval of [0, 6]. The ignition fre-
quency (IF) was not considered in this formula because
it is highly correlated to the other parameters, mainly to
TI with r = −0.89. Since the FI-value is calculated for
each flammability test, an analysis of variance, between four
different sample sizes of 12, 24, 36, and 50 flammability
tests, was performed in order to determine the sampling size
to consider for species flammability estimation. The results
showed that 12 flammability tests only are sufficient to obtain
same values as with the sizes of 24, 36, or 50 tests.

The proposed species classification method is somewhat
similar to the one suggested by Valette [22], but on the basis
of a continuous scale as follows: least flammable (FI < 0.5),
less flammable (0.5 ≤ FI < 1.5), moderately flammable (1.5
≤ FI < 2.5), flammable (2.5 ≤ FI < 3.5), highly flammable
(3.5 ≤ FI < 4.5), and most flammable (4.5 ≤ FI). This latter
flammability class would mainly correspond to the case of
exceptionally very flammable species and dry fuel biomass of
moisture content less than 15–20% (Id > 1.90).

The FI-value was found to be inversely correlated to the
species moisture content with r = −0.88. The polynomial
and linear regression equations appear to be consistent.
However, the best model to consider, regarding the estima-
tion of the moisture of extinction, is the simple linear model
which can be considered as a conservative one in the sense it
would give the lower limit value of the threshold point for the
moisture of extinction. Most of the Moroccan studied species
are classified as moderately flammable to flammable species.
However, Thymelaea lythroides is the only least flammable
species.

Based on data comparison between the commonly stud-
ied species, it can be concluded that the developed classifi-
cation method is somewhat similar to the statistical classi-
fication proposed by Dimitrakopoulos [36] which is based
on the canonical discriminate analysis of the intrinsic species
chemical and physical characteristics. However, a notable dif-
ference has been observed with regard to either the fire
hazard classification proposed by Papio and Trabaud [10] or
the ignition delay time method considered by Liodakis et al.
[26]. For a practical purpose, the moisture content should be
taken into account for any eventually proposed flammability
estimating method.

Regarding the practical aspect of the current research
findings, the concept of species flammability index in

relation to the field species moisture content would con-
stitute a basis for future research in terms of estimation
of a global flammability index at the forest site level. This
would facilitate the fire risk mapping, mainly for the already
managed forests with known ecological association units.
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Vortices are almost always present in the wildland fire environment and can sometimes interact with the fire in unpredictable ways,
causing extreme fire behavior and safety concerns. In this paper, the current state of knowledge of the interaction of wildland fire
and vortices is examined and reviewed. A basic introduction to vorticity is given, and the two common vortex forms in wildland
fire are analyzed: fire whirls and horizontal roll vortices. Attention is given to mechanisms of formation and growth and how this
information can be used by firefighters.

1. Introduction

Large fire whirls are often one of the more spectacular aspects
of fire behavior. Flames flow across the ground like water
feeding into the base of the vortex, the lowest thousand feet of
which often takes on an orange glow from combusting gases
rising within the vortex core. Burning debris lofted within
the vortex can lead to a scattering of spot fires some distance
from the main fire. With their sudden formation, erratic
movement, and often sudden dissipation, fire whirls are a
good example of extreme fire behavior. However, other forms
of vortices are actually quite common on wildland fires and
receive less attention despite their potential to dramatically
alter fire behavior.

This paper is designed to provide a better understanding
of vortices associated with wildland fires, both fire whirls,
and horizontal roll vortices. A key point will be providing a
basic understanding of what aspects of the fire environment
contribute to the development and growth of these vortices.
The next section supplies a brief introduction to vorticity, a
measure of the atmosphere’s tendency to spin or rotate about
some axis. With this basic understanding of vorticity, we
will examine the common vortex forms described in the fire
behavior literature, fire whirls, and horizontal roll vortices.

2. Vorticity Basics

Simply stated, vorticity is the measure of spin about an
axis. That axis can be vertical, as in the case of a fire whirl,
or horizontal for a roll vortex, or somewhere in between.
Mathematically, vorticity is a vector quantity (it has both
magnitude and directional information) that is defined as the
curl of the wind field:

�ω = ∇x�V (1)

or in component form:
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As a simple hypothetical example, take a vertical cross-
section through a fire with no ambient horizontal winds
(Figure 1). The vertical winds near the ground can be char-
acterized by a strong updraft over the fire and descending air
outside of the fire area. The change in the vertical velocity
along the x-axis imparts rotation to the flow field about
the y-axis. Note that this does not describe how vorticity
is generated, but rather just illustrates the definition. The
complete vorticity equation can be derived by applying (1)
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Heat source

Figure 1: Vertical cross-section through idealized fire illustrating occurrence of vortices due to horizontal gradient of vertical motion
produced by buoyancy from the fire.

to the Navier-Stokes equations that describe fluid motions to
get
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The first term on the left-hand side of (3) is the time rate
of change of vorticity at a point. All of the remaining terms
in the equation describe processes by which the vorticity
at a point is changed. The second term on the left-hand
side is the advection, or transport, of vorticity by the wind.
Thus vorticity generated in one place can impact another
location.

The right-hand side of (3) begins with the tilting term,

(�ω·�∇)�V , that describes how velocity gradients can transform
horizontal vorticity into vertical vorticity and vice-versa. The

second term on the right hand side, �ω(�∇ · �V), describes
how flow convergence (divergence) stretches (compresses)
vortices and increases (decreases) the magnitude of the
vorticity. Note that these tilting and stretching terms can only
enhance the vorticity already present in the flow; they cannot
generate new vorticity. The solenoidal or baroclinic term is

the third term on the right hand side of (3), (1/ρ2)�∇ρ× �∇p.
This term generates vorticity in cases where the gradients in
pressure and density are not parallel. In the case of a fire,
rapid heating develops a horizontal temperature gradient
that is not aligned with the vertical static pressure gradient.
This misalignment of the vertical pressure gradient and
horizontal thermal gradient leads to rotational motions to
mix warm and cold fluid in an attempt to restore balance.

The fourth term in (3), �∇ × ((�∇ · τ)/ρ), provides for
the generation of vorticity due to viscous shear stress. Wind
shear induced by surface drag is a source of vorticity;
therefore, if the wind is blowing at the earth’s surface,
horizontal vorticity is being generated. The final term in (3),
�∇×�B, represents changes in vorticity due to body forces such
as gravity acting on the fluid.

In summary, the vorticity at any location changes due
to the transport of vorticity from one place to another, the
tilting of vorticity from one axis to another, the stretching
and intensifying of vortices by convergence, or by the
generation of vorticity through buoyancy and/or wind shear.

3. Fire Whirls

Fire whirls are vertically oriented, intensely rotating columns
of gas found in or near fires. They have been observed in
wildland, urban, and oil spill fires and volcanic eruptions.
Dynamically they are closely related to other swirling
atmospheric phenomena such as dust devils, waterspouts,
and tornadoes [1]. Fire whirls have also been called fire
devils, fire tornadoes, and even firenadoes. They are usually
visually observable because of the presence of flame, smoke,
ash, and/or other debris. The definition of a fire whirl used
here includes those whirls caused by the buoyancy of a fire
but with no inner core of flame. Fire whirls range in size
from less than 1 meter in diameter and velocities less than
10 m s−1 up to possibly 3 kilometers in diameter and winds
greater than 50 m s−1 [2]. The smaller fire whirls are fairly
common on wildland fires, while the larger whirls are less
common. All fire whirls, especially the larger ones, represent
a considerable safety hazard to fire fighters through increased
fire intensity, spotting, erratic spread rate and direction, and
wind damage [3].

Several extremely large fire whirls have been reported in
urban fires that illustrate their potentially destructive nature.
In 1871, the Great Chicago Fire generated whirlwinds that
lifted and transported burning planks 600 meters ahead of
the main fire, which contributed greatly to the spread and
destruction of the fire [4]. On the same day, a fire in Peshtigo,
Wisconsin generated a whirl that was strong enough to lift
a house off its foundations [5]. Hissong [6] also reported a
whirl strong enough to move a house. This whirl was one
of many that formed during a large oil storage facility fire.
The whirl separated from the fire and moved 1,000 meters
downwind, lifted the small house, and moved it 45 meters
killing the 2 residents inside. A much more devastating
whirl formed in 1921 when a magnitude 7.9 earthquake
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hit the Tokyo, Japan area causing a mass urban fire. This
fire spawned an extremely large fire whirl that killed an
estimated 38,000 people in less than 15 minutes [7]. The
victims had gathered in an area of sparse fuel 0.16 km2 in
size, and the whirl moved over the area. Last, the World War
II city bombings of Hamburg, Dresden, and Hiroshima were
reported to have caused very large and destructive fire whirls.
The Hamburg whirl was estimated at 2.4 to 3 kilometers in
diameter and 5 kilometers tall [8].

Large and intense fire whirls also occur on wildland
fires. Graham [9–11] describes several large whirls that were
able to lift large logs and other debris and break off large
standing trees. He indicates that many form on lee slope
locations. Pirsko et al. [12] report on a very intense fire
whirl that moved out of the fire area in the downwind
direction and destroyed 2 homes, a barn, and 3 automobiles,
toppled almost 100 avocado trees, and injured 4 people.
They also believe that the terrain and lee slope fire location
contributed to the formation of the whirl. Additionally they
cite moderate winds, an unstable atmosphere, and a large
heat source as contributors. King [13] analyzed video of
a fire whirl and found that maximum vertical velocities
in the whirl core were up to 91 m s−1. Large fire whirls
have also been documented on flat ground. Haines and
Updike [14] describe several medium to large size fire whirls
that occurred during prescribed fires on flat ground. They
cite a superadiabatic lapse rate in the lower atmosphere as
an important factor. Umscheid et al. [15] also report on
a large fire whirl that occurred on flat ground and give
convincing arguments that a major contributor to the whirl
was vorticity associated with passage of a cold front. Billing
and Rawson [16] also report on a large whirl that may
have been influenced by a cold front passage. McRae and
Flannigan [17] describe many large whirls that occurred on
prescribed fires. One of the largest and most intense whirls
was 400 meters in diameter and ripped standing trees out of
the ground and lifted them upwards. This whirl occurred on
a cloudy day with a temperature lapse rate of −6◦C/1000 m
in the first 1000 meters above the ground. They conclude that
the influence of the environmental lapse rate on fire whirl
formation is unclear and that whirls can form under lapse
rates other than dry or super adiabatic.

Fire whirls have severely injured firefighters in the past.
Emori and Saito [18] describe a wildland fire in Japan that
may have spawned a fire whirl that injured firefighters. The
2001 Fish Fire in Nevada generated a fire whirl that caused
firefighters to deploy their fire shelters [19]. Another whirl
in 2006 in Nevada injured 6 firefighters [20]. Finally, a very
large whirl formed on the 2008 Indians Fire in California that
injured 4 firefighters [3].

3.1. Fire Whirl Physics. Over the past few decades, a sig-
nificant body of information has accumulated on fire whirl
structure and influencing factors. The different techniques
used to investigate fire whirls include field [10–15, 17, 21, 22]
and laboratory [1, 7, 18, 23–37] scale experiments, and
analytical [1, 23–26, 30, 38, 39], physical [1, 7, 18, 26, 27, 29,
33–36, 40], and numerical [15, 23, 24, 41–46] modeling. This

work has revealed some of the main features of fire whirls.
For example, it is commonly accepted that the formation
of fire whirls requires a source of ambient vorticity and
a concentrating mechanism [1, 2, 23, 41, 42]. Ambient
vorticity in the atmosphere can be generated by the ground
boundary layer of wind, by wind shear from nonuniform
horizontal densities, and from the earth’s rotation. The
concentrating mechanisms in fires are produced by the
buoyant flow. They reorient horizontal vorticity into the
vertical direction and provide vortex stretching.

3.1.1. Whirl Structure. One of the first laboratory studies of
fire whirls was that of Emmons and Ying [1]. They were
able to generate a fire whirl with a combusting core by
placing a liquid-fueled (acetone) pool fire in a cylindrical
rotating screen. The rotation speed of the screen was varied,
and temperature, velocity, and burning rate were measured.
Several important aspects of fire whirls were identified in this
study. They found that a fire whirl develops an ascending and
rotating core of fuel rich gas. The core’s radial distribution
of tangential velocity may be in more or less “solid body”
rotation (also called a forced vortex), but Emmons and
Ying were not able to take measurements to prove this.
In a forced vortex, vorticity and angular frequency are
constant and non-zero. Tangential velocity and circulation
increase with radius. Outside of this core, Emmons and
Ying describe a fuel lean area with tangential velocity that
can be well described by a free or potential vortex plus
small radial and vertical velocity components. Vorticity in
a free vortex is zero, while angular velocity and frequency
tend toward zero with distance from the axis. Snegirev
et al. [24] state that the free and forced vortex system can
be approximated with a Rankine vortex as shown in Figure 2,
which is an analytic equation sometimes used to approximate
the velocity structure in tornadoes and hurricanes. Their
numerical model which used a k-epsilon turbulence closure
modified for swirling flows did indeed show that the radial
profile of tangential velocity closely resembled the Rankine
vortex. Chuah and Kushida [25] and Chuah et al. [26]
use Burger’s vortex as an estimate for the core flow in
their analytical model. Burger’s vortex is an exact analytical
solution to the Navier-Stokes equations that is sometimes
used to describe vortex tubes. They also state that the radial
inflow velocity needed to maintain the vortex is a function
of the core radius with a smaller core radius requiring more
radial inflow to maintain the vortex.

Akhmetov et al. [27] used a PIV method on a laboratory-
generated fire whirl to provide currently the best mea-
surements of the velocity structure in a fire whirl. They
confirmed that a fire whirl generates a core region that
rotates in approximately solid body rotation. The maximum
vertical velocity in the core region was of the same order of
magnitude as the maximum rotational component. Outside
of the core, the rotational velocity component decreases with
distance from the axis, and vertical velocities are much less.
They also concluded that the basic features of fire whirl flows
are the same as in other vertical tornado-like vortices such as
dust devils and tornados.
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Figure 2: Tangential velocity structure as a function of radius for a
Rankine vortex.

3.1.2. Turbulent Mixing. Emmons and Ying [1] also found
that the rotational motion in and at the boundary of a
fire whirl core causes an order of magnitude reduction
in turbulent mixing motions. This is what gives a fire
whirl its tall, slender appearance. They indicate that this
turbulent mixing reduction is a very significant aspect of
swirling flows and one of the main reasons that fire whirls
are able to achieve such strong intensities. Snegirev et al.
[24] expand on the turbulent suppression idea explaining
that, in the core, radial displacement of a fluid particle
towards the axis is resisted by centrifugal acceleration and
displacement away from the axis is resisted by the radial
pressure gradient. Because of the solid body rotation in
the core, this radial pressure gradient increases with radius.
The turbulence suppression in the core is analogous to that
in a stable atmospheric boundary layer, but with different
resisting forces. In the outer, free vortex area, fluctuations in
the radial direction are destabilized, analogous to an unstable
atmospheric boundary layer. Others [28, 29] have examined
turbulence in laboratory fire whirls and jets in more detail
and also showed a large reduction in turbulence in the whirl
core. Some have proposed the use of a Richardson number
for examining the stability of fire whirls [24, 29].

Emmons and Ying [1] indicate that the stable core
environment could lead to the existence of “surface waves”
on the surface of the core, similar to water flowing in a
river or stable atmospheric flow over a hill. In the case of
the upward flow being faster than the surface wave speed
“shooting flow”, a hydraulic jump type situation is possible
[42]. This jump from the so-called “shooting flow” to “tran-
quil flow” (flow speed slower than wave speed) would be
accompanied by high turbulence, which could contribute to
vortex breakdown, although this has never been confirmed.
Emmons and Ying [1] also mention that a hydraulic jump
may be necessary if the whirl is to satisfy its ground-level and
“high-” altitude boundary conditions for momentum and
mass flow. This might be similar to water flowing down a
dam spillway, where the initial velocity is high (supercritical
flow) but it flows into an environment of much slower flow

(subcritical flow) at the end of the spillway. The flow must
form a hydraulic jump to satisfy these boundary conditions
in a stable flow environment. Komurasaki et al. [43] used
numerical simulation to investigate vortex breakdown in
a thermal whirl and found that just as vortex breakdown
begins, strong vorticity appears near the ground. This strong
vorticity was attributed to strong jets of downward moving
air that impinge on the ground during the breakdown of the
simulated whirl, which, if true, could have safety implications
for nearby firefighters.

It should be noted that several authors have found that,
at very low rotation, a plume actually expands more than the
nonrotating plume and reduces the flame height. As rotation
is increased, turbulence is suppressed as discussed above and
the plume expands less than the non-rotating plume giving
a taller, more slender plume. Emmons and Ying [1] show
this in Figure 7, but cannot explain this behavior. Battaglia et
al. [44] also showed this behavior in their numerical model.
Zhou and Wu [23] explain this by stating that it is due to
the inflow boundary layer wind reducing the initial vertical
velocity of gas and enhancing entrainment.

The large reduction of turbulent mixing in the core
of a whirl is one of the principle causes of the amazing
velocities fire whirls can achieve. The low turbulence reduces
transfer of momentum, mass (density), fuel, and oxygen to
and from the core. In whirls with a combusting core, this
causes a large increase in flame lengths since the flames are
turbulent diffusion flames and mixing with oxygen outside
the core is limited. Emmons and Ying [1] report flame
length increases of up to 7 times the nonwhirl lengths,
although the increased flame lengths include the combined
effect of turbulent reduction in the whirl core and increased
evaporation rates of the acetone pool. Chigier et al. [28] used
a metered methane burner to keep gas flow rates constant
and showed that flame lengths doubled in their laboratory
whirl produced using a rotating mesh cylinder. Since the fuel
flow was held constant, this increase in flame lengths was
due solely to the reduction in mixing. Even in whirls with
noncombusting cores, this low turbulent mixing produces
a tall column of lower density gas than the surrounding
atmosphere. Consequently, pressure at the ground level in
the core may be very low [1] due to this hydrostatic effect.
This combines with the cyclostrophic flow effect discussed in
the next section to produce extremely low pressures near the
ground.

3.1.3. Cyclostrophic Flow. Contributing to a low pressure
in the core is the roughly cyclostrophic flow (pressure
gradient force balances the centrifugal force) [38]. As the
whirl spins faster, lower pressures occur in the core to
balance the increased centrifugal force. Near the ground, this
cyclostrophic balance is disrupted by drag forces and the
large radial pressure gradient produces flow toward the axis
of rotation. Consequently, flow near the ground converges
toward the center of the whirl and then is forced vertically.
This draws air, rich in shear-produced horizontal vorticity,
into the bottom of the whirl [42]. Also, additional buoyant
gases and fuel may be drawn into the core, aiding vortex
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stretching [1]. Muraszew et al. [30] state that this effect due
to the ground surface is a requirement for the formation of a
fire whirl.

3.1.4. Vortex Stretching. The primary vorticity concentrating
mechanism in fire whirls appears to be vortex stretching due
to vertically accelerating flow in the whirl core [24]. This
corresponds to the second term on the right-hand side of
(3). The vertical acceleration is due to buoyant forces from
hot gases in the core of the fire whirl. This acceleration causes
a reduction in the diameter of a horizontal area enclosed by
a chain of fluid particles (horizontal convergence), thereby
increasing nonzero vorticity at any location on the horizontal
area [38]. This is analogous to a reduction in the moment of
inertia of a rotating solid, causing increased rotation rate to
conserve angular momentum. Snegirev et al. [24] indicate
that the whirl core radius is not dependent on the initial
or imposed circulation but that it is probably dependent on
vortex stretching due to vertical acceleration.

This same mechanism may also contribute to reduction
in whirl vorticity [24] high up in the vortex where the vertical
velocity decreases with height. This could occur when the
core’s buoyancy is reduced from ambient air entrainment
and/or encountering a stable atmospheric lapse rate aloft.
The vertical deceleration would reduce the vorticity.

3.1.5. Increased Combustion Rates. A number of researchers
have noted significant increases in burning rates of labo-
ratory fire whirls [1, 26, 31, 32]. In all of these studies,
the burning rate is defined as the mass loss rate of the
fuel source (solid or liquid). Byram and Martin [31] found
a threefold increase in alcohol burning rate when a whirl
formed. Emmons and Ying [1] found that the burning rate
of their acetone pool fires was a function of the externally
imposed circulation, with increases of up to 7 times the
nonwhirl conditions. Martin et al. [32] measured 1.4 to 4.2
times faster burning rates in fires fueled by cross-piled wood
sticks of varying sizes.

The increased burning rate is likely due to increased
heat transfer and mixing near the solid or liquid fuel. The
question of which mechanism of heat transfer (convection
or radiation) is causing the increased burning rates has been
examined by several researchers [24, 26, 28]. Most have
speculated that increased convective heat transfer due to high
levels of turbulence near the ground surface and fuel causes
the increased burning rates [24, 28]. Snegirev et al. [24] used
a CFD model that included a Monte Carlo radiation solver to
show that radiation actually decreased when a whirl formed
in their study. This was attributed to changes in flame shape
and suggests that radiative heat transfer is not the cause of
increased burning rates in fire whirls. These authors propose
that the flow rotation intensifies the entrainment of air into
the fuel-rich region near the ground and fuel surface, which
causes increased mixing in this area resulting in higher gas
temperatures and reaction rates. Chigier et al. [28] used
an isothermal laboratory experiment to show that increased
mixing does occur. Their experiment used a suction tube to
produce the needed vortex stretching. The isothermal nature

of the experiment allowed easy measurement of velocity,
including turbulence. They found that turbulence intensities
over the first four diameters vertically were much higher
than the nonrotating case. Above this height, turbulence
intensities reduced to less than the nonrotating case as
expected. Chuah et al. [26] used a scaling analysis and
measurements in small experimental fire whirls over pool
fires to develop an analytical model of fire whirls, including
a heat-feedback mechanism to the pool fire. They found that
the average rate of heat transfer from the flame to the fuel
surface was a function of the vortex core radius. A smaller
radius provided more heat to the fuel surface.

3.1.6. Scaling Fire Whirls. Much of what is known about fire
whirls comes from small-scale laboratory experiments. Full
scale experiments are usually not practical because of safety
concerns, economic aspects, and difficulties of controlling
boundary conditions [18]. Because of this, scaling laws
are very important to consider when attempting to apply
information gained from small-scale experiments to full-
scale fire whirls. Several authors have examined scaling
related to fire whirls.

One of the first investigations of scaling laws related to
fire whirls was Emmons and Ying [1]. They suggest that
Froude and Rossby numbers were important parameters for
understanding their laboratory whirls. Another investigation
was that of Emori and Saito [18]. They used a scale model
in a wind tunnel to recreate a firefighter entrapment that
occurred. The scaling analysis concentrated on fluid flow and
buoyancy from the fire, which was simulated in the scale
model using electrically heated wires. A modified Froude
number was considered important to proper scaling. In the
experiment, they found that a fire whirl occurred on the
lee side of a mountain at the location where the firefighters
were injured. They also found that the whirl only formed
when the ambient cross-flow wind was within a certain speed
range. Wind above or below this range did not produce a fire
whirl.

Soma and Saito [7, 33] classified whirls into three differ-
ent types according to causal factors and behavior and inves-
tigated each type using scaling analysis and experiments.
Their scaling analysis determined that scaled experiments
should be performed with wind velocities and heat genera-
tion rates proportional to the square root of the fire widths or
one-fourth power of the fire area. They were able to produce
fire whirls in their experiments that qualitatively matched the
full-scale events. Length scale ratios between the experiments
and full-scale whirls were 1/235, 1/2500, and 1/4837. They
also found that there was a range of cross-flow wind speeds
where whirls would form but above or below this speed
whirls did not form.

Grishin et al. [34] examine fire whirls using laboratory-
generated whirls and found that Grashof and Froude
numbers could be used for scaling. They conclude that
fire whirl characteristics are determined by the heat-flux
density, lift force, and angular momentum of the external
vortex flow. Grishin et al. [35] use a Rossby number derived
in a semiempirical way to determine the critical values
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under which a fire whirl would form in their laboratory
experiments. They state that the rotation velocity of a fire
whirl decreases as its radius increases and increases as its
height increases. Akhmetov et al. [27] also use a Froude
number for scaling and find that rotational velocity increases
as whirl height increases. They mention that other similarity
criteria based on Grashof number or Reynolds number will
vary by many orders of magnitude for vortices of different
scales.

To the authors’ knowledge, the only discussion of the
horizontal movement of fire whirls is given by Grishin [39]
despite its importance to firefighter safety. The paper uses
a theoretical basis to analyse how fire whirls move due to
interaction with other fire whirls. In particular, two counter-
rotating fire whirls with equal intensity in close proximity
are examined and found to move in the same direction with
the same velocity. This could be important in the case when
counter-rotating vortices appear on the lee side of a fire
plume [21, 45], which may be fairly common in wildland
fires in a cross-flow wind.

Kuwana et al. [36, 40] examined several experimental and
full scale whirls under cross flow conditions and concluded
that a critical cross flow wind velocity exists where fire whirls
are most likely to occur. This critical velocity was found to be
proportional to the vertical buoyant velocity, which depends
on the burning rate and length scale of the burning area.

3.1.7. Vorticity Sources. In the wildland fire context, it
appears that there are many possible sources of ambient
vorticity that could contribute to fire whirls. Morton [47]
discusses some of these sources. One important source may
be the vertical shear layer that develops when ambient wind
flows over the ground surface, producing horizontally ori-
ented vorticity. This type of vorticity generation corresponds
to the fourth term on the right-hand side of (3). As shown
in Figure 3, this horizontal vorticity can then be reoriented,
or tilted, by the fire’s buoyant flow into the vertical [21, 38,
45] and may be a major contributor to many fire whirls.
Similarly, it is likely that the drafting to a buoyant plume
develops a shear layer near the ground that also generates
horizontally oriented vorticity that can also be tilted to
the vertical. This source of vorticity could be present even
in zero ambient wind situations. Complex terrain can also
generate vorticity through channeling and shear of ambient
and fire-induced winds [12]. Turbulent wake regions behind
terrain features such as hills and mountains are thought
to produce favorable vorticity for fire whirls [2, 11, 48,
49]. Another source of ambient vorticity for some whirls
may be vorticity present along frontal boundaries [15, 16].
This may be similar to the meteorological setting for many
nonmesocyclone tornadoes [15].

Another possible source of vorticity in fire whirls is
the baroclinic term in (3). At this time, it is unclear
how important this source of vorticity is to fire whirls.
McDonough and Loh [46] provide an initial examination
using numerical modeling. They mainly examine grid res-
olution requirements and are not able to make any strong
conclusions about the significance of baroclinically generated
vorticity, other than that it warrants further study.

3.2. Fire Whirls in the Real World: Common Features. There
appear to be many factors that influence the development
of fire whirls on wildland fires. These factors interact
in complex ways, and it is doubtful that firefighters will
ever have very accurate predictive tools to foresee whirl
formation, especially in a timely manner to make real-time
decisions. The hope at this point is to identify situations that
are more likely to form whirls. The following are some likely
scenarios where fire whirls have been known to form. It is
probable that some of these types of fire whirl scenarios could
be combined to possibly make whirl formation more likely or
more intense.

3.2.1. Whirl Shedding on the Lee Side of a Plume. This type
of whirl forms when a plume is subjected to a cross-flow
wind. The whirl forms on the lee wind side of the plume.
It separates from the plume and advects in the downwind
direction. Sometimes multiple whirls of opposite rotating
direction shed periodically, similar in appearance to Von
Karman vortex shedding behind an obstruction in a flow.
Often, as the whirl moves away from the fire, it contains
no flaming combustion. Wind in these whirls can be strong
enough to cause damage to trees, structures, vehicles, and
so forth. and the whirl may stay intact for several minutes
and travel for distances of possibly 1 mile. Its ability to stay
intact even though most of its vortex stretching mechanism
(buoyancy) is lost is probably due to the strong reduction in
turbulent diffusion of the core. Examples of this type of whirl
have been reported by many authors [6, 7, 12, 21, 22, 33, 50],
and video and images of others are on file at the US Forest
Service’s Missoula Fire Sciences Laboratory.

It is probable that a critical cross-flow wind velocity is
very important to this type of fire whirl, as discussed in
Section 3.1.6. Cunningham et al. [45] were able to simulate
this type of whirl and hypothesized that the main source
of vorticity comes from the tilting of horizontally oriented,
shear-generated vorticity in the ambient cross-flow. The sig-
nificance of other sources of vorticity is currently unknown.
Others [51–53] have shown that the same shedding whirls
are present in an isothermal vertical jet in cross flow,
although in these experiments the whirl formation may also
be influenced by the jet shear layer.

3.2.2. L-Shaped Heat Source in Cross-Flow. Soma and Saito
[7, 33] first investigated this type of fire whirl as an
explanation for a historic and catastrophic fire whirl that
occurred in 1923 in Tokyo. Unlike the shedding whirl, this
whirl seems to be mostly stationary. It occurs when a roughly
L-shaped heat source is subjected to a cross-flow wind as
shown in Figure 4. The whirl forms in the inside bend of
the L-shaped heat source. As in the shedding whirl, a critical
cross-flow wind speed is thought to be important [7, 33]. If
the wind is above or below this speed, whirls are less likely to
form. This type of whirl is probably very much related to the
shedding whirl type, including the important vorticity source
from the ambient shear flow.

3.2.3. Vorticity Associated with Cold Fronts. This type of
whirl forms when ambient vertical vorticity from cold fronts
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Figure 3: A schematic showing how shear-generated horizontal vorticity present in the atmosphere near the ground can be reoriented to
the vertical by a fire (from Church et al. [21]).

Heat source

Figure 4: Schematic of fire whirl formation for an L-shaped heat
source in a cross-flow wind. View is from above.

interacts with a fire plume. Billing and Rawson [16] and
Umscheid et al. [15] discuss cases where this type of whirl
formed over flat terrain. The key feature of these two
examples is that they occurred almost exactly when a cold
front passed over the fire area. Umscheid et al. [15] discuss
the associated ambient vertical vorticity present along a cold
front boundary and identify some similarities between this
type of fire whirl and the formation mechanisms of non-
mesocyclone tornadoes. At this time, it is not clear why
fire whirls form under some cold front passage conditions,

but not others. Perhaps nonmesocyclone tornado genesis
research can help identify why these whirls form.

3.2.4. Multiple Interacting Plumes. This type of fire whirl
occurs from the interaction of multiple plumes with no
ambient cross flow wind. Entrainment into each plume is
affected by the nearby plumes, and under the correct con-
figuration and buoyant plume strengths, a whirl can form.
Figure 5 shows a schematic of how five fires could be oriented
to cause a fire whirl. Lee and Otto [37] observed whirl
formation due to plume interaction in their experiment
using two asymmetric shaped burning wood piles. Zhou and
Wu [23] examined the multiple interacting plume whirl in
more detail using experimental fires, numerical simulation,
and some scaling analysis. They discussed configurations
under which whirls would and would not form. They also
showed that whirls can form under randomly oriented plume
locations (Figure 6). This has implications to wildland fire
under mass spotting type conditions. Occurrence of fire
whirls under such conditions might be very likely, so long
as the multiple plumes are drafting a significant amount of
air and are properly spaced and organized.

3.2.5. Lee Side of a Hill/Mountain. These fire whirls occur
when a fire plume exists on the lee side of a terrain
obstruction such as a hill or mountain. The plume uses
vorticity existing in the wake region of the obstruction
to form the whirl. Countryman [49] states that this is
the most favorable situation for generation of fire whirls.
During investigations of full-scale mass fires, Countryman
[48] intentionally burned a fire on a lee slope under moderate
wind to investigate this type of whirl. Several whirls formed
during the burn, with the largest occurring near the end.
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Figure 5: Schematic showing a heat source configuration that can
cause a multiple interacting plume-type fire whirl (from Zhou and
Wu [23]).

Figure 6: Image of a computer simulation showing how randomly
oriented heat sources could cause a fire whirl through plume
interactions. View is from above and heat sources are in lighter color
(from Zhou and Wu [23]).

Pirsko et al. [12] describe a whirl that formed on the lee side
of a terrain obstruction and then shed from the plume in
the downwind direction. The whirl caused significant wind
damage to several houses, trees, and vehicles. Wind speed at
the time was 9.4 m s−1 with gusts to 13 m s−1.

4. Horizontal Vortices

Horizontal vortices are quite common in the atmosphere
and have been extensively studied see Brown [54] and

Mean flow

Clouds

Clouds

Clouds
Clouds

Figure 7: Illustration of the role of horizontal vortices in the
development of cloud streets (based on Etling and Brown [55]).

Etling and Brown [55] for reviews. In the absence of
wind, when the ground is heated, the warm air near the
ground will eventually begin to rise in circulation cells, a
process known as Rayleigh-Bernard convection [56]. In the
presence of vertical wind shear, these cells begin to transition
from disorganized and transient to an organized state of a
hexagonal lattice of convective cells. Fair weather cumulus
clouds often mark the tops of updrafts of these cells. As the
wind shear increases, the convective cells further organize
into horizontal convective rolls that are perpendicular to
the mean wind; further increases in the vertical wind shear
change the balance between buoyancy-driven vorticity and
shear driven vorticity and lead to the convective rolls being
oriented parallel to the mean wind [57]. These longitudinal
convective rolls are easily seen in satellite images due to
parallel bands of cumulus clouds known as cloud streets.
Figure 7 provides an illustration of the structure of these
cloud streets. While such horizontal convective rolls are
a common feature of the atmosphere in the planetary
boundary layer, the presence of a fire adds a complicating
factor in the form of a horizontal temperature gradient that
can locally alter the convective organization of the boundary
layer.

Horizontal vortices associated with wildland fires have
received less attention than their vertical counterparts, fire
whirls. Haines and Smith [58], hereafter HS87, provide
descriptions of three distinct types of horizontal vortices
observed on wildland fires: the transverse vortex which is
perpendicular to the flow direction, a single longitudinal
(flow parallel) vortex, and a counter-rotating longitudinal
vortex pair.

4.1. Transverse Vortices. Transverse vortices are described in
HS87 as a series of vortices “climbing” the upstream side
of the convective column under conditions of low ambient
wind speeds and intense burning. The mechanism HS87
proposed for the development of such vortices involves the
development of buoyancy-forced ring vortices rising through
the smoke column. HS87 further hypothesize that only the
upwind portion of the ring is clearly visible as turbulent
mixing is thought to render the downwind section of the
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ring less distinct. While transverse vortices on wildland fires
have received little attention, extensive literature is available
on ring vortices associated with pool fires.

The buoyantly forced ring vortex is a common feature
of fluid flows associated with heat sources ranging in scales
from candles to pool fires up to large mass fires; however,
they are most clearly visible under conditions of weak mean
horizontal flow. For these ring vortices, the vorticity is
generated through the baroclinic term from (3). Since the
thickness of the density layer controls the magnitude of the
baroclinically forced vorticity, the strongest vortices have
scales similar to that of the flame surface [59]. As buoyant
forces cause these vortices to rise, a process often referred to
as “amalgamation” takes place as the rising vortices merge
and grow and manifest themselves in the oscillatory necking
and bulging of the fire that results from the Rayleigh-Taylor
instability. The same basic process can be observed at the
scale of the smoke plume, leading to the development of the
transverse vortices described by HS87. The oscillatory nature
of the development of these vortices has been extensively
studied for pool fires [60]; however, little has been done at
the scale of wildland fire events.

While descriptions of vortex rings are quite common in
the literature, little is mentioned about transverse vortices
outside of HS87. These vortices manifest themselves on the
upwind side of the plume and add a boiling appearance to
the plume. While the vortices themselves are not a source
of erratic fire behavior, their presence is an indicator of a
potential increase in the rate of combustion and an associated
change in fire behavior.

4.2. Longitudinal Vortices

4.2.1. Single Longitudinal Vortex. Longitudinal vortices differ
from their transverse counterparts in that their axis of
rotation is oriented parallel to the mean flow. The first class
of longitudinal vortices from HS87 is the single longitudinal
vortex, of which only one case is presented, the Dudley
Lake Fire as described by Schaefer [61]. The vortex was
oriented in the direction of the mean flow, which was
quite strong that day as surface winds were between 16
and 22 m s−1. The diameter of the vortex was estimated at
1,800 meters. Smoke entrained within the vortex delineated
the corkscrew-like nature of the vortex and allowed the
vortex to be observable 500 km downwind. The scale of
this vortex is similar to those of the convective boundary
layer rolls responsible for cloud streets and shows strong
similarities to roll vortices associated with other crown fires
[62] with the main exception being that this was only a single
vortex.

A possible answer to the question of why only a single
vortex was observed may be given through the numerical
modeling work of Heilman and Fast [63]. In this study a
computer model of the atmospheric boundary layer was
initialized with multiple heat sources some distance apart
to examine how circulations induced by each heat source
interacted and how the collection of these flows responded
to the introduction of a transverse wind component (wind
blowing perpendicular to the axis of the roll vortices).

The introduction of the transverse wind component tended
to destabilize the longitudinal vortices and in some cases
eliminated the upwind vortex entirely. Haines and Smith
[64] similarly found in their wind tunnel studies that a slight
transverse component to the flow destabilized the vortex
pair, causing the collapse of the downwind (relative to the
transverse wind component) vortex, which on a wildland
fire would cause the vortex to fall outward across the flank
of the fire, providing an additional mechanism for lateral
fire spread and a threat to firefighter safety. On the Dudley
Lake fire, Schaefer [61] observed, at regular intervals, the
outward/downward moving segments of the vortex would
mark lateral surges in the fire growth, indicating the possible
presence of some slight shifts in the wind that may have
inhibited the presence of the other vortex.

This vortex type differs from the other two types
described in HS87 in that the fire is not necessarily an integral
forcing term in the development of the vortex. Conditions
in the atmosphere may already favor the development of
the convective rolls and the fire may simply act to enhance
the vortex through additional thermal instability. While the
transverse vortices are most pronounced at low wind speeds,
the Dudley Lake vortex was accompanied by surface winds
of 16 to 22 m s−1 (the mean wind speed for the 12 crown fire
cases in Haines 1982 was 5.5 m s−1).

4.2.2. Counter-Rotating, Longitudinal Vortex Pair. Of the
three types of horizontal vortices described by HS87, the
counter-rotating, longitudinal vortex pair is the best docu-
mented, although early work [65, 66] focused on vortex pairs
associated with smokestack emissions rather than wildland
fires. The key feature of this vortex type is obviously the
paired nature of the vortices rotating in opposite directions.
These vortices often occur along the flanks of the fire and can
also be observed in the main plume at the head of the fire; this
is often referred to as a bifurcating smoke column. Figure 8
shows a numerical simulation of a bifurcated smoke plume as
viewed from behind the fire. Cunningham et al. [45] showed
that the degree to which the smoke plume splits is related to
the depth of the surface shear layer.

The New Miner fire in central Wisconsin in 1976 is one
example of a bifurcated smoke column provided by HS87.
This fire burned under very low relative humidity conditions
for the region (minimum of 23%) with light winds averaging
around 2 m s−1. The bifurcated column consisted of a pair of
vortices approximately 30 meters in diameter which rotated
fairly slowly compared to other atmospheric whirls like
tornadoes. These columns would intermittently collapse and
spill over the fire’s flanks, bringing hot gases and embers
into contact with unburned fuels and providing for rapid
lateral spread. Obviously such behavior is a threat to fire
crews that often focus their suppression efforts along the
flanks of the fire. A key difference between these vortex pairs
and the single vortex is the scale; the bifurcated columns
were approximately 30 m in diameter while the vortex on the
Dudley Lake fire was over a kilometer.

As part of a 1979 study conducted at the Centre
de Recherches Atmosphériques Henri Dessens in France,
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Figure 8: Bifurcated smoke plume from a computer simulation.
View is from upwind of the fire (from Cunningham et al. [45]).

Church et al. [21] studied the vortices produced by the
Météotron [67], an array of 105 oil burners with a total heat
output of 1,000 MW. Three types of vortices were observed:
(1) a columnar vortex that had the entire smoke column
rotating, (2) small dust-devil like vortices just downwind of
the burner array, and (3) large, counter-rotating vortex pair
within the plume that started as vertical vortices at the burn
site, but became horizontal and oriented parallel to the wind
as the plume rose and moved downwind. The first two vortex
types are vertical vortices as described in the section on fire
whirls.

The last type resembles the bifurcating column described
for the New Miner fire. At a height of 40–50 meters, the
smoke column of the Météotron experiment bifurcated into
a pair of counter-rotating vortices with initial diameters
of 30–60 meters [21]. The dominant motion associated
with these vortices was rotation about their axis with little
noticeable motion along the axis, a stark contrast to the
strong axial flow observed in many fire whirls.

The forcing of the counter-rotating vortex pair is com-
plex and has parallels with the forcing of similar vortex pairs
by nonbuoyant jets in a cross-flow (see Margason [68] for a
review). The split plume develops through the interaction of
the ambient vorticity in the flow due to vertical wind shear
with the jet shear layer (or plume shear layer in the case of
wildland fires). The presence of buoyancy adds additional
complexity to the forcing of the split plume compared to
the nonbuoyant jet. Church et al. [21] put forth a pair of
physical processes capable of describing the development of
the bifurcating smoke column. The first process focuses on
the reorientation and stretching of the horizontal vorticity
in the ambient flow. Initially, the ambient vorticity can
be thought of as a collection of horizontal tubes oriented
perpendicular to the wind with upward motion along the

upwind side of the tube and downward motion along the
downwind side. As these vortex tubes encounter the rising
air at the fire, the portion of the tube over the fire is lifted
which acts to tilt the vortex tube at the edge of the fire
into a vertical orientation, producing a hairpin-like shape.
As the lifted portion of the vortex tube continues to rise
in the plume, it encounters stronger horizontal winds that
transport this portion of the tube downwind faster than
the surface parts, stretching the arms of the hairpin vortex.
Eventually, the combined processes of the lifting and faster
downwind transport lead to the majority of the hairpin
vortex being oriented horizontal and parallel to the mean
flow. This is illustrated in Figure 3.

The second process proposed by Church et al. [21]
deals with the generation of vorticity through the combined
effects of buoyancy and surface drag forces. This process is
actually a variation on the buoyant rings discussed earlier.
The variation is the impact of the cross-flow on the rising
ring vortex. On the upwind edge of the ring, the cross-flow
enhances entrainment of ambient air on that side of the
plume which decreases the vertical velocity of that part of the
plume. This causes the downwind section of the ring to rise
faster than the upwind side, tilting some of the vorticity into
a vertical orientation. The downwind section also encounters
the stronger winds aloft before the upwind side which leads
to a stretching/intensifying of the streamwise sections of the
ring. Experiments by Tsang [69, 70] support the viability of
this method in generating the counter-rotating vortex pair.

While both physical processes are plausible explanations
for the development of the counter-rotating vortex pair, both
are not equally supported by the observations. Many of
the observed fire plumes exhibited significant near-surface
vertical vorticity which is best supported by the first process
which relies upon the reorientation of ambient vorticity [45].
Wind tunnel studies of the longitudinal vortex pair offer
further support for the ambient vorticity process as Smith
et al. [71] found the vorticity in the streamwise vortex pair
to agree quite well with the vorticity of the ambient flow as
it approached the heat source. This is not to suggest that the
buoyancy generated from the fire has no impact, just that it is
not the dominant forcing for the development of the vortex
pair.

Numerical modeling studies of the longitudinal vortex
pair have largely been two-dimensional [63, 72–74] or quasi-
three-dimensional (streamwise flow component assumed
constant) where the governing equations are solved for a
number of planes perpendicular to the streamwise flow
[75–77]. Cunningham et al.’s work [45] was the first fully
three dimensional simulation of fire plumes to focus on
the development of vortical structures. Their simulations
revealed the relationship between the depth of the shear
layer, fire intensity, and the behavior of the vortex pair. The
basics of this relationship centered around how long it took
a buoyant air parcel to traverse the shear layer. Keeping the
mean cross-flow constant, a deeper shear layer would lead
to a wider split of the smoke column. If the fire intensity is
increased, the air parcels travel through the shear layer faster
which leads to a decrease in the width of the plume split. One
interesting observation is that, for a given fire intensity, the
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Table 1: Common vorticity forms associated with wildland fires and their hazards.

Phenomenon Causal factor(s) Potential danger

Fire whirl formation on the lee side of a
plume

Shear-generated vorticity near the
ground is concentrated and reoriented to
the vertical on the lee side of the plume.

Increased energy release rate, spread rate,
and spotting. The whirl could travel
downwind from the fire and overtake
firefighters.

Fire whirl formation near an L-shaped
fire in a cross flow wind

Shear-generated vorticity near the
ground is concentrated and reoriented to
the vertical on the lee side of the L, as
shown in Figure 4.

Increased energy release rate, spread rate,
and spotting. The whirl could suddenly
form in the “interior” area of L.

Fire whirl formation near a cold front
Vorticity along the frontal boundary is
concentrated in to a fire whirl.

Increased energy release rate, spread rate,
and spotting.

Fire whirl formation due to multiple
interacting fire plumes

The drafting and blocking effects of
multiple interacting fire plumes
concentrate vorticity that was likely shear
generated near the ground.

Increased energy release rate, spread rate,
and spotting. Whirl could build into a fire
storm.

Fire whirl formation on the lee side of a
hill/mountain

Vorticity associated with the wake region
of a terrain obstruction such as a hill or
mountain is concentrated into a fire
whirl.

Increased energy release rate, spread rate,
and spotting. The fire could quickly
switch from a sheltered, backing fire with
low fire behavior to more extreme fire
behavior. The whirl could travel
downwind from the fire and overtake
firefighters.

Transverse vortex on upwind side of
smoke column

Horizontal vorticity is produced through
buoyancy.

Not a source of erratic fire behavior, but
rather an indicator of a potential increase
in the rate of combustion and an
associated change in fire behavior.

Single longitudinal vortex

Unstable atmosphere and strong winds
generate horizontal vortices with axis
parallel to the wind direction. Vortex
formation is not tied to the fire.

Slight variations in wind direction can
destabilized the vortex, causing the vortex
to fall outward across the flank of the fire,
providing a mechanism for lateral bursts
in fire spread.

Counter-rotating longitudinal vortex pair

Transverse ambient vorticity due to
surface wind shear is altered by the fire as
it is tilted into the vertical and reoriented
to the longitudinal direction. Evident as a
bifurcated smoke plume.

Can produce concentrated wind bursts at
the head of the fire that lead to strong
fingering of the fire front. The vortices
are not always stable as variations in wind
direction can cause one of the vortices to
collapse and bring hot gases and fire
brands into contact with the unburned
fuel.

plume rise is not affected by the width of the smoke column’s
bifurcation, although its horizontal spread and deviation
from a Gaussian distribution is strongly impacted.

Another aspect of the counter-rotating vortex pair
described by the numerical simulations of Cunningham
et al. [45] is the potential for oscillations, with each
branch periodically exhibiting dominance. These oscillations
were linked with localized regions of vertical vorticity of
alternating signs being shed from either side of the plume in
a manner similar to wake vortices observed for fluid flowing
around a cylinder. While these results were limited to a
narrow range of flow parameters, these simulations indicate
that the counter-rotating vortex pair is not necessarily stable.
Wind tunnel studies using a heated wire to mimic the flank
of a crown fire have shown that perturbations in the flow
component perpendicular to the mean flow can cause the
vortex pair to collapse [64]. These flow perturbations could

be caused by upstream topographic features, possibly groups
of trees, or even natural shifts in the ambient wind.

In the previous discussion, the wind profile reflected
typical conditions where wind speed increased with height.
Byram [78] noted that a number of major fire runs occurred
when the wind speed decreased with height near the surface,
a condition known as an adverse wind profile. Clark et al.
[79] examined the potential impact of an adverse wind
profile on fire spread through the use of a three-dimensional
coupled fire-atmosphere model. In their simulations a
counter-rotating vortex formed through the reorientation
of the ambient boundary layer vorticity as described above;
however, this time the rotation was in the opposite direction
(see Figure 2 of Clark et al. [79]) which leads to narrow
regions of hot, high-speed air shooting out of the fire front.
This dynamic fingering occurred at scales of the order of tens
of meters and has the potential to augment fire spread.
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5. Summary

Vorticity describes the degree of rotation in the atmosphere
about some axis. Two factors that induce rotation in the
atmosphere are wind shear and sharp horizontal gradients
in temperature. Once one of these factors has generated
vorticity, that vorticity can be transported by the mean
wind to other locations, reoriented from one axis to another
(a horizontal vortex can be tilted to become a vertical
vortex), or enhanced due to flow convergence which stretches
the vortex. It is rare for the atmosphere to be completely
devoid of vorticity. If the wind is blowing at all, there is
vorticity produced near the ground due to surface drag.
Terrain features provide flow obstacles whose drag produces
wind shear and thus generates vorticity. Different ground
surfaces heat at different rates which also generates vorticity.
Vortices are present across a broad spectrum of spatial scales,
continuously transferring energy between scales, mostly
from large scales to smaller scales. A fire not only interacts
with and modifies this ambient vorticity, but also generates
additional vorticity.

For convenience of our discussion of wildland fire
vortices we split our discussion into vertical and horizontal
vortices. Vertical vortices, often referred to as fire whirls,
are often the most dramatic and often described type of
vortex. Fire whirls, especially the larger ones, represent a
considerable safety hazard to fire fighters as these vortices can
result in sudden increases in fire intensity, spotting, erratic
spread rate and direction, and damaging winds. Most often,
the source of vorticity for a fire whirl is not the fire itself;
rather, the vorticity is present in the ambient atmosphere.
This ambient vorticity may be generated by wind shear,
vortex shedding in the wake of a plume or topographic
obstruction, or an approaching cold front. The fire plays
a very important role in modifying the ambient vorticity
field by tilting horizontal vortices toward the vertical and
increasing the vorticity magnitude through the stretching
term as surface flow converges at the fire to feed the strong
updraft.

Similarly, two of the three horizontal vortex types
described by HS87 rely upon ambient vorticity. The counter-
rotating vortex pair builds upon the tilting and stretching
vortex modifications that enable a fire to transform hor-
izontal vorticity generated by wind shear into a vertically
oriented fire whirl. The key addition is stronger winds above
the surface that sweep the upper part of the hairpin vortex
described in Figure 3 downwind, bending the vortices back
toward a horizontal orientation. For the single longitudinal
vortex described for the Dudley Lake fire, the fire is
interacting with vorticity on a much larger scale, a boundary
layer roll whose depth can occupy the entire mixed layer.
Again the fire’s roll is one of modifying the vortex which can
in turn modify the fire environment by changing wind flow
patterns near the fire and creating a positive feedback loop
leading to fire intensification.

Vortices are common features of the atmosphere occur-
ring across a broad range of spatial scales. Our understanding
of how wildland fires interact with this broad spectrum
of atmospheric vortices is still very much in development.

Table 1 summarizes the various vortices described in the
text along with their causes and potential threats. While
the occurrence of these vortices is currently impossible to
predict with precision, having a basic understanding of
the importance of ambient atmospheric vorticity for vortex
development provides some guidance on situations that
require awareness. Examine surrounding topography relative
to the expected wind direction, noting features that may
block or channel the flow. Information on wind profiles
when available can provide information on wind shear as can
direction/speed of cloud movements and their organization
(are the clouds forming in lines?). Observe the behavior of
the fire and smoke plume. Vortices are almost always present
along the flaming front at some scale. Watch for vortices
that grow or persist. Watching the smoke plume for signs of
rotation or splitting. While this information is not sufficient
for predicting the occurrence of intense vortices on wildland
fires, it can help identify potentially hazardous conditions.
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A new decision support tool, the Wildland Fire Decision Support System (WFDSS) has been developed to support risk-informed
decision-making for individual fires in the United States. WFDSS accesses national weather data and forecasts, fire behavior
prediction, economic assessment, smoke management assessment, and landscape databases to efficiently formulate and apply
information to the decision making process. Risk-informed decision-making is becoming increasingly important as a means
of improving fire management and offers substantial opportunities to benefit natural and community resource protection,
management response effectiveness, firefighter resource use and exposure, and, possibly, suppression costs. This paper reviews
the development, structure, and function of WFDSS, and how it contributes to increased flexibility and agility in decision making,
leading to improved fire management program effectiveness.

1. Introduction

Wildland fire in the United States carries the most risk and
complexity of any discipline in natural resource manage-
ment. During the last decade, managers have been faced with
making increasingly complex decisions—trying to balance
ecological objectives, public protection, and greater budget
scrutiny. Examples include balancing ecological needs for fire
in national parks (e.g., Yosemite National Park, California,
USA), fuel hazard reduction benefits of wildfires, protection
of the wildland urban interface, and air quality concerns
in large urban areas (e.g., Southern California). While the
total budgets for federal land management agencies have
remained stagnant or decreased, fire-related expenditures
for federal, state, and local entities have increased, reducing
the proportion of funds available for achieving other land
management responsibilities [1, 2]. Additional factors such
as changing fire, fuel, and human population dynamics;

increasing diversity in land use objectives; and conflicting
public views on costs and benefits of wildland fire have
further increased the need for better, more informed man-
agement actions to address these complexities.

As decision complexity has increased, so too has the
expectation that decisions will be transparent and commu-
nicated in a compressed time frame. To replace multiple
processes developed by different agencies and reduce redun-
dancy, senior fire leaders from all wildland fire management
agencies concluded that a single decision analysis and
documentation system was needed. This system had to be
applicable to all wildland fires, regardless of objectives and
situations. An effort was initiated in 2005 to develop such a
system, named the Wildland Fire Decision Support System
(WFDSS).

As a web-based system, WFDSS provides risk-informed
decision logic and display capacity at multiple management
levels. The components of risk analysis include access to
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Table 1: Administrative levels and spatial and temporal scales of the decision-making process in WFDSS.

Administrative levels
Scale Decision-

making
process

Description

Temporal Spatial

Incident Short (1–3 days) Fine Tactical Specific actions related to managing an incident

Incident Short-long (3+days) Fine-coarse Strategic Broader direction related to managing an incident

Unit/region Short-long Coarse Strategic Strategic direction managing multiple fires

National Long Coarse Strategic
Long-term strategic directions affecting large areas with
variable time frames

spatial data, fire modeling and computing resources, and
economic valuation. Detailed risk assessments from WFDSS
are readily accessible online to field users, analysts, and policy
and decision makers at local, regional, and national levels.
The process is linear, scalable, and responsive to changes in
the fire situation (e.g., weather, values at risk, and fire fighting
capacity). These attributes are important for accommodating
a full range of management responses from immediate fire
control to long-term management, or a combination of
control, management, and monitoring strategies, for every
ignition as outlined in the 2009 US federal fire management
policy [3].

The objective of this paper is to review the US Wildland
Fire Decision Support System. We begin by briefly discussing
past and present US fire policy and the evolution of the
decision-making environment in the context of wildland fire
management. Next, we describe the design of WFDSS and
how the system architecture assists with making a decision
by encompassing a plethora of geospatial data and tools. We
review WFDSS user statistics, the personnel who support its
development and application, and demonstrate the utility
of the system. To conclude, we discuss the projected future
directions for WFDSS and the implications to fire managers.

2. US Fire Policy and
the Decision-Making Process

Fire policy provides the overall framework for the fire
management program, sets the basis for decision-making,
and directly influences how, when, and why decisions
are made. The US fire management program continues
to escalate in complexity and risk due to many factors,
including, increasing size and duration of fires; increasing
importance of landscape values; decreasing levels of timber
harvesting and resource utilization; altered fuel complexes
and landscape structure; growing concern over short- and
long-term ecological impacts of fires; emerging concern over
possible effects of climate change; and increasing societal
expectations regarding both management and protection.
Response to these driving factors blended with innovations
of science and technology and organizational learning
strongly influence fire policy development. Recent policy
modifications are emphasizing the importance of decision-
making at all administrative levels and multiple scales.

2.1. Evolution of Fire Policy. Since its inception in the early
1900s, wildland fire management has progressed from an

informal program having a one-dimensional focus (fire
control) to a sophisticated, multidimensional program faced
with a full spectrum of protection and resource management
objectives. For all decisions, US federal fire policy has
required documentation, analysis, and reporting when (1)
a wildland fire escapes or is expected to exceed initial
fire suppression actions, (2) a wildland fire is managed
for resource benefits, or (3) a prescribed fire exceeds its
prescription and is declared a wildfire. However, each of these
fire situations required different kinds of documentation
and analysis. Changes to the federal wildland fire policy
in 1995 made the requirements even more complex by
allowing managers the latitude to choose from a full range
of responses when faced with an unplanned ignition [4].
Federal fire policy was clarified for purpose and intent in
2001 and 2009 to emphasize collaboration amongst all the
US federal land and fire management agencies [3, 5]. Revised
policy implementation guidance in 2009 advised that all
wildland fires utilize a single decision support process for
every fire [3], and the National Wildfire Coordination Group
(NWCG) suggested WFDSS be used for this purpose [6]. The
policy permits the use of options ranging from traditional
suppression to monitoring for each local management
unit that has approved guidance in its land and resource
management plan. This includes the ability to manage a
single fire with multiple objectives. Fire suppression tactics
may be applied on flanks with threatened infrastructure
concurrently with monitoring engaged in areas where the
same fire is a desirable landscape process. However, this
policy also specifies that every unplanned human-caused
ignition (e.g., arson, accidents, etc.) can only receive a
suppression response. Ignitions from this source cannot be
managed for resource benefits.

2.2. Decision-Making at Multiple Scales. In the US, fire
decision-making occurs at multiple administrative levels and
spatial and temporal scales (Table 1). At all scales, decision
support tools must be available in real-time when managers
are faced with making risk-based decisions. WFDSS allows
authorized users to access all of the various administrative
levels. Further, the system adapts as fires progress in time and
space, guiding both tactical and strategic decision-making
processes.

Incident-level decisions follow both a tactical and strate-
gic process. Tactical decisions relate to specific actions
occurring on a fire incident such as deploying and directing
fire resources. Incident-level decision-making initially occurs
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over shorter time scales and finer spatial scales that are largely
concerned with understanding the present situation. As the
incident progresses in both time and space, incident-level
decision-making considers broader objectives specific to a
fire incident called strategic direction. The strategic direction
process at an incident-level involves a broader-scale analysis
that evaluates specific concerns for values (e.g., communi-
ties, water and air quality, habitat, resource management
objectives); fire environment hazards (e.g., weather, fuels,
and topography); and the probability of positive and negative
impacts to the various values. Decision support applicable
at this level may trend to longer time periods and coarser
spatial scales, requiring more quantitative information about
risk and potential outcomes.

When there are multiple fires at the unit or regional level,
strategic decision-making encompasses much broader issues.
At regional scales, decision support includes long-term situa-
tional products and fire behavior projections to assess threats
to values and demand for fire suppression resources. WFDSS
can be used to view locations of multiple incidents, weather
or fire danger forecasts, analysis products, and decision
documentation describing the chosen strategic direction.

At the national level, decision-making involves long-term
strategic decisions affecting large areas, seldom focusing on
an individual incident. Decisions are made by regional coor-
dination groups or a federal administrator at a centralized
office. National-level decision-making focuses on fire activity
effects on resource availability, incident prioritization, and
resource allocation. WFDSS allows access to all incident
locations, risk-based assessments, and published decisions
occurring across the country, facilitating a national perspec-
tive on the current fire situation.

2.3. Creating a New Decision Support System. In June of 2005,
the National Fire and Aviation Executive Board (NFAEB)
chartered the development of WFDSS [7] to replace several
existing wildland fire decision processes with a single scalable
decision support system. This new process was intended
for incident managers to create and publish a wildland fire
decision consistent with local land and resource management
plans. Design criteria included (1) using the internet (web-
based thin client implementation) for rapid sharing of
information, (2) developing an enterprise application based
on a service-oriented architecture (SOA), (3) incorporating
economic principles and fire behavior modeling into the
decision process, and (4) displaying geospatial information.

The development of WFDSS consolidated the previously
separate fire management processes, fire modeling systems,
data, and economic principles into one web-based location.
Before WFDSS, multiple, agency-specific documentation
methods were used for various types of wildland fires.
The wildland fire situation analysis (WFSA) documented
wildland fires that escaped initial suppression actions or
were converted from a resource benefit or prescribed fire
to a wildfire. Resource benefit fires were documented using
a wildland fire implementation plan (WFIP). Producing
WFSA and WFIP documents required a desktop software
application, printing, and signature of the approving official.
A long-term implementation plan (LTIP) or a strategic

implementation plan (SIP) was sometimes developed locally
for long-duration wildland fires, and used in conjunction
with a WFSA or WFIP. Land management agencies often
employed their own versions of these documentation meth-
ods. The fire decision process was complicated by the use of
paper maps and lengthy land, resource, and fire management
plans that were difficult to access. Consequently, consoli-
dating nationally consistent wildland fire management data
across different time and spatial scales and agencies was
challenging.

The design of WFDSS improved upon existing documen-
tation systems and made the wildland fire decision process
accessible, consistent, flexible, and geospatial. Accessibility to
thousands of users is ensured through a web-based system,
where authorized users require only an internet connection
and logon for access to the system, alleviating the need for
updating desktop programs and acquiring large datasets.
Consistency of both inputs and outputs is ensured by design.
Incident information, analyses, and text are entered while
outputs produced in WFDSS improve the ability of fire
managers to quickly focus on pertinent information. The
inclusion of the most up-to-date fire spread and economic
sciences is embedded in the design of WFDSS. Research
personnel working in conjunction with fire professionals
develop and support the addition of new research con-
cepts into WFDSS. Maps and other spatial information of
values, assets, and the fire environment also contribute to
the synthesis of information (Figure 1). Collectively, these
improvements enhance the guiding principles of WFDSS,
consolidating legacy methods with a single process that is
intuitive and easy to use.

2.4. The Fire Decision-Making Process. Decision-making on
fires in the US includes pre-ignition planning, publishing
a decision, and continual reassessment. The temporal and
spatial scales of these processes vary with the fire complexity.

2.4.1. Pre-Ignition Planning. Wildland fire management
begins with planning prior to a fire response. US federal
fire policy mandates that every unplanned wildland ignition
receives a response developed from a full range of strategies.
Each land management unit creates fire planning documents
that may be more restrictive depending on local issues.
All federal land management agencies create and follow
a public-reviewed, comprehensive plan called a land and
resource management plan (LRMP) to manage natural
resources. Fire management plans (FMPs) are derived from
the LRMPs to define fire management objectives for a local
unit, address strategies and tactics, and describe the overall
program of managing wildland and prescribed fires. Given
the political, historical, environmental, and socioeconomic
consensus, LRMPs and FMPs determine different fire zones
where fires are managed (allowed to burn) for ecological
benefit (resource benefit) or suppressed. Units with extensive
wilderness areas tend to have a large zone where fires are
managed for resource benefit and monitored with a point-
protection strategy to defend remote values (e.g., cabins,
radio towers). Conversely, units with a small land base near
urban developments will typically have a full suppression
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Figure 1: Geospatial data provided by WFDSS including information about fire location and size, reference information, and values.
Geospatial layers with a check mark are viewable on the map. The red line is the fire perimeter from March 27, 2010 at 1600; small boxes
represent Bureau of Land Management (BLM) buildings, USDA Forest Service (USFS) buildings, and building clusters; square polygons
represent grazing areas for livestock (BLM range allotments). The BLM and USFS are the surface management agencies responsible for land
management in their respective polygons.

strategy involving an immediate commitment of suppression
resources upon fire discovery. This preplanned strategy influ-
ences decision-making and implementation of management
actions once an ignition occurs. Prior to the fire season, local
units upload georeferenced polygons of designated fire zones
into WFDSS to display where fires can be managed, given the
strategy and constraints for these areas.

2.4.2. Assessing the Fire Situation. Once a wildland fire starts,
a cyclical process of assessment, risk-characterization, analy-
sis, and deliberation begins in order to make a risk-informed
decision. During the initial fire response, fire dispatchers and
managers use WFDSS to assess the basic fire situation with
a variety of assessment tools. Current weather observations,
fire danger, and fuel moisture are retrieved from weather
stations and National Weather Service forecasts. Maps of

forest, brush, and grass fuel types with other geospatial
data such as values at risk (infrastructure and natural
resources) are viewable and applied with fire behavior
and smoke modeling tools to determine the preliminary
risk. Other assessment information available at this initial
phase includes local, regional, and national fire situations;
a quick, qualitative risk assessment; and the preplanned
strategy defined in the FMP. All of this information can be
communicated to firefighters prior to their arrival to the fire,
and be used to develop strategy and tactics at this initial
stage. If the preplanned strategy is accomplished, no further
documentation is needed in WFDSS. For example, if a fire
in a “suppression zone” is extinguished quickly, as outlined
in the fire management plan, the response has followed a
preplanned strategy. However, once it is clear that the fire will
not be quickly extinguished, managers undertake additional
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Figure 2: WFDSS conceptual model. The highlighted bolded horizontal flow depicts the major phases necessary to make a decision in
WFDSS.

planning and analysis to further assess the situation and
determine a different strategy. If a new strategy is developed,
managers proceed through the WFDSS decision documenta-
tion (Figure 2), and eventually publish a new decision.

2.4.3. Documenting a Decision in WFDSS. Documenting a
decision requires entering basic fire information, assessing
the fire situation, estimating relative risk, identifying objec-
tives, developing a course of action, publishing a decision and
reviewing it for currency. The decision support structure in
WFDSS is linear and includes seven different “phases” that
guide a fire manager to develop a decision (Figure 2).

A new fire start is recorded using the Incident Information
page. Location, size, date, and the agency responsible for the
fire are documented here for administrative fire reporting
purposes. The next step, Situation Assessment, provides
maps, reference data layers, and applicable fire behavior
and economic assessments to support the development of
objectives specific for the emerging fire. Cost estimations,
values, fire potential, hazards, and the situational assessment
determine the relative risk for the emerging incident. If
fire complexity is high or escalates, managers can use the
risk assessment process to obtain a complete overview
of the fire situation to better frame their decisions. The
Incident Objectives page automatically populates preloaded,
spatially relevant, fire management objectives as stated in
land, resource, and fire management plans, to guide the
development of incident objectives to manage the fire. On
the Course of Action page (COA), managers define actions to

meet specific incident objectives. A manager could delineate
actual locations of contingency planning or actions to
manage the fire using the geospatial data and maps. In
summary, the strategy, costs, and resources necessary to
manage the fire are described here. The COA Validation page
provides an opportunity to review the Situation Assessment,
Incident Objectives, and Course of Action to ensure that the
objectives and associated actions are attainable and comply
with LRMP/FMP guidance. If they cannot be met, the COA
Validation page guides the development of a new course of
action. Decision makers develop the decision documentation
in a collaborative environment using information from both
WFDSS and outside sources on the Decision page. A decision
maker documents rationale for the decision, stipulates a
timeframe for reassessing the decision, and approves the
decision with an electronic signature. Finally, the Periodic
Assessment page provides a process for a recurring review
of the current decision to evaluate the effectiveness of
chosen strategies and tactics, and, if warranted, initiate a
new decision. These steps provide a scalable and consistent
process to make a decision on a wildland fire incident.

3. WFDSS Data and Tools

Basic data services such as geospatial layers, tabular data, and
point-based graphics coupled with fire behavior, economic,
and air quality tools, are incorporated within the system
architecture to provide fire managers with optimal informa-
tion during the decision-making process.
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3.1. Geospatial Data. A variety of geospatial layers are
available (Table 2), ranging from a local to national extent.
Some layers are used internally but most layers can be
displayed on WFDSS map pages by simply toggling layers on
or off (Figure 1). Portions of many layers can be downloaded
from WFDSS for use in other applications. National layers
are from a variety of federal sources such as the Department
of Homeland Security, the National Weather Service, and
the Environmental Protection Agency. Examples include
topographic maps and seamless surface and canopy fuels
data [8]. WFDSS system administrators update these data
annually. Regional Layers are an accumulation of local
and regional data from different sources assembled into
a single geospatial layer. Examples include locations of
designated wilderness areas or critical habitat. These data
undergo constant revision and are updated several times a
year by a national cadre working with all agencies. Finally,
local or incident-level layers are created and maintained by
individual WFDSS users and linked to a specific incident.
These data are maintained by individual users, updated
continuously, and can be uploaded in the shapefile format
or hand drawn within the WFDSS map page interface.

3.2. Tabular Data. Significant categories of tabular data
are utilized in WFDSS. The largest is the historic Weather
Information Management System (WIMS) data storing
hourly remote automated weather station (RAWS) obser-
vations, which are used to create fire danger products and
historic weather for fire behavior analyses. Fire management
objectives and requirements from local fire management
plans (see Section 2.4.1) can be entered by fire managers and
linked to the fire management unit (FMU) geospatial layer,
providing an accessible overview of strategic direction when
fires start. Because WFDSS is used in real-time support of
fires, tabular information can also provide information for
individual fires and regional or national summaries.

3.3. Point-Based Graphics. Point-based graphics are available
on the WFDSS maps page. Current, on-site weather observa-
tions associated with the closest RAWS are linked directly to
a site hosted by the National Weather Service. An additional
link provides fire weather forecasting information for a larger
area surrounding the fire. Fire danger is displayed for the
current fire season along with a forecast for the next seven
days, overlaid on a composite graph representing the last 10
years of fire danger. This graphic provides a climatological
context for the current fire situation using the Energy Release
Component (ERC) of the US National Fire Danger Rating
System, which reflects fuel moisture changes to dead and live
fuel components [9].

3.4. Tools. Models and tools for analyzing fire behavior,
economic, and air quality impacts are included in WFDSS.
Fire behavior modeling systems are used to determine fire
size probabilities, make fire progression forecasts, and predict
fire behavior characteristics such as rate of spread, crown or
surface fire occurrence, and fire intensity. Economic tools
provide information on historical costs of past wildland

fires burning under similar conditions, tabular displays of
economic values at risk, and a risk assessment of important
values overlaid on a fire spread probability map. Air quality
tools provide information on possible smoke trajectories and
smoke impacts. Collectively, these tools aid decision makers
in making deliberative, risk-informed decisions on how to
manage wildland fires.

3.4.1. Fire Behavior. A variety of fire behavior tools are avail-
able for analysis of short- and long-term WFDSS decisions.
Fire behavior calculations estimate the spread and intensity
of surface fire [10], crown fire [11, 12], and spotting distances
from torching trees [13]. These calculations are implemented
in several spatial tools depending on the duration and kind of
information needed for the analysis (Figure 3). All products
are processed on remote computers and the results displayed
in the client’s browser (see Section 4).

For short-term situations (e.g., up to one week), suitable
analyses include (1) basic fire behavior characteristics of the
flaming front (e.g., spread rate and flame length) for all cells
across the entire landscapev based on forecasted weather
(referred to as basic fire behavior), (2) fire growth simulation
for a particular ignition source and forecasted weather using
the minimum travel time method [14] (referred to as short
term fire behavior), and (3) fire growth simulation up to
7 days using hourly forecasted weather [15] (referred to as
near-term fire behavior). Short-term fire behavior shown in
Figure 3(a) displays contours of fire progression as well as
major fire travel routes.

Long-term fire behavior calculations address fire growth
and impacts beyond the time frame of reliable weather
forecasts. They are represented as probabilities because they
are obtained from ensemble fire growth simulations [16]
assuming an absence of suppression effects on fire perimeter
growth. The fire spread probability simulator (FSPro) that
was used to produce these probabilities, requires thousands
of fire growth realizations. Starting from the current active
fire perimeter, different potential weather sequences produce
a single display showing spread probabilities as colored bands
across the landscape. These weather sequences are produced
by analyzing historical observations from a proximal weather
station using an autoregression or time-series analysis of the
energy release component (ERC). Because the ERC reflects
fuel moisture changes to all dead and live fuel components,
it displays significant autocorrelation out to 30 or 40 days.
The time-series analysis combines the influence of observed
ERC values (in the current season prior to the simulation)
with forecasted ERC trends over the next several days to
produce the autoregressive modeled sequences out to 14
days or more into the future [16]. The fire behavior for
each day in the simulation is driven by combinations of
fuel moisture from the daily ERC values and wind velocities
that are stochastically sampled from the historical weather
records for the simulation time period. Ensemble fire growth
outputs include fire size distributions, burn probabilities,
fire arrival day distributions, and conditional fire behavior
distributions (scaled to sum to 1.0). Figure 3(b) illustrates
FSPro ensemble burn probabilities for a 14-day simulation
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Table 2: Geospatial data layers in WFDSS. Available geospatial data layers range from national to local scales and include base layers, fuels,
administrative references, values (natural resources and infrastructure), user-specified, and fire-related data. Examples of each category are
provided with a short description. Extent refers to the spatial scale of the data set.

Categories Example layers Extent Description

Base layers
Topographic National Topographic maps at various scales depending on the zoom level

Google Products National
Google Physical and Maps showing shaded relief or remotely sensed
imagery

Fuels LANDFIRE National
Continuous, national-scale coverage of surface and canopy fuels and
elevation, slope, and aspect used for the fire behavior analyses

Administrative
references

Counties National County boundaries within states of the US

Designated areas Regional
Federal government areas with a special designation, such as,
wilderness areas, research areas

Major roads National US interstate, highway, and major streets

Administrative boundaries National Proclaimed federal agency boundaries in the US

FMU data layer Regional
Fire management unit (FMU) areas from the land/resource/fire
management plans of the local field unit

Geographic Area Boundary National
Boundaries of the geographic areas, interagency regions for
mobilization of fire-fighting resources

Responsible agency Regional State or federal agency responsible for fire suppression

Surface management agency Regional Federal agency that manages land resources for a particular area

Values-natural
resources

Sage grouse key habitat Regional Sage grouse areas (potentially a federally protected species)

Class I airshed boundary National Areas of federally protected air quality in the US

Ozone and particulate
nonattainment areas

National Areas where existing air pollution exceeds standards

Range allotments Regional Pastures and allotments for livestock grazing

Critical habitat Regional Critical habitat for Threatened and Endangered species

Values-infrastructure

Oil and gas leases Regional Oil and gas agreements and leases on federal lands

Federal buildings Regional All structures on federally managed lands

Building clusters Regional
County records of structures, representing one or more buildings or
homes

Communication towers National
Communication points recognized by the federal regulating
communications agency (FCC)

Mines layer National Locations of mines on federal lands

Distribution lines National Pipelines of oil, natural gas, and power transmission lines

Power stations and plants National Electric substations (subsidiary electric stations) and power plants

User-specified,
incident and analysis

Fire perimeters Local
Fire perimeters obtained on the fire with any collection method.
Can be uploaded or hand drawn on the WFDSS map pages

Planning features Local
Points, lines, or polygons that will affect management decisions (i.e.,
fuel treatments, cultural sites)

Analysis features Local
Fire ignitions, barriers to fire growth, or masks where fuel model
changes occur

Fire-related
intelligence

RAWS stations National
Remote automated weather station locations with links to current
observations

National digital forecast
database

National
Five km grid of the national seven day weather forecast updated
hourly; used for fire danger products and fire behavior analyses

Historic fire perimeters Regional
US fire perimeters larger than 40.5 ha from 2000–2010, including
Hawaii and Alaska

Current year fire perimeters WFDSS
Aggregate of the most current individual fire perimeters contained
in WFDSS

Active MODIS National
Remotely sensed infrared signatures updated twice daily at 1 km
resolution

Incidents WFDSS Location of fire incidents contained within WFDSS
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Figure 3: (a) Short-term fire behavior results for the Mississippi Impact Area fire in Alaska (AK-MID-000138) from May 2010. The
simulation was for three 10-hour burn periods under constant wind and weather conditions. Shaded areas display fire arrival times in 5-
hour intervals. Red vectors represent the major fire spread pathways based on the minimum travel time (MTT) algorithm [14]. (b) Critical
infrastructure intersected with FSPro probabilities [16] for the Schultz fire in Arizona (AZ-COF-000181) from June 2010 illustrates the
graphical output associated with a rapid assessment of values at risk (RAVAR). This map displays the probability of fire spread impacting
critical infrastructure, such as structures, gas pipelines, and power transmission lines over a 14-day period based on simulating 2000 fires.

overlaid with values at risk. This is referred to as a rapid
assessment of values at risk (RAVAR, see Section 3.4.2).

3.4.2. Economics. Economic tools in WFDSS provide man-
agers with an estimated cost of the fire and an assessment
of values at risk such as natural resources and infrastructure
summarized by probability zones using predictive fire behav-
ior modeling systems.

The stratified cost index (SCI) provides a historical
comparison of the costs of a current fire to ones with similar
characteristics and potential [17]. Variables such as area
burned, fire environment, proximate values, federal agency
and geographic region were used to predict the likely costs
associated with large wildland fires in the United States. Fire
environment includes aspect, slope, fuel type, observed flame
length, and the ERC. Values at risk include distance to the
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nearest town, total housing values within a specified distance
from the ignition point, and proximity to wilderness areas
[17]. Cost estimates are generated by six annually updated
equations that vary by location and different land manage-
ment agencies. Initial model development was completed
through the analyses of 1,550 fires exceeding 40.5 ha in size
from 1995 to 2004. The SCI model includes eastern and
western US models, because fire expenditures in the western
US far exceeded those spent in the eastern US [17].

Immediate estimates of values at risk are currently
available with the fire behavior tools in WFDSS (short-
term, near-term, and FSPro) [18]. Short-term and near-
term simulations report a simple, qualitative inventory of
values within a planning area encompassing the simu-
lated perimeter. FSPro outputs show a values inventory
summarized by probability zones as well as the expected
quantity of each threatened value. Additionally, wildfire risk
and impacts can be quantitatively assessed using the rapid
assessment of values at risk (RAVAR) tool. RAVAR couples
fire spread probability prediction with geospatial values by
quantifying critical infrastructure most likely to be at risk
and produces tabular and spatial information that assist
fire managers in developing strategies [19] (Figure 3(b)).
RAVAR data can be characterized into two groups: (1) critical
infrastructure (CI) and (2) natural and cultural resources
(NCR). CI includes private structures, water supply systems
and reservoirs, major power lines, pipelines, communication
towers, recreation facilities, public reserve areas, hazardous
waste sites, and other significant landmarks. Private struc-
tures are identified using county-level geospatial cadastral
data. NCR data reflect highly valued natural and cultural
resources and local resource management priorities that may
be affected by an ongoing fire event. Examples of NCR layers
include sensitive wildlife habitat, recreation zones, culturally
significant sites, and restoration priority areas. Due to the
importance of applying local expertise to assess wildfire risk
to these values, maintenance of these regional and local NCR
data within WFDSS is currently being explored.

3.4.3. Air Quality and Emissions. Air quality concerns regard-
ing potential smoke impacts can be addressed through the
use of the WFDSS air quality portal, WFDSS-AQ. This portal
provides decision makers access to a variety of historic, real-
time, and forecasted air quality information using a stand-
alone web portal [20]. Eight air quality and emissions tools
provide real-time information about the current smoke situ-
ation, climatological statistics, and forecasts. The interactive
mapping interface provides locations of current fires and
smoke concentrations for the contiguous US once a user
sets a fire location manually or links to the tool from a fire
location already entered in WFDSS.

Five tools are available for immediate and short-term
smoke assessments. Smoke guidance tools provide fire-
specific tabular point forecasts and regional maps of air
quality metrics. The point forecast is a localized tex-
tual summary of atmospheric conditions affecting smoke,
including mixing height, transport winds, ventilation index,
and atmospheric stability (Haines index). The regional
map shows predicted atmospheric conditions and smoke

concentrations for PM2.5 particulates at ground level in
an animated interface for three- or seven-day forecasts. To
quickly examine the possible timing and geographic extent of
plume impact, managers use the fire information and smoke
trajectories tool, which forecast the expected smoke travel
path for three starting heights (500, 1000, and 3000 meters)
along the trajectory. The current air quality conditions tool
displays real-time particulate or ozone concentrations with
a colored air quality index (AQI), representing the potential
for health impacts to various groups. Finally, the customized
fuels, consumption, and smoke modeling tool provides
one location to model fuel loadings, amount and rate of
fuel consumption, plume rise, and smoke concentrations
visualized on a web browser along with text-based reports.

Three additional tools are available for long-term plan-
ning using up to 40 years of climatological data to summarize
statistics and graphics for mixing heights, surface winds,
and ventilation indices. For both daytime and nighttime
periods, the diurnal surface wind pattern analysis tool
allows managers to use climatological data derived from
a RAWS closest to the fire, to graphically summarize the
distribution of wind speeds and directions. The probabilistic
smoke impacts based on this past weather tool is meant for
advanced modelers with an understanding of statistics. The
user defines burn parameters to model probabilistic smoke
impacts to forecast what may occur on a fire with similar
parameters. Maps show average and maximum impact
and percent time above a nationally regulated air quality
threshold. To understand the ability of the atmosphere to
remove smoke from an area or potential for nighttime smoke
drainage, managers use the climatological ventilation index
point statistics tool. This tool graphically displays monthly
averages of surface wind, mixing height, and ventilation
indices across the continental US on five-kilometer grids.

4. System Architecture

WFDSS is a J2EE, java server faces (JSF) web application
using a service-orientated architecture (SOA). Within this
context, WFDSS integrates a number of other technologies
in order to store, create, query, and display geospatial and
tabular data through the application server as well as other
services (Figure 4, Table 3).

The application server handles much of the routine
system chores such as creating incidents, displaying tables
and map pages, and managing user inputs. To keep the appli-
cation responsive to the load of hundreds of simultaneous
users, tasks that place significant demands on the Application
server are passed to other servers running services.

WFDSS consists of a production system and a training
system. The production system is used for real fires and the
training system provides a platform for training and practice.
Both systems share the same hardware and reference data,
but have separate databases with information on individual
fires and analyses. The workload between the two systems
tends to be offset because the production system demand
increases during the peak of the western US fire season in
summer, while the training system is primarily used during
winter and spring months when fire activity is lower.
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Figure 4: WFDSS technical architecture diagram for the production and training systems.

Table 3: Specifications of the physical servers shown in Figure 4.

Primary use Secondary use Quantity Processors RAM OS

Application/database/ArcSDE
/WebSphere MQ

Landscape service 1 4 64 GB AIX

Backup application/ database/and
so forth

1 2 2 GB AIX

HTTP 2 8 4 GB 32-bit Windows

LDAP/NDM
Backup shape and results
services

1 8 4 GB 32-bit Windows

LDAP/NDM 1 8 4 GB 32-bit Windows

Shape and results services 1 8 16 GB 32-bit Windows

Fire behavior server—basic,
short-term, and near-term

Image, publish document,
external source, perimeter
download

1 8 16 GB 32-bit Windows

Utilities 1 8 16 GB 32-bit Windows

Production GIS server
Fire behavior server—basic,
short-term, and near-term

1 16 32 GB 64-bit Windows

Training GIS server
Fire behavior server—basic,
short-term, and near-term

1 16 32 GB 64-bit Windows

Fire behavior server—FSPro 4 32 64 GB 64-bit Windows

Fire behavior server—basic,
short-term, and near-term

Image, publish document,
external source, perimeter
download

2–6 16 32 GB 64-bit Windows
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Table 4: List of WFDSS internal services.

Service name Purpose

Basic Basic fire behavior modeling system

FSPro FSPro fire behavior modeling system

Near-term Near-term fire behavior modeling system

Short-term Short-term fire behavior modeling system

Landscape Landscape file creation

Publish document Creation of HTML and PDF documents for download

External source Computer aided dispatch batch upload service

Image
Screen captures of WFDSS map pages, fire behavior characteristic
raster/legend creation, landscape attribute raster/legend creation, values
inventory/values at risk

Perimeter download Fire perimeter download service

Results Processes FSPro, near-term, and short-term results to create shape files

Shape Uploading of shape files (requires WinZip)

Table 5: List of WFDSS external services.

External Service Purpose

Fire weather forecast Text-based fire weather forecasts from the National Weather Service,
included in all decisions

National digital forecast database (NDFD) Gridded seven-day digital forecast from the National Weather Service, used
for fire behavior modeling and forecasted fire danger

Weather information management system (WIMS) Data from remote automated weather stations (RAWS) used for historic
fire danger and fire behavior modeling inputs

MODIS Web mapping service of MODIS infrared signal available on all WFDSS
maps

Air quality tools Air quality forecasts from a variety of sources

4.1. Internal Services. Much of the computationally demand-
ing workload, such as fire behavior analyses or image tile
generation, is handled via internal services as described in
Table 4. Communication between the application server and
the services, as well as between other services, is accom-
plished through a messaging service (JMS). The application
server (or other service) simply puts a message on the queue
for a specific service and the individual services monitor the
queue. This allows the system to expand easily by adding new
hardware and services without modifying the application
server.

4.2. External Services. While some of the large datasets used
by WFDSS are mirrored internally (such as LANDFIRE) for
performance reasons, other dynamic data and information
are automatically acquired on a regular schedule or as
needed. External services currently used by WFDSS are
described in Table 5.

4.3. Authentication. Both systems use a lightweight directory
access protocol (LDAP) to authenticate users. Per US federal
security requirements, all WFDSS users with accounts must
complete annual information technology security awareness
training. This training is required of federal and non-federal
employees and contractors.

Users with federal agency email accounts are automat-
ically given the viewer (read-only) role for both training
and production systems because maintaining a federal email
account requires the annual security training. Other users
are given access only after being vetted by a user with
administrative authority to ensure there is a business need
to access the system and to validate compliance with the
security training requirements. Within the application, users
have roles (system wide) and privileges (incident/analysis
level). These roles can be different between training and
production. Roles are assigned as needed by administrative
authorities, while incident and analysis privileges are given
by the incident owner.

5. WFDSS Operation and Implementation

5.1. Usage Statistics. Since the operational use of WFDSS
began in 2007, WFDSS has experienced a steady increase
of decision and analytical support (Figure 6). From 2007 to
2010, the number of incidents recorded annually in WFDSS
increased from 218 to 12,433. This increase corresponded
with the national 2009 policy, which directed that every
wildland fire be assessed using a single decision support
process [3]. Although federal agencies implemented the
use of WFDSS differently, most agencies used the system
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Figure 6: Usage statistics from 2007 to 2010 (YTD). Year to date includes data through November 20, 2010.

for fire documentation in 2010. “Incidents with decisions”
required a formal decision be published based on increasing
fire complexity. This value was tracked for the 2009 and
2010 fire seasons and increased slightly from 491 to 550
incidents with a published decision, reflecting greater agency
usage of WFDSS for wildland fire decision documentation
in 2010 compared to 2009. As more fire managers applied
WFDSS for decision support, the number of completed
fire behavior analyses also increased from 619 in 2007 to
1195 in 2010, with a slight decrease in 2009, likely due
to a milder national fire season. Completed fire behavior
analyses include all basic, short-term, near-term, and FSPro
fire behavior analyses that were accepted by a fire manager
and assisted with decision-making. Finally, data regarding
the number of fire-related managers and professionals with
an authorized WFDSS logon (users) was not tracked until
2010. Currently, there are close to 7,000 users within
WFDSS.

5.2. Personnel. The research, development, and application
phases of WFDSS involve numerous personnel including

researchers, internet technology contractors and program-
mers, and fire managers (Figure 5). The basis for the WFDSS
prototype was developed by Forest Service Research while the
actual application was a result of an integrated effort between
Forest Service Research and Fire and Aviation Management.
Current WFDSS development and operation is managed
by the Forest Service Wildland Fire Management Research,
Development, and Application Program with support from
other federal land management agencies. This includes
oversight of the technical development and programming of
WFDSS by contracted professionals from private industry.
As WFDSS evolves, air quality, fire weather, fire behavior,
economic, risk assessment, decision science, and fire ecology
researchers are developing additional decision support tools.
These processes are migrated into WFDSS for operational
use via development and support personnel. These profes-
sionals, possessing an operational fire background, test the
initial research concepts, coordinate with programmers and
IT contractors, and release new user versions after making
program revisions and enhancements. Full implementa-
tion and application in wildland fire decision-making is
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accomplished by fire managers and other associated decision
makers during live fire situations.

6. Conclusion

WFDSS will continue to evolve and incorporate newer
research models and technology advancements. Potential
areas of improvement and development include pre- and
post-ignition decision-making and documentation, and sys-
tem responsiveness to user requests. While currently applied
as an operational wildland fire decision support system,
many of the systems embedded in WFDSS could be used
for pre-ignition decision-making including optimization and
placement of fuel treatments. The development of a fuel
treatment decision support system is already underway
and similar to the conceptual architecture of WFDSS [21].
Improvements with post-ignition decision-making are also
being developed as the decision-making process becomes
more succinct. This potentially includes a national database
establishment that stores consistent formats of geospatial
information, fire summary statistics, and strategic and
tactical knowledge. The quantification of risk for both
infrastructure and natural resources is an emerging field for
fire economics. Building on the existing WFDSS framework,
a newer approach to risk quantification may include updated
methods to better quantify risk for natural resources [22].
System improvements, such as the speed of data acquisition
and transmission capabilities, are another area of improved
focus for the future. Future implementation could involve
an expansion to a much larger user set, if state and local
agencies decide to use WFDSS for decision support, decision
documentation, and implementation planning.

Management of wildland fire represents one of the
most complex and highest risk activities in natural resource
management. Decision support information reduces uncer-
tainty surrounding a wildland fire, allows decision makers
to understand management challenges and potential out-
comes, and helps frame selection of desired strategies and
operational tactics. Decision support is gained by combining
fire research and modeling with ecological, economic, and
social considerations to produce a situational analysis and
risk assessment, and then by connecting decisions to land
and resource management objectives. A progressive and swift
decision documentation and analysis process that allows
immediate response to changing situations or scale repre-
sents significant improvements to the entire fire management
decision-making process. This process, the kind and amount
of information, and the speed that it can be acquired,
analyzed, and utilized was not possible before WFDSS.
WFDSS is unique when compared to all previous fire
decision analysis and documentation systems in the US and
is an important step in the process of modernizing situational
analysis, risk assessment, and complex decision-making.
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A series of outdoor experiments were conducted in a fire tunnel to measure the emission of infrared radiation from wildland
flames, using a FTIR spectrometer combined with a multispectral camera. Flames of different sizes were produced by the
combustion of vegetation sets close to wildland fuel beds, using wood shavings and kermes oak shrubs as fuels. The nongray
radiation of the gas-soot mixture was clearly observed from the infrared emitted intensities. It was found that the flame resulting
from the combustion of the 0.50 m long fuel bed, with a near-zero soot emission, may be considered as optically thin and that the
increase in bed length, from 1 to 4 m, led to an increase in flame thickness, and therefore, in flame emission with contributions
from both soot and gases. A further analysis of the emission was conducted in order to evaluate effective flame properties (i.e.,
emissivity, extinction coefficient, and temperature). The observation of emission spectra suggests thermal nonequilibrium between
soot particles and gas species that can be attributed to the presence of relatively cold soot and hot gases within the flame.

1. Introduction

Radiation heat transfer plays an important role in the
ignition, spread, and intensity of wildland fires. The exper-
imental characterization of radiation from wildland flames
is a very active field of research, as demonstrated by recent
contributions (e.g., Chetehouna et al. [1], Butler et al.
[2], Dupuy et al. [3], Boulet et al. [4], Agueda et al.
[5], and Parent et al. [6]). These contributions raise some
important issues, such as those related to the uncertainties
and interpretation of results and to the importance of flame
scale.

A commonly used simplified approach consists in eval-
uating effective flame properties, modeling the flame as a
radiating surface with constant temperature and emissivity.
However, neglecting the distributions of temperature and
species concentrations and the wavelength dependence and
ignoring that emission comes from the volume of flame (or a
part of it) can cause noticeable errors. Moreover, temperature
and emissivity are two unknowns that must be determined
from a single emission acquisition. An alternative approach

to estimating flame emission is to determine an extinction
coefficient that includes the contributions of both gas species
and soot and to consider radiation coming from a volumetric
domain representing the flame.

When dealing with radiation measurements, special
attention to the spectral range is required. Water vapor
is known to produce emission bands in the ranges [5–
8 μm] and [2.5–3μm] (see Boulet et al. [4]), whereas the
main emission band of carbon products is around 4.3 μm
approximately, and soot emits radiation in a continuous
spectrum over the infrared region. The near- to mid-
infrared range has therefore to be considered for accurate
measurements of soot and gas emission. Using a device
that collects emission data in a too narrow or inappropriate
spectral range may lead to uncertain conclusions.

The optical thickness of the flame is known to be a crucial
parameter in the investigation of radiation emission. For
laboratory flames involved in a previous contribution [4], the
emission from the gas band was evident and the continuous
soot emission was hardly found. This behavior was related
to the optically thin nature of the flame due to its small size



2 Journal of Combustion

and to a low soot production resulting from an efficient (i.e.,
well-oxygenated) combustion. In the present investigation,
a campaign of measurements is conducted with the aim of
evaluating the spectral emission from flames of increasing
sizes. Data collected from experimental fires performed in
the CEREN’s fire tunnel in July 2010 are analyzed and used to
evaluate effective flame properties. Considering this paper as
a preliminary study of the experimental characterization of
radiation from wildland flames, wood shaving and kermes
oak shrubs are used as two approximations to actual fuel
beds.

2. Experimental Setup

The experimental setup that was used and described exten-
sively in a previous work [6] included a FTIR spectrometer
(MATRIX by Bruker) and a classical IR camera with external
spectral filters that had to be changed by hand. A silicon
beam splitter divides the signal into two separate signals;
one is transmitted to the IR camera and the other to the
spectrometer. For the present experimental campaign, the
only modification to the original setup was the replacement
of the classical IR camera with a multispectral camera,
the spectral bands being selected by filters mounted on
a rotating filter wheel, with a filter transition time of
approximately 40 ms. The main advantage of the new setup
is that measurements for 3 definite spectral bands along with
the total integrated signal can be obtained from a single
experimental run. This avoids the problem of successive runs
with manually changed filters, which reduces repeatability
concerns to acceptable levels. The multispectral camera has a
range of sensitivity of 1.5–5 μm, which allows the observation
of a large part of the spectral emission pattern of combustion
products. A broader spectral range may be obtained with the
spectrometer, since its MCT/InSb dual detector operates over
the wavelength range of 1.6–10μm.

The filters of the multispectral camera were selected
according to the infrared spectral emission bands of the main
combustion products:

(i) a filter in the range of 2.8–2.9 μm for H2O,

(ii) a filter in the range of 4.24–4.26 μm for CO and CO2,

(iii) a filter in the range of 3.88–3.92μm for soot, apart
from the emission bands of H2O, CO, and CO2,

(iv) a 1% transmission filter in the whole range of the
camera (i.e., 1.5–5μm).

Prior to measurements, the camera was calibrated with a
black-body radiation source. In a previous work [6], details
of the calibration procedure are given and some sensitivity
and repeatability aspects are discussed.

Two series of experiments were carried out by the authors
in the fire tunnel of the CEREN (Figure 1). The overall
dimensions of the tunnel are 2.75 m high, 2.4 m wide, and
8 m in length. The lower part of the tunnel sidewalls is made
of cellular concrete, wire mesh completing the upper part
of the walls and the ceiling to prevent firebrand ejection.
The ends of the tunnel are open. Two types of fuels were

Table 1: Properties of the test fuel beds considered in this study.

Load
(kg/m2)

Bulk density
(kg/m3)

Surface-to-
volume ratio

(m−1)

Fuel
moisture
content

Kermes oak
shrubs

9 480a 5950 40.1

Wood
shavings

2 630a 1500 10.0

a
Present work.

used: wood shavings (hereafter called WS) and kermes oak
(Quercus coccifera) shrubs (hereafter called KO). Fuel bed
properties are given in Table 1. The fuel to be burned was
distributed uniformly on a combustion platform with a 1 m
width and a length varying from 0.5 to 4 m in such a manner
that the load and height of the layer were the same whatever
the bed length. In the first series of experiments, the only fuel
was wood shavings. It was arranged to give a layer of uniform
load of 1 kg/m2 and of 0.1 m height. In the second series, both
WS and KO were used as fuels. KO items were evenly spaced
and vertically arranged in the most stable position to form
a 1 m high homogenous layer. Wood shavings were used as
litter with a height of 0.2 m. Fuel loads of WS and KO were
estimated at 2 kg/m2 and 9 kg/m2, respectively.

In order to produce fuel bed combustion as homo-
geneous as possible, the ignition was done at different
locations using hand-held gas burners. The use of a liquid
hydrocarbon fuel was dismissed since its combustion may
generate products that may have undesirable effects on the
spectral emission. The ignition phase lasted only a few
seconds, after which successive measurements were done
simultaneously by the spectrometer and by the camera.
Data were collected continuously throughout the period of
flaming combustion (i.e., as long as the visible flame was
present), typically from a few tens of seconds for the 0.50 m
long WS bed to up to 2 minutes for the 4 m long KO
bed. Measurements were made 20 cm above the top of the
vegetation.

Depending on the flaming combustion duration, up to
10 acquisitions were registered for each run, in order to
determine how fire emission changes over time. Moreover,
data obtained at the moment of maximum emission allows a
comparative analysis between the IR spectra and images from
WS and KO flames of different sizes.

A total of 22 fires were conducted with varying fuel bed
lengths and vegetation types.

3. Flame Emission Spectra

Figure 2(a) shows the spectral intensity as a function of
wavenumber and wavelength at five different instants during
the burning of the 1-m-long WS fuel bed. The time evolution
of the intensity integrated over the wavenumbers, shown in
Figure 2(b), is deduced from six successive acquisitions dur-
ing the run. In this diagram, flame emission increases rapidly
to reach a maximum value of 25 kW/m2·sr approximately
12 s after ignition. Then it decreases, with some unavoidable
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(a) (b)

Figure 1: Photographs of the experimental setup showing the arrangement of the 3 m× 1 m wood shaving fuel bed (a) and of a typical test
where kermes oak shrubs were burning (b). The spectrometer is on the foreground.
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Figure 2: Emitted radiation from flames generated by the burning of the 1 m long WS fuel bed. (a) Spectral intensity versus wavenumber
(and wavelength) obtained from successive acquisitions and (b) intensity integrated over wavenumber versus time. Solid and dotted black
lines correspond to blackbody emission curves at temperatures of 1400 K and 1600 K. The fuel load is 1 kg/m2.

variations due to flame flickering. Easily recognizable peaks
in the IR spectra (Figure 2(a)) are those due to hot CO2

and CO molecules, at around 2300 cm−1 (4.3 μm), and the
others due to water vapor in the combustion products.
Some signal variations are found to be in agreement with
those obtained for thin flames (e.g., Boulet et al. [4] and
Parent et al. [6] for vegetation fires and Bourayou et al.
[7] for small burner flames). Unlike these studies, the
emission spectra show, aside from these peaks, a continuum
radiation from glowing soot particles in the flame. This

is clearly visible in Figure 2(a) from acquisition 2, which
corresponds to the time at which emission is maximum.
A crude estimation of the maximum emission level may
be provided by plotting the blackbody emission curves at
somewhat arbitrary temperatures, here 1400 K and 1600 K.
It can be observed that, around the 2300 cm−1 peak, the
maximum flame emission is in between, indicating that
the flame temperature must be in the range of 1400 K–
1600 K. On the contrary, the emission is lower in the spectral
ranges where emission is originating from soot and water
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Figure 3: Flames generated by the burning of the 2 m long WS fuel bed: camera acquisitions in the emission bands of CO2 (a), H2O (b), and
soot (c). Color bar indicates spectral intensity in W/m2·sr·cm−1. The white circle delimits the observation area of the spectrometer. The fuel
load is 1 kg/m2.

vapor, indicating either a lower emissivity and/or a lower
temperature. These results are obtained for a 1 m long flame
that cannot be considered as optically thick.

Spectral emission intensity may also be estimated from
camera acquisitions in the infrared emission bands where
CO2, H2O, or soot radiation is dominant. An example
is given in Figure 3 for the flaming combustion of the
2 m long WS fuel bed. The time interval between two
successive acquisitions is 40 ms (i.e., filter change time). This
means that the multispectral camera is capable of acquiring
quasisimultaneous images, which makes it very attractive.

First of all, the aforementioned trend is confirmed,
namely, a strong emission of gaseous species, with a relevant
contribution from inflame soot particles. Figure 3 also
reveals heterogeneities in the structure of the flame as a
consequence of variations in species concentrations and
temperature.

As mentioned before, the emission intensities provided
by the spectrometer in the range of 1.6–10μm correspond to
spectral intensities spatially averaged over a small area of the

flame region (Figure 3), approximately 25 cm2 at two meters
from the spectrometer. Although not shown, these data
are in qualitative agreement with the multispectral camera
measurements.

Figure 4 represents the maximum emission spectra
obtained from the burning of WS fuel beds with a length
varying from 0.50 to 4 m (e.g., Acq 2 in Figure 2 is the
maximum emission spectra for the 1 m long flame in
Figure 4). In this figure, spectral intensities are plotted as a
function of wavenumber and wavelength. It is easy to observe
that the emission level increases with the fuel bed length.
A discriminant analysis shows that the emitted intensity
around 2300 cm−1 (CO2 products) seems to saturate, indi-
cating that the opaque limit has been reached in this spectral
range. This is not the case for the rest of the spectrum where
the emitted intensities are still rising between 3 m and 4 m.
In any case, the role of soot in radiation emission is evident.
The near-zero emission level aside from the gas peaks for
the 0.5 m long fuel bed is characteristic of an optically-thin
flame. This is consistent with the conclusion drawn from
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Figure 4: Maximum emission spectra from WS fuel beds with a
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blackbody emission curves are plotted for the comparison.
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a previous study [4]. For flame lengths greater than 0.5 m,
radiation emission becomes relevant in the whole infrared
range, as may be easily deduced from the comparison with
blackbody emission curves for temperatures of 1000, 1200,
1400, and 1600 K. From the spectral shape of flame emissions
(Figure 4), it may be stated that the flame emissivity is
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Figure 6: Emissivity computed from maximum emission spectra
versus wavenumber (and wavelength). WS are used as fuel, with a
fuel load of 1 kg/m2.

stronger for large wavenumbers (in this range, emission
spectra are closer to blackbody spectra) and that the emission
level decreases for small wavenumbers. This is in agreement
with the expectation that the absorption coefficient of soot
strongly rises with wavenumber, as it will be discussed
below. If the assumption of opaque flame holds for large
wavenumbers, one can observe that the 4 m long flame
emission starts from that of a blackbody at 1400 K, defining
an effective flame temperature. However, this assumption
is questionable for at least two reasons. First, the emission
intensities still vary for the 3 m- and 4 m long flames. Second,
a higher emission level is reached in the range attributed
to CO2 emission. This shows that the so-called effective
temperature is overwhelmed (emissivity cannot be greater
than unity) and that the gas temperature should be close to
1600 K.

Concerning the opacity of the flame, it is customary
to assume that the absorption coefficient of soot varies
with wavelength as 1/λa [8]. The dispersion exponent a is
an empirical constant, ranging from 0.7 to 2.2, depending
on the chemical composition and the porosity of soot
particles. The identification of these properties is beyond
the scope of the present study, but a 1/λ wavelength
dependence is often considered as a good approximation [8].
This means that the greatest absorption coefficients are at
the smallest wavelengths (or at the greatest wavenumbers,
approximately in the range of [5600–6000 cm−1]), giving
some justification to the assumption of blackbody emission
in this range and some confidence in the reference value
of 1400 K for the flame temperature. Therefore, considering
the emission above, the 1400 K blackbody spectrum in the
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range attributed to CO–CO2, this suggests the presence of
large quantities of relatively cold soot within the flame. This
was already observed by Sivathanu et al. [9] for strongly
radiating jet flames, and by Suo-Anttila et al. [10] for ethanol,
ethanol/toluene, JP8, and heptane pool fires. The maximum
emission observed in Figure 4 is between the blackbody
emission curves at 1400 and 1600 K and corresponds to the
emission of a blackbody at a temperature of 1522 K. This
temperature may be interpreted as the gas temperature.

A similar experimental study was carried out using KO as
fuel. Figure 5 shows the maximum emission spectra obtained
from the burning of KO fuel beds with a length ranging
from 0.5 to 3 m. Data for fresh and dry KO are reported
for the same load and same flame length. The comparison
between Figures 4 and 5 indicates that the change in fuel type
significantly affects flame emission. As previously observed
for WS fuel beds, the trend of an increasing emission with
fuel bed length is also seen, but with lower emission levels.
The emission from soot is also undoubtedly observed. The
emission at around 2300 cm−1 is still very high, close to that
of a blackbody at 1600 K. Emission spectra obtained using
fresh KO as fuel gave lower intensities from both inflame
soot particles and gas species, as a consequence of different
thermal degradation processes.

4. Spectral Radiative Properties

The spectral emitted intensity may be evaluated from the
spectral blackbody intensity as

Iν = ενI
0
ν . (1)

The emissivity εν can be related to the extinction coefficient
Kν and the flame thickness L as

εν = 1− e−KνL. (2)

The blackbody intensity is computed as (Modest [8])

I0
ν =

2hc2
0ν3

n2

[
exp

(
hc0ν

nkT

)
− 1

]−1

, (3)

where h is the Planck’s constant, c0 is the celerity of light in
vacuum, v is the wavenumber, n is the refraction index of the
medium (here, n = 1), k is the Boltzmann’s constant, and T
is the temperature.

One can proceed to an identification of the above
parameters εν and Kν using the data acquired for various fuel
bed lengths. Typical results are commented below.

Assuming an effective flame temperature of 1400 K,
neglecting the surrounding emission, and using the data
reported in Figure 4, a spectral emissivity is first deduced
from relation (1). Results are plotted in Figure 6 for WS fuel
beds. In a logical manner, the emissivity increases with the
bed length as a consequence of an increasing optical thick-
ness due to the enhancement of the soot contribution. The
lowest emission is obtained from the burning of the 0.50 m
long fuel bed. The flame generated is optically thin, and its
emissivity is relevant only in the gas emission bands. For
thicker flames, the emissivity is greater in the whole spectral

range considered. For a given flame thickness, the trend
shows an increase in the emissivity with the wavenumber (as
expected since soot absorption increases with wavenumber).
A clear drawback of the present method based on a reference
temperature is that the so-called emissivity seems to increase
above unity in the range near 2300 cm−1. The problem was
expected since the emission of the flame is above the one of
the blackbody at 1400 K (Figure 4). Once again, this raises
the problem of defining an effective temperature, with soot
and gas species in thermal nonequilibrium within the flame.
However, we decided to go further in the analysis by trying
to identify an extinction coefficient as a function of the
wavenumber. Inverting relation (2) gives

Kν = −1
L

ln(1− εν). (4)

Assuming that the extinction coefficient is an intrinsic
property of vegetation, this relation should provide a unique
value of Kν. As shown in Figure 7(a), the burning of the
shortest fuel bed (i.e., 0.5 m) generates a flame with a
significantly lower extinction coefficient than the others.
A possible explanation could be that less inflame soot is
produced due to a more complete combustion. A spectral
extinction coefficient independent of the fuel bed length may
be determined by averaging the extinction coefficients of
each fuel bed length (Figure 7(b)). The extinction coefficient
varies between 0.1 and 1.0, which is in agreement with the
literature (see the review by Agueda et al. [5]). A strong
spectral dependency is observed. Note that the area around
the CO2 peak has been cut-off in order to avoid unphysical
results. It is worth reminding that the atmospheric gases are
partly absorbing radiation emitted from the flame, which
affects extinction in some definite bands. Atmospheric water
vapor and carbon dioxide absorb radiation in some parts
of the IR region that are not exactly the same than the
emission bands of hot H20 and CO2 produced by the
flame. This explains the strong decrease down to 0.1 m−1

in the extinction coefficient at about 2300 cm−1, due to
the atmospheric CO2 absorption (Figure 7(b)). The same
behavior is observed in the bands of water vapor.

5. Effective Radiative Properties

Despite the large spectral variations, effective values may
be computed by integrating the data over wavenumber.
This can provide useful input data for nonspectral radiation
models such as the emissivity, the extinction coefficient, and
the temperature. For the fuel bed lengths considered, the
effective intensity is computed between 1000 and 6000 cm−1

and divided by the blackbody emission intensity at an
arbitrary temperature, here 1400 K. Effective values are
summarized in Table 2. As the fuel bed length increases
from 1 m to 4 m, the effective intensity increases from 4.2
to 43 kW/m2·sr and the so-called emissivity from 0.41 to
0.74. The average extinction coefficient obtained by inverting
relation (2) yields values in the range of 0.34–0.53, with an
average value of 0.40 m−1. As aforementioned, the higher
value determined for the 1 m long fuel bed is probably a
consequence of flame flickering effects. Table 2 shows that
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Figure 7: (a) Extinction coefficient versus wavenumber (and wavelength) and (b) averaged extinction coefficient versus wavenumber (and
wavelength). WS are used as fuel, with a fuel load of 1 kg/m2.

Table 2: Effective radiative properties of the flame. WS are used as
fuel, with a fuel load of 1 kg/m2.

Fuel bed length 0.5 m 1 m 2 m 3 m 4 m

Effective intensity I (kW/m2·sr) 4.2 23.8 29.7 37.8 43.4

ε = I/I0 (1400 K) 0.07 0.41 0.51 0.65 0.74

Mean extinction coefficient
κ (m−1)

0.15 0.53 0.36 0.35 0.34

the extinction coefficients are nearly the same for bed lengths
greater or equal to 2 m; beyond, this coefficient seems to
be a constant radiative property of the flame. It is also
worth noting that the optically thin flame resulting from the
combustion of the 0.50 m long fuel bed, with a near-zero
soot emission, is characterized by significantly lower effective
values.

Although not shown, the same analysis has been per-
formed using dry KO as fuel, leading to an effective intensity
of 27.5 kW/m2·sr, an emissivity of 0.47, and an average
extinction coefficient of 0.40 m−1.

6. Emission from the Burning Fuel Bed

Experiments were also conducted to investigate the emission
coming from the burning fuel bed. The spectrometer was
inclined with an angle close to 10◦ in order to modify the
line of sight. A thickness of flame around 1m is crossed
by the line of sight of the acquisition device. Radiation
came not only from the flame, but also from the burning

embers at the basis of the flame (called hereafter the “burning
litter”). This additional emission is partly absorbed by the
flame, but as 1 m long flame is not totally opaque, some
emission was expected to come from the hot burning embers.
Typical emission results are presented in Figure 8 for WS
fuel beds. Apart from the gas emission, a strong continuous
emission is now observed that comes from both the soot
and the burning vegetation. A comparison with the spectra
of the 1 m long flame (Figure 4) shows that the emission
levels are quite unchanged in the high wavenumber range,
whereas some discrepancies appear for small wavenumbers.
One can observe that the emission level is slightly higher
on Figure 8 due to the emission from the burning litter. As
a consequence, a slightly different continuous pattern was
seen, with a higher emission in the small wavenumbers, that
is, in the range where soot emission starts to decrease. This
observation confirms that the contribution of the burning
litter to the radiative heat transfer must be considered, as
it was previously reported in [4], especially in the case of
optically-thin flames, for which a weak continuous emission
from soot was observed.

7. Concluding Remarks

Infrared radiation emitted from flames during the combus-
tion of wildland fuel beds was investigated. Fuel beds of
different lengths were considered, leading to both optically
thin and optically thick flames. Both gas band radiation
and continuous soot radiation were evident. A strong wave-
length dependence of the emission spectra was observed,
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The fuel load is 1 kg/m2.

which confirms the requirement of devices with extended
sensitivity ranges for the measurement of spectral radiation
intensities from wildfires. Spectral and effective radiative
properties were proposed. Effective emissivities from 0.41
to 0.74 were found for flames of length ranging from 1 to
4 m. A comparative analysis of the emission over different
wavelength ranges suggests the coexistence of relatively
cold soot and hot gases within the flame. The problem
of assuming an effective temperature, with soot and gas
species in thermal equilibrium, was therefore addressed.
An optimization method based on a genetic algorithm and
spectral radiation models for the soot and the gaseous
combustion products is in progress in order to identify in
a more accurate manner the respective temperature levels
and the volume fractions of soot and gas species. Despite the
information gained with the present study on emission levels,
further treatment of the camera acquisitions is required in
order to correlate emitted intensity with flame fluctuations.

Nomenclature

c0: Celerity of light in vacuum (m·s−1)
h: Planck’s constant (J·s)
Iv : Intensity (W·m−2·sr−1/cm−1)
k: Boltzmann’s constant (J·K−1)
K : Extinction coefficient (m−1)
L: Flame length (m)
n: Refraction index (−)
T: Temperature (K).

Greek Letters and Abbreviations

ε: emissivity (-)
λ: Wavelength (μm)
v: Wavenumber (cm−1), spectral property
FTIR: Fourier transform infraRed
KO: Kermes oak
WS: Wood shaving.
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The character of a wildland fire can change dramatically in the presence of another nearby fire. Understanding and predicting the
changes in behavior due to fire-fire interactions cannot only be life-saving to those on the ground, but also be used to better control
a prescribed fire to meet objectives. In discontinuous fuel types, such interactions may elicit fire spread where none otherwise
existed. Fire-fire interactions occur naturally when spot fires start ahead of the main fire and when separate fire events converge
in one location. Interactions can be created intentionally during prescribed fires by using spatial ignition patterns. Mass fires are
among the most extreme examples of interactive behavior. This paper presents a review of the detailed effects of fire-fire interaction
in terms of merging or coalescence criteria, burning rates, flame dimensions, flame temperature, indraft velocity, pulsation, and
convection column dynamics. Though relevant in many situations, these changes in fire behavior have yet to be included in any
operational-fire models or decision support systems.

1. Introduction

Some interactions of wildland fires are experienced routinely
under field conditions. Firefighters and prescribed fire
personnel see flames tilting towards adjacent ignition points
or fire edges, particularly as the sources advance closer
together [1, 2]. In the extreme case, interactions occurring
when large areas are ignited and burning simultaneously
are described as mass fires, area fires, or “fire storms” [3].
Hundreds or thousands of individual fires may interact over
an area and exhibit some “unified” behavior. Such fires
are generally described as having such strong indrafts that
outward propagation is minimal, extremely tall convection
columns or smoke plumes, and burn for long durations
until all the fuel within its perimeter is consumed. Good
reviews of mass or large area fires can be found in [4–6].
Mass fires were responsible for tremendous burning rates and
tornado-strength winds [7] witnessed after the fire bombings
of cities in Germany and Japan during World War II [8, 9]
and have been studied mainly in relation to consequences
of nuclear attacks [3, 10–34]. Many of these studies were
through “Project Flambeau,” a joint effort between the U.S.
Office of Civil Defense-Defense Atomic Support Agency and

the U.S. Department of Agriculture—Forest Service in the
mid-1960s. These fires were designed to mimic a suburb
fire. Each square fuel bed was constructed with a mixture
of pinyon pine and juniper and was approximately the same
size and fuel load as a typical suburban house (185.8 m2

and about 18,000 kg of fuel). The spacing between fuel beds
was either 7.6 m or 35.1 m and fire sizes were 2, 6, 12,
and 20 hectares. Airflow velocities and temperatures were
measured inside and just outside the fire area along with
thermal radiation just outside the fire area, oxygen and
carbon dioxide concentrations inside the fire area, and the
mass loss rate of the fuel beds [3, 12, 13].

Wildland fire interactions are intentionally manipulated
for ignition or firing operations (see Figures 1 and 2) to
orient spread directions [35], use indrafts for backfire opera-
tions [36], increase the development of convection columns
on prescribed fires through center-firing techniques [1], and
limit spread and intensity with spot fire ignitions [37–39].
Rapid increases in fire growth and energy release—termed
“blowup”—are sometimes associated with fire interactions
[40]. Yet, despite the common usage and practical familiarity
with interactions that fire personnel often acquire, there
is very little quantitative physical understanding of these
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behaviors and no operational models that can predict them.
By comparison to other fire behavior characteristics, such
as fire spread rates, fire interactions at any scale have been
subject to limited study.

In this paper, we endeavored to obtain literature from
many sources, including wildland fire, structural fire, as well
as combustion engineering and fluid dynamics, in order
to cover the range of research on fire-fire interactions and
the state of knowledge. Our search revealed that the topic
of fire interactions overlaps considerably with other fire
behaviors that are distinguished individually, such as vortices
and terrain effects. These behaviors will be mentioned when
appropriate, but their full discussion is beyond the scope of
this paper.

2. Background: Time-Dependent Fire Behaviors

For a constant set of environmental conditions, fire behavior
is known to change with time. These changes are not
expressly considered interactions, but spread and intensity
changes within individual fires are also affected during
interaction among fires, and may contribute to later devel-
opment of interactions. Thus, such behaviors provide useful

background material for discussion of fire-fire interactions,
although studies of fire acceleration have not directly
addressed interactions of multiple fires. Many of the time-
dependent changes in fire behavior are associated with
fire growth or expansion in two dimensions. Changes are
observed in spread rates (acceleration), frontal geometry
(width, curvature), and heat transfer indicated by the
orientation and size of flames. These fire characteristics are
interrelated with spread processes, and the literature does not
discern the causes of observable features from their probable
effects.

2.1. Fire Acceleration. Fire acceleration is defined as the
time-dependent changes in spread and intensity occurring
under constant weather and uniform fuel conditions. The
notion of acceleration is implicitly applied to fires that are
already capable of spreading as compared to combinations of
threshold conditions where spread only occurs above some
limit. Various mathematical representations of acceleration
(Figure 3) have been proposed from a theoretical standpoint
that express spread rate from a point-source fire as a
negative exponential function of time [41, 42]. Parameters
of these equations were fit to empirical data from wind
tunnel experiments by [43]. These functions asymptote
toward a final equilibrium rate and are, thus, commonly
communicated in terms of the time to reach some fixed
fraction of equilibrium (e.g., 90%). A similar result was
developed by Weber [44] which represented acceleration
of fires expanding as a circle from a point ignition and
depended on the curvature of the fire front.

Studies of acceleration typically report time elapsed from
ignition to a near-steady spread rate. Values of 20–30 minutes
for point-source ignitions in slash fuels for prescribed fire
conditions [45] and in pine litter and feather moss [46]
have been reported. Wind-driven grass fires in Australia
[47] showed large variation in acceleration times (about 6
minutes under slow wind conditions to over 45 minutes
with faster winds) and a strong dependency on the width
of the fire front. Wind tunnel burns of shallow (8 cm deep)
pine needle and excelsior beds suggested time to equilibrium
of only a few minutes [43] and largely independent of
windspeed. Data from point-ignitions in pine needle litter
reported by Curry and Fons [48] suggested wind speed
affected acceleration rate (increased time to equilibrium)
as well as a final spread rate. Wind speed may also affect
acceleration times for conflagrations involving structures
at urban densities. Chandler et al. [49] referenced much
longer time estimates than wildland fuels, including 1 hour
to achieve near-steady spread rates with wind speed up to
6.7 m/s, 2 hrs for winds to 17.9 m/s and possibly much
longer times for stronger winds. A long acceleration period,
exceeding the 36 minute observation time, was described
for line ignitions in heavy fuel loadings associated with
felled eucalyptus slash [50]. By contrast, rapid acceleration
to near-steady burning after line ignition was reported
for experimental crown fires in jack pine forests [51].
Implications of a theoretical analysis by Albini [47] suggests
that line ignitions in surface fuels could accelerate very
rapidly, initially overshooting the steady rate, but slow and
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exhibit damped oscillations toward the steady value as the
increasing vertical buoyancy of the combustion zone offsets
horizontal wind force. From the existing literature, it is not
clear what influences the various factors of fuel loading, fuel
sizes or burning duration, and final spread rates have on
acceleration time, nor more complicated interactions among
multiple flame zones or heat sources.

It should be mentioned that acceleration of fires can also
occur when air inflow is asymmetrically restricted by surface
topography, either in canyons [52] or inclined channels [53]
and slopes [54, 55]. Detailed treatment of these important
fire-topographic interactions, however, is beyond the scope
of this paper of fire-fire interactions.

2.2. Length of Fire Front. Fire acceleration and final spread
rate appear to be dependent on fire size. Fires accelerate
slowly from point-ignition sources [43, 45, 56] relative to
line-source ignitions [35, 56]. At the small scale of laboratory
stick arrays, fuel bed width and proportion of edge on
the curvature of the head fire had significant effects on
spread rate [57]. In wind driven grass fires, fire spread rates
were found to be dependent on the length of the ignition
for lines shorter than 50–75 m [56] and required longer
acceleration times for higher winds (Figure 4). Experiments
and modeling by Wotton et al. [58] for fires in red pine
litter, however, showed no increase in radiation from flames
for ignition lines longer than about 2 m and no effect of
line width on spread rate beyond about 1 m. Dold et al.
[59] offered an explanation for fire size effect on forward
spread rate. As fires expand in two dimensions, the distance
between the fire edges increases, meaning that buoyancy-
induced inflow along segments of flaming front comes from
a wider area. This allows ambient winds from behind the
front to penetrate to the heading portion of the flame zone.
Such effects on narrow combustion zones of expanding fires
are presumably different than for mass-fires or large-area
ignitions which create indrafts from all directions [60, 61]
and strong buoyancy-driven convection may deflect ambient
air-flow around the column [3].

2.3. Flame Tilt. Flame angle orientation relative to the
unburned fuel is related to acceleration and is affected by
fire size and stage of growth. Flames can tilt due to wind,
slope, or the interaction with other fires. Flames tilted away
from the direction of spread are referred to as backing fires,
and flames tilting toward the direction of spread are referred
to as heading fires. Flames tilt toward the interior of the
burned area in small fires or point-source fires, producing
backing spread [37, 57, 62]. Spread rate of backing fires
spreading downslope has been shown to be only weakly
diminished as slope increases [63] and little affected by wind
[43, 64]. Backing fires have been reported to increase fuel
consumption and residence times. As fires grow larger, back-
ing fire remains only at the rear of the perimeter (upwind
or downslope) and flames for the heading portion of the fire
tilt toward the unburned fuel. The very large differences in
spread rate and intensity between backing and heading fires
(and flanking fires) can be estimated assuming elliptical fire
shapes [65]. Numerous studies of flame tilt angle in wildland
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fuel bed on flat terrain in wind have consistently found a
strong relationship to the Froude number calculated from
ratios of wind speed to intensity or flame length [47, 66–
68]. Similar experimental results were found using liquid
pool fires [69–72] and explained as the counteraction of
upward buoyant forces by cross flow, including flame trailing
(lateral deflection of combustion products and flames) with
high wind speeds. Recent numerical modeling [73] has also
reported Froude number relationships for both line-source
and point-source simulated fires. Although slope effects
were deemed significant [68], they are not accounted for in
such formulations. When fires are in close proximity, the
interaction between them can change the flame tilt angle
and rates of spread [5, 74, 75]. In these cases, the flame tilt
angles can be correlated with a modified Froude number that
includes the separation distance of the fires [5, 74, 75]. In the
case of no wind, a modified Grashof number is used [76, 77]
to describe the flame tilt purely due to flame interaction.
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2.4. Spread Thresholds. Thresholds describe a point of near-
instantaneous acceleration that delineates when fire will
and will not spread. Threshold-crossing for fire spread
has been documented for many discontinuous fuel types
including grasses [78], shrubs [79–82], and trees [83, 84].
Laboratory scale fires reveal similar spread thresholds in
arrays of small sticks [85–87] and taller beds of excelsior [88].
These studies reveal threshold dependencies on multiple
environmental, fuel, and fire variables, such as wind speed,
fuel moisture, slope, horizontal fuel gap dimensions, fuel
bed depth, fuel combustion rate, and flame size. Chandler
et al. [49] proposed combinations of ranges of wind speed,
humidity, and rainfall by fuel type to define spread thresholds
for significant growth of large fires. Recent studies of fire
spread sustainability provide empirical evidence on the
importance of fuel moisture, wind, and fuel loading [89,
90]. As described in later sections of this chapter, fire-
interactions exert strong influences over many of these
same environmental and fire variables, and thus, may elicit
threshold-crossing spread for fires burning in discontinuous
fuels.

3. Conditions where Fire Interactions Occur

Interactions are possible when many separate fires grow
together or multiple segments of a single continuous fire
are oriented in close proximity. In natural wildland fires,
multiple fronts often occur because of spotting from a
single main fire. Spot fires are relatively common under
dry and windy conditions and even long-distance spotting
contributes to fire movement [91]. But, massive deposition
of firebrands at relatively short distances from the fire front
(a few kilometers) can substantially increase spread rate
and create simultaneous area ignition [41]. On wildfires
Cheney and Bary observed the highest concentration of
fire brands fell within a fan-shaped zone about 9 degrees
in angle on either side of the primary wind direction
and theorized that mass fire behavior could be achieved
for certain unspecified combinations of fire brand density
and acceleration time for individual ignitions. Johansen
[38] made similar observations for spot ignition patterns
on prescribed burns where higher spot densities increased
the numbers and frequencies of junction or merger zones.
The increase in intensity at such junction zones have been
documented empirically [38, 92] and modeled [93] leading
to recommendations for wide separation of ignitions [62, 94]
unless area ignition is desired [95]. Mass ember deposition
and area ignition has been documented by McArthur [96]
for Tasmanian fires which resulted in near-simultaneous
ignition of hillsides. A similar process was proposed for
the Air Force Bomb Range Fire [97] which periodically
caused area ignition ahead of the main front and vertical
development of a convection column. Modeling by Weihs
and Small [98] showed that interactions between large mass
fires can even cause these typically nonspreading fires to
propagate toward one another.

How close together fires must be before flames visibly
interact and subsequently merge is not clear. There have been
many empirically derived merging criteria in the literature.

Correlations exist for the critical parameters for both flame
interaction [99–101] and merging [24, 102–104]. These
correlations take many forms—some define a critical ratio
between the fire spacing and fire diameter [24, 100] or flame
height [99, 101, 104], some define a critical ratio between
the flame height and fire diameter [24], and some define a
critical dimensionless heat release rate [102, 103]. Upon close
examination, however, it becomes clear that fire spacing, fire
diameter, flame height, and dimensionless heat release rate
have interdependencies and, thus, these different correlations
are not necessarily contradictory. The discussion here will
focus on the relations between spacing, diameter, and flame
height because they are the most intuitive.

Using both gas diffusion burners and pool fires, Sugawa
and Takahashi [100] report that flames begin to interact
when the ratio of the spacing distance to the fire diameter
is less than four. In other words, flames can interact,
here defined as visually tilting, over distances four times
their diameter. Baldwin [99] considered the onset of flame
interaction in terms of flame height. Flames were considered
to be interacting if the flame heights increased more than
10% above the independent flame height. Using square and
round gas burners, wood cribs, and large timber yard fires
Baldwin [99] (and [105–107]) correlated experimental data
over a wide range of scales and configurations found in the
literature and determined that the flames would interact if
the spacing was less than 0.22 times the flame length. For
a characteristic dimension D and height L, this correlation
holds for 1 < L/D < 300. Liu et al. [101] also found the
same dependency but with a slightly different constant of
proportionality for merging of round pool fires. In their
experiments, flame merging was likely to occur when closer
than 0.29 to 0.34 times the merged flame length. Delichatsios
[104] also found that flames began to merge at spacing less
than 0.33 times the actual flame length for gaseous burners.
The discrepancy in these constants may be due to different
definitions of flame interaction (tilting versus change in
flame height) and flame merging (using completely merged
flame height versus actual flame height), different fuels,
and possibly uncertainty of measuring flame dimensions. In
comparing the results of the Project Flambeau fires to those
using a sand-filled pan burner, Wood et al. [24] reported that
flames merged if the flame height was at least half of the fire
diameter. Heskestad [6] clarified that this occurs when the
nondimensional group N ∼ Q2/D5 is near 10−5 (Q is the
heat release rate and D is the fire diameter). Clearly there is
no definitive criterion for when flames begin to interact and
merge, and these relations will remain qualitative guidelines
until there is some sort of unifying theory.

An opposing effect may occur with area fires over large
homogenous fuel beds (small flame height compared to
fire diameter). For a sufficiently large fuel bed, it may be
impossible for a continuous flame to exist over the entire
bed. Instead of one continuous flame, the fire may break
up into many distributed flamelets [13, 24, 108]. Heskestad
[108] showed that the breakup of continuous flames occurs
when the nondimensional group N ∼ Q2/D5 is near 10−6.
The convection column for these cases has been described
as having two modes: Bénard cell convection near the surface
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which merges and transitions to a more organized convective
plume [109].

4. Specific Effects of Fire Interaction

Studies of fire interactions involve specific types of behavior
of the combustion and observable fire characteristics. Most
of the research on these behaviors comes from laboratory
experiments with artificial fuel sources and attempt to isolate
the particular response of interest.

4.1. Burning Rate. When fire fronts are close enough to
interact and merge, such as in a mass fire, the mass of fuel
burned as a function of time, or burning rate, of the fire can
change dramatically. Though much of the research on fire
interactions has been done using gas burners with a fixed
burning rate, there has been some work on the interaction
of flames over liquid pool fires and wood crib fires. Though
the geometry and heat transfer mechanisms inside the fuel
bed are different, liquid pool fires are much like fires burning
over solid fuel in that the heat transfer from the fire back to
the fuel controls the burning rate. In contrast, the burning
rate of a gas burner is controlled by using a fixed fuel supply
rate. Results from pool and crib fire experiments can often
be extended to larger fuel beds using appropriate scaling laws
[110].

The experiments by Huffman et al. [111] clearly reveal
the effect of spacing on the burning rate of pool fires. In
this work, the burning rate of an array of liquid pools was
measured while keeping a constant fuel depth and varying
the number of pools, pool diameter, fuel, and pool separation
distance. In general, the burning rate of each individual pool
burner increases as the burners are brought closer together
and the flames began to interact. In particular, the pools
in the middle of the array show a very dramatic increase.
For example, Figure 5 shows that the burning rate of 4 inch
diameter pools of cyclohexane experienced over a 400%
increase in burning rate when the separation distance was
halved. At the onset of flame merging, the burning rate
is at its maximum. As the flames merge, the burning rate
decreases as the separation distance continues to decrease. In
the limit of zero separation distance, however, the burning
rate of the individual fires is still larger than if they were
burning independently with no interaction effects. These
trends were also seen by Grumer and Strasser [112] with solid
fuel beds.

Kamikawa et al. [113] studied the effect of flame merging
on heat release rates (heat released per time). Heat release
rate is calculated by multiplying the burning rate (mass of
fuel burned per time) by the heat of reaction (heat released
per mass of fuel burned). However, the heat of reaction is
dependent on the fuel and the mixture ratio of fuel to air.
In large fire arrays, the inner regions of the array typically
experience a shortage of air. Without sufficient air, the fuel
cannot completely react and release the full potential heat,
that is, the combustion efficiency is low and less heat is
released per mass of fuel. Not surprisingly, Kamikawa et al.
[113] saw the same trend with heat release rates as Huffman
et al. [111] with burning rates. When the flames are merged,

the heat release rate increases with separation distance. As
the burners are moved further apart, more air can penetrate
into the inner regions of the array. More air entrainment
means greater combustion efficiency and greater heat release.
This in turn heats up and evaporates the unburned fuel more
quickly, increasing the burning rate.

Liu et al. [114] explain the mechanisms behind these
trends in burning and heat release rate with separation
distance. The nonmonotonic behavior seen in Figure 5 is
the result of two competing mechanisms: heat feedback
enhancement and air entrainment restriction. As the burners
are moved closer, the view factor between neighboring fires
increases. In other words, the fires can “see” each other
better, increasing the radiative heat transfer in addition to
the convective heat transfer [112]. Because the burning rate is
dictated by the heat feedback from the flame, this increased
radiative heat seen by the fuel will evaporate the fuel more
quickly and increase the burning rate. Conversely, as the fires
get sufficiently close there is less room to entrain air inside
the array and the flames become “choked.” When the flames
are merely interacting, the heat feedback mechanism is more
important than the air restriction and the burning rate
increases. When the flames have merged, the air restriction
is the dominant mechanism and the burning rate decreases.

Because the experiments by Kamikawa et al. [113] used
wood crib fires, they were also able to examine the release
rate as a function of time for merged flames. As with
most wildland fires, the heat release rate (and burning rate)
of wood crib fires increases as the fire builds, reaches a
maximum, then begins to decrease as the fuel is depleted.
Kamikawa et al. [113] made the observation that as the
number of fires increases, the peak heat release rate increases
above that expected by multiplying the independent fire heat
release rate by the number of fires. This discrepancy grows as
the number of fires increases. So the burning and heat release
rates of interacting and merging fires not only are dependent
on the spacing of the fires, but also on the total number of
fires (see also [114]).

Fire interactions can increase burning rates by another
mode as well. If the fires interact such that vorticity is gener-
ated, fire whirls can form. Though not discussed further here,
it has been shown that fire whirls have dramatically increased
burning rates in comparison to an equivalent, nonrotating
fire (see, e.g., [115, 116]).

4.2. Flame Dimensions. Flame height trends for a non-
premixed flame, such as those in a wildfire, are usually
discussed in terms of two dimensionless parameters: the
dimensionless flame height and the dimensionless heat
release rate. The dimensionless flame height is usually
defined as the flame height divided by the characteristic
burning area diameter (D). The characteristic burning area
diameter is a dimensioned parameter frequently introduced
in fire arrays and is usually some function of the number
of fires, fire diameter, and the fire arrangement (separation
distance). The dimensionless heat release rate (Q∗) is usually
defined as the total heat release rate of the group divided by
the characteristic burning area diameter to the five-halves
power (material property constants are used to make the
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Figure 5: Burning rate as a function of separation distance for
10.1 cm diameter cyclohexane burners from [111].

ratio dimensionless:Q∗∼Q tot/D5/2). The dimensionless heat
release rate for natural fires tends to fall between 0.05 and 5
[117].

Much of the research on flame height has been performed
using gas burners. However, two regimes of flow from a gas
burner can be identified. When the flow velocity is low or the
burner diameter is large, the momentum of the gaseous fuel
is due primarily to its buoyancy. When the flow velocity is
high or the burner diameter is small, the flow is like a jet.
Putnam and Speich [102] have a method for determining
whether the flow from a gas burner is a high momentum jet
or buoyancy controlled. The discussion here will be limited
to turbulent, buoyancy-driven flames, as this situation better
describes what occurs during a wildfire.

In general, the flame height increases as the fires are
moved closer. When the flames begin to merge, the flame
height will dramatically increase with further changes in
separation distance. However, once the flames are fully
merged, further decreases in separation distance will have lit-
tle effect [102, 103, 119]. The dimensionless flame height has
successfully been correlated to the dimensionless heat release
rate raised to some power a. Because the dimensionless heat
release rate can vary over at least seven orders of magnitude,
this power “a” can take on three different values depending
on the range of the dimensionless heat release rate. As shown
in Figure 6 [118], the dimensionless flame height increases
with the dimensionless heat release rate. These correlations
were originally developed for the flame height of a single
independent burner where the characteristic dimension is
the burner diameter, and hold for buoyancy-driven gas
burners, liquid pool fires, and wood crib fires. However,
there is an indication that these correlations also apply
to interacting flames when the characteristic burning area
dimension is given as discussed above. For example, for the
interaction of relatively tall flames compared to the actual
burner diameter (L f /D > 1, or high values of Q∗), Putnam
and Speich [102] and Sugawa and Takahashi [100] showed

that the dimensionless flame height correlates well with
the dimensionless heat release rate to the two-fifths power
(L f /D ∼ Q∗2/5). Delichatsios [104] successfully correlated
the dimensionless flame height to the dimensionless heat
release rate to the two thirds power (L f /D ∼ Q∗2/3) for Q∗

between 0.1 and 1. On the other hand, Weng et al. [120] and
Kamikawa et al. [113] showed that the data for merged flame
height is better correlated with the exponent “a” varying with
the number of burners.

With all else remaining constant, these correlations
suggest that an increase in either the number of fires or the
individual fire heat release rate will increase the interacting or
merged flame height. Increases in the separation distance or
the fire diameter will result in a decrease in the interacting
or merged flame height. An interesting caveat to these
correlations is that the burning rate for individual pool or
crib fires is not constant, but is a function of the separation
distance as discussed above. This trend is not necessarily
captured in Figure 6 or by Putnam and Speich [102] (gas
burners), Kamikawa et al. [113], Fukuda et al. [103], or
Delichatsios [104] (all fully merged flames). Also, vorticity
can greatly increase flame height as well [115].

This literature suggests that in a mass fire situation, as
the flames grow closer together, the heat release rate and
characteristic “burner” diameter should increase. The net
effect is most likely an increase in the flame height. If more
spot fires were ignited in the burning area, for example,
the flame height would increase further. This is consistent
with the observations of spot ignitions on prescribed burns
[38] and mass spotting in wildfires [41]. However, for a
sufficiently large area or mass fire, when the nondimensional
groupN∼Q2/D5 is near 10−6, the fire is not expected to burn
as a continuous flame but will break up into many distributed
flamelets [13, 24, 108]. In this case, the flame height will be
less than that predicted for a fully-merged, continuous flame
but larger than that of isolated flames [121].

4.3. Flame Temperatures and Pollutants. As discussed in
relation to flame height, as fires are moved closer together,
air entrainment is blocked and the gaseous fuel must travel
higher to find sufficient air for combustion. Experiments by
Chigier and Apak [119] indicated that a fuel particle on its
journey from the base to the tip of an interacting turbulent
flame would experience delayed combustion compared to an
independent flame (see Figure 7(a)). The delay means that
the maximum temperature of the interacting flames would
occur further from the flame base. With limited mixing of
fresh air into the flame to provide cooling, the temperatures
inside an interacting flame decay more slowly with height so
the flame is hot over a greater portion. In addition, limited
mixing of air into the flames causes the formation of more
carbon monoxide inside the flame zone. This prompted
Countryman [13] to speculate that the lack of oxygen in
conjunction with elevated carbon monoxide could be fatal
to ground personnel trapped inside the burning area.

Chigier and Apak [119] also showed that the maximum
temperature achieved by interacting turbulent flames is
also a function of the separation distance and the number
of burners (see Figure 7(b)). When the flames are close
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enough to interact, they lose less heat from radiation (the
surroundings are at the same temperature) and by mixing
with cool, fresh air. The maximum temperatures inside
interacting flames therefore increase as the number of fires
increases and as the burners get closer together. These
increased temperatures could produce more of the smog-
forming nitrogen oxide emissions [122].

4.4. Indraft Velocity. In typical fire situations where the flame
height is relatively tall compared to the fire diameter, stan-
dard correlations exist to predict the mass of air entrained by
the fire and its plume due to the velocity difference between
the plume gases and the ambient air. This air entrainment
causes an inflow into the fire and is generally responsible
for the bending of two flames in relatively close proximity.
However, the standard correlations of plume theory are valid
only above the flame. Though several plume theories exist in
the literature (see paper in [123]), there is general agreement
that the total mass of air entrained can be estimated as
proportional to the convective heat release rate (heat release
rate minus radiative and other losses) raised to the one-
third power and to the height above the fire source to the
five-thirds power. Fires with greater heat release rate entrain
more air and the total amount of air entrained increases
with height above the plume. Note, however, that the velocity
of the flow inside the plume decreases with height, so at
some point near the top of the plume no further air is
entrained (no velocity difference). Current research on the
indraft caused by entrainment as related to fire interactions
is focused mainly providing better quantitative predictions
with CFD modeling [93, 124].

However, plumes from wildfires can interact with local
meteorology [125] such as wind and atmospheric conditions.
Additionally, classic plume theory for entrainment rates may
not hold for small ratios of the flame height to fire diameter

(L f /D). Though the exact threshold is not known, Heskestad
[123] contends that the standard plume theory falls apart
for L f /D somewhere between 0.14 to 0.9. The perimeter of
the plume where entrainment occurs becomes too small in
relation to the volume of air inside and the slow moving
entrained air will not have much effect on the momentum of
the entire plume. Mass fires by definition fall into the range
of flame height to fire diameter ratios where classic plume
theory does not hold. The results of the Project Flambeau
burns confirm that there is little entrainment into the plume
core [126]. Many authors (e.g., [30, 60, 127]) also argue that
the entrainment of plume theory does not account for the
reported high velocity winds associated with mass fires. As
discussed earlier, mass fires are characterized by such strong
indrafts that the fire does little outward propagation. In their
paper of the range of possible indraft velocities, Trelles and
Pagni [128] showed that indraft velocities of large fires can
range from about 2 to 40 m/s. In the Project Flambeau burns,
Countryman [3, 12, 13] also reports complicated airflow
patterns and strong downdrafts which cannot be accounted
for with simple plume theory.

There seem to be two main theories in the literature
as to what causes the high velocity inflows. One theory,
advanced by Baum and McCaffrey [61] and Carrier et al.
[7] is that large-scale vorticity in conjunction with heat
release is responsible. These models contend that the entire
fire plume slowly rotates. Note, however, that Church et
al. [129] and McRae and Flannigan [130] characterize this
type of motion as one type of fire whirl. In Baum and
McCaffrey’s model (also used by [128, 131]), this rotation
is caused by density gradients from the high heat release,
and not necessarily by any imposed swirling caused by the
ambient environment. The slow rotation of such a large
mass of air above the ground translates to high velocity,
purely horizontal and nonrotating flow at the ground.
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Figure 7: (a) Effect of nearby burners on flame temperature from
[119]. DT is throat diameter, DE is exit diameter, a is separation
distance, Tm is merged flame temperature, and Ts is single flame
temperature. (b) Temperature compared to independent flame for
varying axial distance along flame, number of burners, burner
arrangement, and burner spacing from [119].

One unique feature of the Baum and McCaffrey model is
that it treats the large area fire as an ensemble of randomly
distributed individual fires of varying strengths. Because of
the method chosen to represent the fire, the model is only
valid for heights above the fuel bed where the plumes of the
individual fires have not merged. The model of Carrier et al.
[7] was intended to determine how long it would take to
spin up the convective column and under what conditions
this occurred. Based on the fact that the fire in Hamburg,

Germany took two hours to develop, they concluded that the
growth of swirl, at least in this case, was most likely due to the
intensification of a preexisting vortex from earlier fires and
bombings. Though this contradicts the Baum and McCaffrey
model, the experiments and discussion by Church et al. [129]
support this argument. The spatial orientation of individual
fires may cause a swirling flow due to the interaction of
the indrafts to each fire [132]. Carrier et al. [7] found that
large diameter plumes spin up faster and proposed a set of
four criteria that must be met for a “firestorm” to develop:
heat release of 106 MW over a localized area for two to three
hours, a preexisting weak vortex, low ambient winds, and a
nearly dry-adiabatic lapse rate over the first few kilometers of
the atmosphere.

Because it seems unlikely that all the criteria for spin up
of a convective column will be met, another theory, advanced
by Smith et al. [60] and Small et al. [30] is proposed. These
authors claim that buoyancy-induced pressure gradients are
responsible for the large indrafts. Smith et al. [60] used a
simple two-dimensional model of a convective column over
a hot area to effectively show that near the fire a dynamic
pressure gradient can cause high velocity inflow. This
dynamic pressure gradient is caused by a balance between
hydrostatic pressure and buoyancy. Buoyancy pushes the
hot gases up while atmospheric pressure pushes fresh air at
the ground in toward the fire horizontally to fill the gap
left by the rising gases. Smith et al. [60] also suggest that
the traditional “weakly buoyant” plume theories described
above may be valid for a small range of plume heights
sufficiently far away from the fire and any inversion layer
above. Small et al. [30] use a similar model to Smith et al.
[60] but include a volume heat addition and large density
and temperature gradients. Small et al. [30] also numerically
match their model results of the area near the fire to the
results of traditional plume theory for the region far from
the fire. In both the Smith et al. [60] and Small et al.
[30] models, the fire is treated as a single large heat source
(Figure 8). Small et al. [30] used their model to demonstrate
how the maximum indraft velocity varies with fire radius,
burning rate, and fire height (Figure 8). They showed that
the maximum indraft velocity at first increases but eventually
levels off (to approximately 40 m/s) with increases in both
the fire radius and the burning rate. On the other hand,
the maximum indraft velocity appears to be linear with fire
height.

A third, yet not well-explored explanation is proposed
by Carrier et al. [134]. In this work, they use classic plume
theory, but assume that the fire does not burn as a single
fire, but a collection of individual fires. They hypothesize
that the high indraft velocities are then due to the increased
fire perimeter from this “multicellular burning zone.” This
hypothesis was not further developed and in later works,
these authors treated the fire as a subterranean point
source. Interestingly, both the Baum and McCaffrey [61]
and Small et al. [30] models reasonably replicate what little
experimental data is available. However, the theories differ
slightly in their predictions of the distance away from the
fire that these indrafts extend [5]. The model of Baum and
McCaffrey [61] predicts that the high velocity indrafts will
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Figure 8: Model results for flow-field streamlines for three fires in
close proximity (from [98]).

extend much further from the fire compared to the model
of Small et al. [30]. Without more detailed experimental
data, it is impossible to say which model is more accurately
portraying the physics.

4.5. Pulsation. Though not an effect of flame interactions,
flame pulsation (or puffing) is an interesting phenomenon
that can occur in stationary fires, such as a mass fire.
This pulsation typically occurs in circular or axisymmetric
fires in weak ambient wind and is periodic in nature.
Flame pulsation is important to many researchers because
it can have a large influence on air entrainment rates and
therefore heat release rates and pollution formation [135].
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Figure 9: Thermal images of flame pulsation from [133].

Observations of this phenomenon reveal the expansion of
the flame near the base of the fire as a toroidal vortex,
about the size of the fire diameter. As this vortex is shed
and propagates upward, the flame necks inward giving the
appearance of a “mushroom” shape. Figure 9 illustrates the
process with time sequence of photos. Not all circular flames
pulsate, however. Using dimensional analysis, Byram and
Nelson [136] attempt to describe what type of fires will
pulsate. They define a dimensionless “buoyancy” number,
π2 = Q̇c/(gD)0.5ρcpT , where Q̇c is the rate of convective heat
release per area, D is the fire diameter, and ρ, cp, and T are
the density, specific heat and temperature of the ambient air.
Though no quantitative values are given, they argue that a
fire will not pulsate if π2 is either too small (low heat release
rate relative to large fire diameter) or too large (large heat
release rate relative to small fire diameter).

Because this puffing occurs in nonreacting helium
plumes, it is actually not caused by a combustion instability,
but instead is produced by a fluid dynamic instability [137].
Though there is disagreement about the actual cause of the
instability [138], the vortex is generally thought to be formed
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because of the interaction between gravity and the density
gradient between the flame and ambient [135].

Most of what has been learned about the characteristics
of pulsation has been learned through experiments. Cetegen
and Ahmed [137] showed that the toroidal vortex forms
within one fire diameter above the flame base and that the
frequency of the puffing is insensitive to the fuel or the heat
release rate. By plotting the available data in the literature,
Cetegen and Ahmed, and later Malalasekera et al. [133],
showed that the pulsation frequency is proportional to the
fire diameter raised to the negative one-half power ( f ∼
D−1/2) so that large fires pulsate at a much lower frequency
than small fires. Though this correlation was developed using
data from fires ranging from 0.1 m to 100 m in diameter
(four orders of magnitude) using gaseous, liquid and solid
fuels, Baum and McCaffrey [61] suggest that it may well
hold for much larger fires as well. For a large fire with a
diameter on the order of 20 km, Larson et al. [27] estimate
that the pulsation will occur every 20 minutes. Though not
accounted for in the above correlation, Malalasekera et al.
[133] show that increasing fuel flow rates also result in a
small increase in puffing frequency, especially for small fire
sizes. Because of this, Malalasekera et al. [133] correlated
the puffing frequency in a slightly different manner using
the dimensionless Strouhal number (ratio of oscillation
frequency to one over the characteristic time of convection)
and Froude number (ratio of inertia force to gravitational
force) which retains the same dependency on fire diameter
but allows for a correction due to changes in fuel flow
velocity.

4.6. Convection Column. Mass fires are also described as
having very tall convection columns, or smoke plumes with
large cloud structures due to the moisture release from
combustion [32]. As discussed in the section on indraft
velocities, the entrainment of cold, ambient air slows the rise
of the hot gases by cooling them. Additionally, the density
of the ambient air itself decreases with elevation. As the
hot gases rise and cool, the density difference driving their
upward motion disappears. It follows then that the top of
the smoke plume corresponds to the where the combustion
products stop moving. As the fire diameter grows, however,
the entrainment predicted by classic plume theory becomes
less effective. Entrainment occurs at the perimeter of the
plume and with large fire sources there is such as large core
of hot gases that entrainment is less effective at slowing
the rise of the combustion products [126] (Palmer 1981).
Thus, it takes longer to entrain enough cold air to slow
the combustion products and therefore the smoke plume
becomes taller. For example, a lack of entrainment to the
convection column was noted and discussed by Taylor et al.
[95] on a large prescribed burn. In fact, the plume from a
sufficiently large mass fire may be almost as wide as it is tall,
so Brode and Small [31] and Palmer [126] contend that air
entrainment is not likely to be a major influence on plume
height and that it is the structure of the atmosphere itself
that is the limiting factor. The plume of large mass fires is
therefore more sensitive to atmospheric gradients, inversion
heights, and upper atmosphere crosswinds (see also [33]).

Brode and Small [31] show that the tropopause/stratosphere
transition may be what actually caps the smoke plume. Note,
these theories contradict the suggestion of Smith et al. [60]
that the traditional plume theory holds at some intermediate
height above the ground. Perhaps the scale of the fires
modeled by Smith et al. [60] was not large enough to see this
effect.

Palmer [126] describes the interesting structure of the
convection columns that formed during the Project Flam-
beau tests. In the first few minutes of these large-scale
burns, the majority of the gaseous combustion products were
contained in a “bubble” near the fire. Once the “bubble”
got sufficiently hot, the associated buoyancy was enough to
overcome the surface drag forces and the bubble rose. As the
bubble rose, a vortex ring would form in a similar manner
described above with respect to flame pulsations. Regardless
of the atmospheric stability, this vortex ring would rise until
it encountered a region of vertical wind shear. The vertical
wind shear weakens the vortex enough for the plume to
then follow the prevailing horizontal winds. Palmer [126]
also notes that the “exterior form of the convection column
at a particular altitude was determined by the initial vortex
bubble as it passed that altitude.” Most of the plumes in these
fires began to rotate as a single vertical vortex, as suggested by
the Baum and McCaffrey [61] model. This rotation further
inhibits entrainment, which would also prevent the use of
classic plume models for mass fires [139].

4.7. Summary of Interaction Effects. As the individual spot
fires grow together, they will begin to interact. This inter-
action will increase the burning rates, heat release rates,
and flame height until the distance between them reaches a
critical level. At the critical separation distance, the flames
will begin to merge together and burn with the maximum
rate and flame height. As these spot fires continue to grow
together, the burning and heat release rates will finally start
to decrease but remain at a much elevated level compared to
the independent spot fire. The flame height is not expected
to change significantly. The more spot fires, the bigger the
increase in burning rate and flame height.

5. Needs for Further Research and Application

The characteristics of many fire interactions have been
examined and reported in the research literature, leaving
little doubt that local spread and behavior experienced
by wildland fire personnel can be greatly influenced by
fire configurations at larger scales. The ignition patterns
and “suppression fire” tactics used in firefighting [36,
140] depend on understanding these interactions. However,
questions remain about how to extend the findings of
fundamental research, to the field-scale for wildland fires
and mass fires. In particular, there is no clear method to
determine the minimum separation distance between two
fires for interaction and merging to occur. The influence
of ambient winds or topography on interactions is directly
relevant to wildfire management activities and tactics but
has not been explored. Large area fires were discussed
as an extreme case of fire interactions and often behave
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quite differently than propagating line fires. Just how much
area must be ignited to display “mass fire” characteristics
is unknown. Even in the Project Flambeau experiments,
Countryman [3] argues that even these large fires were
not large enough to be considered mass fires. Both Byram
[141] and Thomas et al. [142] developed scaling laws in
an attempt to answer this question, but many potentially
limiting assumptions were made in the development and the
laws were not validated. Baldwin and North [15] attempt
to quantify the minimum area for urban applications based
on city layout and historical fires, but their estimations are
admittedly crude. As discussed, there is no consensus in the
literature about the convection column dynamics of mass
fires and what mechanism is responsible for the reported
strong indrafts. These suggestions are merely a starting point,
as the subjects of fire interactions and mass fires clearly
involve a great deal of physics and require the union of many
fields of study.

References

[1] R. E. Martin and J. D. Dell, “Planning for prescribed burning
in the inland northwest,” Pacific Northwest Forest and Range
Experiment Station GTR-76, 1978.

[2] R. C. Rothermel, “Fire behavior considerations of aerial
ignition,” in Proceedings of a Workshop on Prescribed Fire
by Aerial Ignition, R. W. Mutch, Ed., Intermountain Fire
Council, Missoula, Mont, USA, October-November 1984.

[3] C. M. Countryman, “Mass fires and fire behavior,” U. S.
Forest Service Research Paper PSW-19, Pacific Southwest
Forest and Range Experiment Station, 1964.

[4] F. A. Williams, “Urban and wildland fire phenomenology,”
Progress in Energy and Combustion Science, vol. 8, no. 4, pp.
317–354, 1982.

[5] W. M. Pitts, “Wind effects on fires,” Progress in Energy and
Combustion Science, vol. 17, no. 2, pp. 83–134, 1991.

[6] G. Heskestad, “Dynamics of the fire plume,” Philosophical
Transactions of the Royal Society A, vol. 356, no. 1748, pp.
2815–2833, 1998.

[7] G. F. Carrier, F. E. Fendell, and P. S. Feldman, “Firestorms,”
Journal of Heat Transfer, vol. 107, no. 1, pp. 19–27, 1985.

[8] K. Hewitt, “Place annihilation: area bombing and the fate of
urban places,” Annals of Association of American Geographers,
vol. 73, no. 2, pp. 257–284, 1983.

[9] R. F. Schmalz, “Chapter six, conflagrations: disastrous urban
fires,” in Natural and Technological Disasters: Causes, Effects
and Preventative Measures, S. K. Majumdar, G. S. Forbes,
E. W. Miller, and R. F. Schmalz, Eds., pp. 62–74, The
Pennsylvania Academy of Science, 1992.

[10] H. J. Nielson, K. Tao, and L. Wolf, “Analysis of convection
column above a fire storm,” Final Report, Office of Civil
Defense OCD-OS-62-82, IIT Research Institute, 1963.

[11] C. C. Chandler, “A study of mass fires and conflagrations,”
US Forest Service Research Note PSW-N22, 1963.

[12] C. M. Countryman, “Mass fire characteristics in large-scale
tests,” Fire Technology, vol. 1, no. 4, pp. 303–317, 1965.

[13] C. M. Countryman, “Project Flambeau—an investigation of
mass fire (1964–1967) Final Report—Volume 1,” Prepared
for Office of Civil Defense under OCD Work Order OCD-
PS-65-26, Pacific Southwest Forest and Range Experiment
Station, USDA Forest Service, 1969.

[14] A. J. Pryor and C. H. Yuill, “Mass fire life hazard,” Final
Report N228(62479)68665, Southwest Research Institute,
Office of Civil Defense Work Unit 2537A, 1966.

[15] R. Baldwin and M. A. North, “The firestorm—its size and
importance,” Fire Research Note 645, Fire Research Station,
Boreham Wood, Hertfordshire, 1967.

[16] T. E. Lommasson, J. A. Keller, and R. G. Kirkpatrick,
“Firestorm analysis,” Division of Fire Research US Forest
Service 13-248, Dikewood Corporation DC—TN-2046-1,
1967.

[17] T. E. Lommasson, R. K. Miller, R. G. Kirkpatrick, and J.
A. Keller, “A “firestorm” existence and buildup hypothesis,”
Defense Atomic Support Agency DASA 01-67-C-0008, Dike-
wood Corporation DC-FR-1058.0, 1968.

[18] W. J. Parker, “Urban mass fire scaling considerations,” US
Navel Radiological Defense Laboratory, OCD Work Unit No.
2536F USNRDL-TR-67-150, 1967.

[19] L. A. Eggleston, “Electronic simulation of mass fires,” in
Spring Technical Meeting of the Central States Section of the
Combustion Institute, University of Southern California, Los
Angeles, Calif, USA, 1968.

[20] D. German, “Mass fire infrared measurements,” Tech. Rep.
D3-7655, Boeing Company, Wichita, Kan, USA, 1968.

[21] B. T. Lee, “Mass fire scaling with small electrically heated
models,” in Spring Technical Meeting of the Central States
Section of the Combustion Institute, University of Minnesota,
1969.

[22] B. T. Lee, “Mass fire scaling with small electrically heated
models,” Final Report, Office of Civil Defense DAHC20-67-
C-0149, Naval Radiological Defense Laboratory NRDL-TR-
69, 1969.

[23] H. J. Nielson, “Mass fire data analysis,” Final report for
Defense Atomic Support Agency 2018, IIT Research Institute
project J6099, 1970.

[24] B. D. Wood, P. L. Blackshear, and E. G. R. Eckert, “Mass fire
model: an experimental study of the heat transfer to liquid
fuel burning from a sand-filled pan burner,” Combustion
Science and Technology, vol. 4, no. 1, pp. 113–129, 1971.

[25] J. C. Sanderlin, J. A. Ball, and G. A. Johanson, “Mass fire
model concept,” Mission Research Corporation, DNA 5803F,
Final Report for Period 8 September 1980-31 May 1981 DNA
001-80-C-0351, 1981.

[26] R. D. Small, D. A. Larson, and H. L. Brode, “Analysis of
large urban fires,” PSR Report 1122, Pacifice-Sierra Research
Corp., Final Report EMW-C-0309, 1981.

[27] D. A. Larson, H. L. Brode, and R. D. Small, “Time-dependent
model of flows generated by large area fires,” Tech. Rep. Note
483, Pacific-Sierra Research, Los Angeles, Calif, USA, 1982.

[28] D. A. Larson and R. D. Small, “Analysis of the large urban fire
environment, Part I. theory,” PSR Report 1210, Pacific-Sierra
Research Corp., Final report EMW-C-0747, 1982.

[29] D. A. Larson and R. D. Small, “Analysis of the large urban
fire environment, Part II. parametric analysis and model
city simulations,” PSR Report 1210, Pacific-Sierra Research
Corp., Final report EMW-C-0747, 1982.

[30] R. D. Small, D. A. Larson, and H. L. Brode, “Fluid dynamics
of large area fires,” in Proceedings of the 21st National Heat
Transfer Conference, Society of Mechanical Engineers, Seattle,
Wash, USA, 1983.

[31] H. L. Brode and R. D. Small, “A review of the physics of large
urban fires,” in The Medical Implications of War, Institute of
Medicine, National Academic Press, 1986.



12 Journal of Combustion

[32] R. D. Small and K. E. Heikes, “Early cloud formation by large
area fires,” Journal of Applied Meteorology, vol. 27, pp. 654–
663, 1988.

[33] J. E. Penner, L. C. Haselmen, and L. L. Edwards, “Smoke-
plume distributions above large-scale fires: implications for
simulations of ’nuclear winter’,” Journal of Climate & Applied
Meteorology, vol. 25, no. 10, pp. 1434–1444, 1986.

[34] J. G. Quintiere, “Canadian mass fire experiment, 1989,”
Journal of Fire Protection Engineering, vol. 5, no. 2, pp. 67–78,
1993.

[35] R. W. Johansen, “Ignition patterns and prescribed fire behav-
ior in southern pine forests,” Georgia Forestry Commission
Forest Research Paper 72, 1987.

[36] M. Miralles, D. Kraus, D. Molina et al., “Improving suppres-
sion fire capacity,” in Towards Integrated Fire Management—
Outcomes of the European Project Fire Paradox, J. S. Silva, F.
Rego, P. Fernandes, and E. Rigolot, Eds., European Forest
Institute Research Report 23, chapter 5.3, pp. 203–215,
Joensuu, Finland, 2010.

[37] R. H. Luke and A. G. McArthur, Bushfires in Australia,
Australian Government Publishing Service, Canberra, 1978.

[38] R. W. Johansen, “Prescribed burning with spot fires in the
Georgia coastal plain,” Georgia Forest Research Paper 49,
Georgia Forestry Commission, Macon, Ga, USA, 1984.

[39] C. P. Weatherspoon, G. A. Almond, and C. N. Skinner, “Tree-
centered spot firing—a technique for prescribed burning
beneath standing trees,” Western Journal of Applied Forestry,
vol. 4, no. 1, pp. 29–31, 1989.

[40] R. K. Arnold and C. C. Buck, “Blow-up fires—silviculture or
weather problems,” Journal of Forestry, pp. 408–411, 1954.

[41] N. P. Cheney and G. A. V. Bary, “The propagation of mass
conflagrations in a standing eucalypt forest by the spotting
process,” in Mass Fire Symposium, Defense Standards Labo-
ratory, Canberra, Australia, 1969.

[42] N. P. Cheney, “Chapter 7, fire behavior,” in Fire and the
Australian Biota, A. M. Gill, R. H. Groves, and I. R. Noble,
Eds., pp. 151–175, Australian Academy of Science, Canberra,
Australia, 1981.

[43] R. S. McAlpine and R. H. Wakimoto, “The acceleration of fire
from point source to equilibrium spread,” Forestry Science,
vol. 37, no. 5, pp. 1314–1337, 1991.

[44] R. O. Weber, “Analytical models for fire spread due to
radiation,” Combustion and Flame, vol. 78, no. 3-4, pp. 398–
408, 1989.

[45] D. J. McRae, “Point-source fire growth in Jack Pine slash,”
International Journal of Wildland Fire, vol. 9, no. 1, pp. 65–
77, 1999.

[46] O. Kuckuk, E. Bilgili, and I. Baysal, “Fire development from a
point source in surface fuels of a mature anatolian black pine
stand,” Turkish Journal of Agriculture and Forestry, vol. 31, no.
4, pp. 263–273, 2007.

[47] F. A. Albini, “Response of free-burning fires to nonsteady
wind,” Combustion Science and Technology, vol. 29, no. 3–6,
pp. 225–241, 1982.

[48] J. R. Curry and W. L. Fons, “Rate of spread of surface fires in
the ponderosa pine type of California,” Journal of Agriculture
Research, vol. 57, no. 2, pp. 39–267, 1938.

[49] C. C. Chandler, T. G. Storey, and C. D. Tangren, “Prediction
of fire spread following nuclear explosions,” U.S. Forest
Service Research Paper PSW- 5, Pacific SW. Forest & Range
Experiment Station, Berkeley, Calif, USA, 1963.

[50] A. G. McArthur, “The behavior of mass fires in felled
eucalypt forest originating from a simultaneous grid or line
ignition system,” in Mass Fire Symposium, Defense Standards
Laboratory, Canberra, Australia, 1969, Paper A1.

[51] B. J. Stocks, “Fire behaviour in mature jack pine,” Canadian
Journal of Forest Research, vol. 19, no. 6, pp. 783–790, 1989.

[52] D. X. Viegas and L. P. Pita, “Fire spread in canyons,”
International Journal of Wildland Fire, vol. 13, no. 3, pp. 253–
274, 2004.

[53] P. J. Woodburn and D. D. Drysdale, “Fires in inclined
trenches: the dependence of the critical angle on the trench
and burner geometry,” Fire Safety Journal, vol. 31, no. 2, pp.
143–164, 1998.

[54] Y. Wu, H. J. Xing, and G. Atkinson, “Interaction of fire plume
with inclined surface,” Fire Safety Journal, vol. 35, no. 4, pp.
391–403, 2000.

[55] J. W. Dold and A. Zinoviev, “Fire eruption through intensity
and spread rate interaction mediated by flow attachment,”
Combustion Theory and Modelling, vol. 13, no. 5, pp. 763–
793, 2009.

[56] N. P. Cheney and J. S. Gould, “Fire growth in grassland fuels,”
International Journal of Wildland Fire, vol. 5, pp. 237–247,
1995.

[57] F. E. Fendell and M. F. Wolff, “Wind-aided fire spread,” in
Forest Fires: Behavior and Ecological Effects, E. A. Johnson and
K. Miyanishi, Eds., pp. 171–223, Associated Press, 2001.

[58] B. M. Wotton, R. S. McAlpine, and M. W. Hobbs, “The effect
of fire front width on surface fire behavior,” International
Journal of Wildland Fire, vol. 9, no. 4, pp. 247–253, 1999.

[59] J. W. Dold, A. Zinoviev, and R. O. Weber, “Nonlocal flow
effects in bushfire spread rates,” in Proceedings of the 5th
International Conference on Forest Fire Research, Coimbra,
Portugal, 2006.

[60] R. K. Smith, B. R. Morton, and L. M. Leslie, “The role of
dynamic pressure in generating fire wind,” Journal of Fluid
Mechanics, vol. 68, no. 1, pp. 1–9, 1975.

[61] H. Baum and B. McCaffrey, “Fire induced flow field—theory
and experiment,” Fire Safety Science, vol. 2, pp. 129–148,
1989.

[62] K. G. Tolhurst and N. P. Cheney, “Synopsis of the knowl-
edge used in prescribed burning in Victoria,” Tech. Rep.,
Department of Natural Resources and Environment, Fire
Management, Victoria, Australia, 1999.

[63] C. E. Van Wagner, “Effect of slope on fires spreading
downhill,” Canadian Journal of Forest Research, vol. 18, pp.
818–820, 1988.

[64] W. R. Beaufait, “Characteristics of backfires and headfires in a
pine needle fuel bed,” Research Note INT-39, Intermountain
Forest and Range Experiment Station, 1965.

[65] E. A. Catchpole, N. J. DeMestre, and A. M. Gill, “Intensity of
fire at its perimeter,” Australian Forest Research, vol. 12, pp.
47–54, 1982.

[66] F. A. Albini, “A model for the wind-blown flame from a line
fire,” Combustion and Flame, vol. 43, pp. 155–174, 1981.

[67] R. M. Nelson and C. W. Adkins, “Flame characteristics
of wind-driven surface fires,” Canadian Journal of Forest
Research, vol. 16, pp. 1293–1300, 1986.

[68] D. R. Weise and G. S. Biging, “Effects of wind velocity
and slope on flame properties,” Canadian Journal of Forest
Research, vol. 26, no. 10, pp. 1849–1858, 1996.

[69] J. R. Welker, O. A. Pipkin, and C. M. Sliepcevich, “The effect
of wind on flames,” Fire Technology, vol. 1, no. 2, pp. 122–129,
1965.



Journal of Combustion 13

[70] J. R. Welker and C. M. Sliepcevich, “Bending of wind-blown
flames from liquid pools,” Fire Technology, vol. 2, no. 2, pp.
127–135, 1966.

[71] O. A. Pipkin and C. M. Sliepcevich, “Effect of wind on
buoyant diffusion flames: initial correlation,” Industrial and
Engineering Chemistry Fundamentals, vol. 3, no. 2, pp. 147–
154, 1964.

[72] R. E. Martin, M. A. Finney, D. M. Molina et al., “Dimensional
analysis of flame angles versus wind speed,” in Proceedings
of the 11th Conference on Fire and Forest Meteorology, P. L.
Andrews and D. Potts, Eds., Society of American Foresters,
Missoula, Mont, USA, April 1991.

[73] F. Nmira, J. L. Consalvi, P. Boulet, and B. Porterie, “Numeri-
cal study of wind effects on the characteristics of flames from
non-propagating vegetation fires,” Fire Safety Journal, vol. 45,
no. 2, pp. 129–141, 2010.

[74] J. Rios, Interaction effects of wind-blown proximate flames from
burning wood cribs, Ph.D. thesis, University of Oklahoma,
1966.

[75] J. Rios, J. R. Welker, and C. M. Sliepcevich, “Interaction
effects of wind-blown flames from wood crib fires,” Fire
Technology, vol. 3, no. 2, pp. 129–136, 1967.

[76] L. Pera and B. Gebhart, “Laminar plume interactions,”
Journal of Fluid Mechanics, vol. 68, no. 2, pp. 259–271, 1975.

[77] B. Gebhart, H. Shaukatullah, and L. Pera, “The interaction of
unequal laminar plane plumes,” International Journal of Heat
and Mass Transfer, vol. 19, no. 7, pp. 751–756, 1976.

[78] J. B. Marsden-Smedley, W. R. Catchpole, and A. Pyrke,
“Fire modeling in Tasmanian buttongrass moorlands. IV.
Sustaining versus non-sustaining fire,” International Journal
of Wildland Fire, vol. 10, no. 2, pp. 255–262, 2001.

[79] J. K. Brown, “Fuel and fire behavior prediction in big
sagebrush,” Research Paper INT-290, USDA Forest Service,
Intermountain Forest and Range Experiment Station, Ogden,
Utah, USA, 1982.

[80] N. Burrows, B. Ward, and A. Robinson, “Fire behaviour in
spinifex fuels on the Gibson Desert Nature Reserve, Western
Australia,” Journal of Arid Environments, vol. 20, no. 2, pp.
189–204, 1991.

[81] R. A. Bradstock and A. M. Gill, “Fire in semi-arid Mallee
shrublands: size of flames from discrete fuel arrays and their
role in the spread of fire,” International Journal of Wildland
Fire, vol. 3, no. 1, pp. 3–12, 1993.

[82] D. R. Weise, X. Zhou, L. Sun, and S. Mahalingam, “Fire
spread in chaparral: ‘go or no-go’,” International Journal of
Wildland Fire, vol. 14, no. 1, pp. 99–106, 2005.

[83] C. E. Van Wagner, “Conditions for the start and spread of
crown fire,” Canadian Journal of Forest Research, vol. 7, pp.
23–34, 1977.

[84] A. D. Bruner and D. A. Klebenow, “Predicting success of
prescribed fires in pinyon-juniper woodland in Nevada,”
Research Paper INT-219, USDA Forest Service, 1979.

[85] M. Vogel and F. A. Williams, “Flame propagation along
matchstick arrays,” Combustion Science and Technology, vol.
1, pp. 429–436, 1970.

[86] R. O. Weber, “A model for fire propagation in arrays,”
Mathematical and Computer Modelling, vol. 13, no. 12, pp.
95–102, 1990.

[87] T. Beer, “Fire propagation in vertical stick arrays: the effects
of wind,” International Journal of Wildland Fire, vol. 5, no. 1,
pp. 43–49, 1995.

[88] M. A. Finney, J. D. Cohen, K. M. Yedinak, and I. C. Grenfell,
“An examination of fire spread thresholds in discontinuous
fuel beds,” International Journal of Wildland Fire, vol. 19, no.
2, pp. 163–170, 2010.

[89] J. L. Beverly and B. M. Wotton, “Modelling the probability
of sustained flaming: predictive value of fire weather index
components compared with observations of site weather and
fuel moisture conditions,” International Journal of Wildland
Fire, vol. 16, no. 2, pp. 161–173, 2007.

[90] S. Leonard, “Predicting sustained fire spread in tasmanian
native grasslands,” Environmental Management, vol. 44, no.
3, pp. 430–440, 2009.

[91] H. E. Anderson, “The sundance fire,” USDA Forest Service
Research Paper INT-56, 1968.

[92] D. J. McRae, J. Z. Jin, S. G. Conard, A. I. Sukhinin, G. A.
Ivanova, and T. W. Blake, “Infrared characterization of fine-
scale variability in behavior of boreal forest fires,” Canadian
Journal of Forest Research, vol. 35, no. 9, pp. 2194–2206, 2005.

[93] D. Morvan, C. Hoffman, F. Rego, and W. Mell, “Numerical
simulation of the interaction between two fire fronts in the
context of suppression fire operations,” in Proceedings of the
8th Symposium on Fire and Forest Metrology, Kalispell, Mont,
USA, October 2009.

[94] J. B. Marsden-Smedley, Planned Burning in Tasmania: Opera-
tional Guidelines and Review of Current Knowledge, Fire Man-
agement Section, Parks and Wildlife Service, Department
of Primary Industries, Parks, Water and the Environment,
Hobart, Australia, 2009.

[95] R. J. Taylor, S. T. Evans, N. K. King, E. T. Stephens, D. R.
Packham, and R. G. Vines, “Convective activity above a large-
scale bushfire,” Journal of Applied Meteorology, vol. 12, no. 7,
pp. 1144–1150, 1973.

[96] A. G. McArthur, “The Tasmanian bushfires of 7th February,
1967, and associated fire behavior characteristics,” in Mass
Fire Symposium, Defense Standards Laboratory, Canberra,
Australia, 1969, Paper A7.

[97] D. D. Wade and D. E. Ward, “An analysis of the Airforce
Bomb Range Fire,” USDA Forest Service Research Paper SE-
105, 1973.

[98] D. Weihs and R. D. Small, “Interactions and spreading
of adjacent large area fires,” Tech. Rep. DNA-TR-86-214,
Pacific-Sierra Research, 1986.

[99] R. Baldwin, “Flame merging in multiple fires,” Combustion
and Flame, vol. 12, no. 4, pp. 318–324, 1968.

[100] O. Sugawa and W. Takahashi, “Flame height behavior from
multi-fire sources,” Fire and Materials, vol. 17, no. 3, pp. 111–
117, 1993.

[101] N. Liu, Q. Liu, Z. Deng, K. Satoh, and J. Zhu, “Burn-out time
data analysis on interaction effects among multiple fires in
fire arrays,” Proceedings of the Combustion Institute, vol. 31,
pp. 2589–2597, 2007.

[102] A. A. Putnam and C. F. Speich, “A model study of the inter-
action of multiple turbulent diffusion flames,” Symposium
(International) on Combustion, vol. 9, no. 1, pp. 867–877,
1963.

[103] Y. Fukuda, D. Kamikawa, Y. Hasemi, and K. Kagiya, “Flame
characteristics of group fires,” Fire Science and Technology,
vol. 23, no. 2, pp. 164–169, 2004.

[104] M. Delichatsios, “A correlation for the flame height in
“group” fires,” Fire Science and Technology, vol. 26, no. 1, pp.
1–8, 2007.

[105] R. Baldwin, P. H. Thomas, and H. G. G. Wraight, “The merg-
ing of flames from separate fuel beds,” Fire Research Note



14 Journal of Combustion

551, Fire Research Station, Boreham Wood, Hertfordshire,
UK, 1964.

[106] R. Baldwin, “Some tentative calculations of flame merging
in mass fires,” Fire Research Note 629, Fire Research Station,
Boreham Wood, Hertfordshire, UK, 1966.

[107] P. H. Thomas, “On the development of urban fires from
multiple ignitions,” Fire Research Note 699, Fire Research
Station, Boreham Wood, Hertfordshire, UK, 1968.

[108] G. Heskestad, “A reduced-scale mass fire experiment,” Com-
bustion and Flame, vol. 83, no. 3-4, pp. 293–301, 1991.

[109] M. A. Fosberg, “Evaluation of the natural length scale in mass
fires,” in Proceedings of the Tripartite Technical Cooperation
Program Panel N-3 (Thermal Radiation) Mass Fire Research
Symposium, DASA, 1949, DASA Information and Analysis
Center Special Report 59, 1967.

[110] R. I. Emori and K. Saito, “A study of scaling laws in pool and
crib fires,” Combustion Science and Technology, vol. 31, pp.
217–231, 1983.

[111] K. G. Huffman, J. R. Welker, and C. M. Sliepcevich,
“Interaction effects of multiple pool fires,” Fire Technology,
vol. 5, no. 3, pp. 225–232, 1969.

[112] J. Grumer and A. Strasser, “Uncontrolled fires—specific
burning rates and induced air velocities,” Fire Technology, vol.
1, no. 4, pp. 256–268, 1965.

[113] D. Kamikawa, W. G. Weng, K. Kagiya, Y. Fukuda, R. Mase,
and Y. Hasemi, “Experimental study of merged flames
from multifire sources in propane and wood crib burners,”
Combustion and Flame, vol. 142, no. 1-2, pp. 17–23, 2005.

[114] N. Liu, Q. Liu, J. S. Lozano et al., “Global burning rate of
square fire arrays: experimental correlation and interpreta-
tion,” Proceedings of the Combustion Institute, vol. 32, pp.
2519–2526, 2009.

[115] H. W. Emmons, “Fundamental problems of the free burning
fire,” Symposium (International) on Combustion, vol. 10, no.
1, pp. 951–964, 1965.

[116] A. M. Grishin, A. N. Golovanov, and YA. V. Sukov, “Physical
modeling of firestorms,” Doklady Physics, vol. 49, no. 3, pp.
191–193, 2004.

[117] B. McCaffrey, “Flame heights,” in SFPE Handbook of Fire
Protection Engineering, National Fire Protection Association,
Quincy, Mass, USA, 2nd edition, 1995.

[118] J. G. Quintiere and B. S. Grove, “A unified analysis for fire
plumes,” Proceedings of the Combustion Institute, vol. 27, pp.
2757–2766, 1998.

[119] N. A. Chigier and G. Apak, “Interaction of multiple turbulent
diffusion flames,” Combustion Science and Technology, vol. 10,
no. 5-6, pp. 219–231, 1975.

[120] W. G. Weng, D. Kamikawa, Y. Fukuda, Y. Hasemi, and
K. Kagiya, “Study on flame height of merged flame from
multiple fire sources,” Combustion Science and Technology,
vol. 176, no. 12, pp. 2105–2123, 2004.

[121] P. H. Thomas, “The size of flames from natural fires,”
Symposium (International) on Combustion, vol. 9, no. 1, pp.
844–859, 1963.

[122] S. J. Tarr and G. Allen, “Flame interactions,” Final Tech-
nical Report on Performance Prediction in Advanced Coal
Fired Boilers JOF3—CT95—0005, International Combus-
tion Limited, Rolls Royce Industrial Power Group, 1998.

[123] G. Heskestad, “Fire plumes, flame height, and air entrain-
ment,” in SFPE Handbook of Fire Protection Engineering,
National Fire Protection Association, Quincy, Mass, USA, 4th
edition, 2008.

[124] R. Roxburgh and G. Rein, “Study of wildfire in-draft flows
for counter fire operations ,” WIT Transaction on Ecology

and the Environment, vol. 119, pp. 13–22, 2008, Proceedings
of Forest Fires: Modelling, Monitoring and Management of
Forest Fires, Toledo, Ohio, USA, September 2008.

[125] R. O. Weber and J. W. Dold, “Linking landscape fires
and local meteorology—a short review,” JSME International
Journal B, vol. 49, no. 3, pp. 590–593, 2006.

[126] T. Y. Palmer, “Large fire winds, gases and smoke,” Atmo-
spheric Environment, vol. 15, no. 10-11, pp. 2079–2090, 1981.

[127] J. S. Adams, D. W. Williams, and J. Tregellas-Williams,
“Air velocity, temperature, and radiant-heatmeasurements
within and around a large free-burning fire,” Symposium
(International) on Combustion, vol. 14, no. 1, pp. 1045–1052,
1973.

[128] J. Trelles and P. J. Pagni, “Fire induced winds in the 20
October Oakland Hills fire,” Fire Safety Science, vol. 5, pp.
911–922, 1997.

[129] C. R. Church, J. T. Snow, and J. Dessens, “Intense atmo-
spheric vortices associated with a 1000 MW fire,” Bulletin
American Meteorological Society, vol. 61, no. 7, pp. 682–694,
1980.

[130] D. J. McRae and M. D. Flannigan, “Development of large
vortices on prescribed fires,” Canadian Journal of Forest
Research, vol. 20, no. 12, pp. 1878–1887, 1990.

[131] T. Ohlemiller and D. Corley, “Heat release rate and induced
wind field in a large scale fire,” Combustion Science and
Technology, vol. 97, pp. 315–330, 1994.

[132] S. Soma and K. Saito, “Reconstruction of fire whirls using
scale models,” Combustion and Flame, vol. 86, no. 3, pp. 269–
284, 1991.

[133] W. M. G. Malalasekera, H. K. Versteeg, and K. Gilchrist,
“A review of research and an experimental study on the
pulsation of buoyant diffusion flames and pool fires,” Fire and
Materials, vol. 20, no. 6, pp. 261–271, 1996.

[134] G. Carrier, F. Fendell, and P. Feldman, “Big fires,” Combustion
Science and Technology, vol. 39, pp. 135–162, 1984.

[135] A. F. Ghoniem, I. Lakkis, and M. Soteriou, “Numerical
simulation of the dynamics of large fire plumes and the
phenomenon of puffing,” Symposium (International) on
Combustion, vol. 26, no. 1, pp. 1531–1539, 1996.

[136] G. M. Byram and R. M. Nelson, “The modeling of pulsating
fires,” Fire Technology, vol. 6, no. 2, pp. 102–110, 1970.

[137] B. M. Cetegen and T. A. Ahmed, “Experiments on the
periodic instability of buoyant plumes and pool fires,”
Combustion and Flame, vol. 93, no. 1-2, pp. 157–184, 1993.

[138] S. R. Tieszen, “On the fluid mechanics of fires,” Annual
Review of Fluid Mechanics, vol. 33, pp. 67–92, 2001.

[139] R. M. Banta, L. D. Olivier, E. T. Holloway et al., “Smoke-
column observations from two forest fires using Doppler
lidar and Doppler radar,” Journal of Applied Meteorology, vol.
31, no. 11, pp. 1328–1348, 1992.

[140] M. Castellnou, M. Kraus, M. Miralles, and G. Delogu,
“Suppression fire use in learning organizations,” in Towards
Integrated Fire Management—Outcomes of the European
Project Fire Paradox, J. S. Silva, F. Rego, P. Fernandes, and E.
Rigolot, Eds., chapter 5.2, European Forest Institute Research
Report 23, Joensu, Finland, 2010.

[141] G. M. Byram, “Scaling laws for modeling mass fires,”
Pyrodynamics, vol. 4, pp. 271–284, 1966.

[142] P. H. Thomas, R. Baldwin, and C. R. Theobald, “Some model
scale experiments with multiple fires,” Fire Research Note
700, Fire Research Station, Boreham Wood, Hertfordshire,
UK, 1968.


