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Abstract: Wildland fire behavior research has largely focused on the steady-state interactions between
fuels and heat fluxes. Contemporary research is revealing new questions outside the bounds of this
simplified approach. Here, we explore the complex interactions taking place beyond steady-state
assumptions through acknowledging the manufactured separation of research disciplines in fire
science and the dynamic interactions that unfold when these separations are removed. Through
a series of examples spanning at least four research disciplines and three ranges of spatial scale,
we illustrate that by precisely defining parameters in a way that holds across scales and relaxing one
steady-state simplification, we begin to capture the inherent variability that has largely eluded the
fire behavior community. Through exploring examples of “deep interdependence,” we make the case
that fire behavior science is well equipped to launch forward into more complex lines of inquiry.

Keywords: complexity; combustion kinetics; energy flux; fire-atmosphere; flammability; heterogeneity;
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1. Introduction

The field of fire behavior science has traditionally taken a somewhat simplified approach
in quantifying energetic interactions [1–5]. This simplified approach was borne out of a lack of
adequate field data and a need to support firefighter planning and safety through rapid predictions.
Such simplifications resulted in a profusion of research on the steady-state forward progression of
a flaming front, subject to a constant driving surface wind in a neutral atmosphere for continuous
surface fuels. This traditional approach to modeling fire behavior is embedded in numerous modern
modeling tools (e.g., References [6–9]) used widely for both firefighter support and research.

Steady-state assumptions that focus on mean spread rate handicap attempts to understand the role
of variability in complex systems. This variability arises, not only in the movement of the combustion
zone, but also in dynamics of the involved natural systems [10,11]. Repercussions from a focus on
mean spread rate can include a knowledge gap in understanding variability, the deviation of resources
away from more complex interactions, and an overemphasis on the potentially erroneous role a small
number of variables play in the majority of interactions.

There is widespread agreement that the steady-state fire spread paradigm is insufficient in
addressing complex and changing fire environments or advancing fire behavior research [12,13].
What is less agreed upon is the path forward in addressing this complexity [14,15]. Exploring the
opportunities to move away from a steady-state approach is the focus of this paper.
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Steady-state fire behavior results from assuming that the complex exchange between seemingly
separate research foci can be reduced to a few simple inputs (Figure 1a). For example, when considering
the relationship between wind and wildfire, simplifying the interaction between wind fields and a
flame to a single kinetic energy perturbation (at chest height) ignores the influence of changes in
pressure around the entire flame envelope [16]. This simplification also ignores the influence of surface
heating and the variable drag from vegetation (e.g., References [17,18]). This approach—including its
assumptions and simplifications—leads to an erroneous logical conclusion that air movement above,
below, and tangent to this forcing mechanism does not influence the energetic interactions of that flame.
Beyond this, the simplified relationship between wind and wildfire places emphasis on the flame
morphology above the combustion zone rather than within the regions where fuels and oxygen are
mixing to produce the visible flame. We posit that by systematically acknowledging the interactions
occurring among these previously isolated systems, a much deeper understanding of fire behavior
will form (Figure 1b).
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Figure 1. Exchange of information between areas of research. The top panel (a) diagrams the current
structure used in distilling and coupling information between seemingly different fire research areas.
The bottom panel (b) represents a transition to a more integrated approach where information is shared
across fire research areas.
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We explore four key research areas highlighting the need for a more complex and intersectional
approach to fire behavior science. Complexity is introduced by relaxing assumptions and expanding
objectives that bound the traditional system, thereby yielding a deeper understanding of the
phenomena involved in wildland combustion dynamics. Specifically, we address potential deviations
in the phase space of fire behavior through exchanges between the following research areas:
Flammability, energy flux, fire-atmosphere interactions, and combustion kinetics (Figure 1).

2. Parameters and Definitions

Traditionally, fire behavior has been defined as a list of descriptors, such as rate of spread or
fire-line intensity, often averaged over both space and time. One of the impediments to developing
a careful approach with added complexity is this list-based definition. In order to discuss a wider
breadth of science and shed limiting approaches, we start by defining fire behavior science as the
study of energetic interactions within and among combustion zones and the surrounding natural
systems. Likewise, in order to have a meaningful conversation about the complex interactions among
the four research foci of interest (combustion kinetics, flammability, energy flux, and fire-atmosphere
interactions), we must first carefully define each. We define combustion kinetics as the mixing
and reaction rates associated with disassembling hydrocarbons during ignition, propagation, and
extinction. Flammability, which is traditionally viewed simply as the ability of a fuel to burn [19],
is broadened to discuss the physiological and environmental factors that influence the ability of a
fuel or groups of fuels to combust [13]. Energy flux, which includes heat flux, is defined as the
exchange of energy per unit area per unit time. However, energy flux not only includes the flame
envelope and surrounding involved fuel, but also the exchange of energy without flame present.
Lastly, fire-atmosphere interactions describe how momentum and energy fluxes from fire perturbs the
atmosphere and vice versa [20,21].

3. Scales of Influence

The complexity in fire behavior science can be illustrated at the scale of an individual fuel particle,
working through the scale of a prescribed fire, and ending with a fire complex. Our intention in
addressing multiple spatial scales is to outline the complex interactions that may be influencing
wildland fires across scales and the importance of scale-appropriate assumptions of parameters used.
Thus, we do not repeat concepts at each scale, but leave it to the reader to draw those parallels. This is
not meant to be an exhaustive list of scales of influence nor of parameters involved, but rather a
discussion that provokes the reader to consider these and other complex interactions that characterize
wildland fires.

3.1. Particle Scale

To explore the limitations of current approaches and possible new avenues, we examine a
hypothetical study whose methods reflect the status quo in fire research. The objective of this study is to
examine the heat exchange between a small mass of fuel, the ambient environment, and an approaching
flaming front. The whole system is subject to a moderate wind. The following assumptions are made:
The heat flux incident on the fuel is steady and portioned into known delivery mechanisms (convection,
conduction, and radiation); moist pellets of cellulose represent the individual fuel particles; the ambient
conditions are steady in both space and time, and with an excess of oxygen available in the ambient air.

Our hypothetical study approach is familiar to most fire behavior scientists and has resulted in
a strong body of literature on steady-state flame propagation in a fuel (e.g., References [1,4,22–24]).
However, if we loosen one assumption, we identify new lines of inquiry. Something as simple as
acknowledging the boundary layer around individual particles or the proximity of particles to each
other may have large impacts. The presence of a boundary layer results in a non-linear treatment of the
local atmosphere as air and flames interact with unburned or burning particles. The proximity of two
or more particles to each other further modifies the local flow characteristics around and through the
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system. When the flow is variable, this also means that the heat flux delivered during preheating and
combustion varies [25,26]. With varying heat flux and air, the assumption that combustion kinetics
are constant no longer holds [27] because preheating is now accompanied by convective cooling [26].
Likewise, the combustion zone is no longer receiving a constant and sufficient source of oxygen, but
is rather experiencing a variable source driven by both the larger dominant flow and the physical
and buoyant flow obstructions from the immediate surroundings [28]. As the experimental fuel
particles are heated and become involved in the combustion process they change in chemical and
structural makeup [29]. These changes further influence the immediate flow around both the particle
and the entire fuel mass through inducing further variability in combustion kinetics, heat fluxes,
localized momentum fluxes, and ventilation. Finally, if the study was conducted outdoors, allowing
for exposure to dynamic solar radiation, the boundary layers of the fuel mass and individual particles
would contribute dramatically to local moisture exchange [30].

3.2. Prescribed Fire Scale

Extending the hypothetical experiment to investigate fire behavior at the scale of a prescribed
fire further reveals the weakness of a steady-state assumption. If the study aims to understand the
flammability of a common native plant that dominates the fuels in a prescribed fire, it would likely
involve the following traditional assumptions: Heat flux incident on an individual plant is constant;
the neighboring plants and plant material do not influence flammability; the ambient conditions do
not contribute to flammability, and there is an excess of oxygen available in the ambient air.

The hypothetical study follows a familiar approach, which reflects a large body of existing work
on plant flammability (e.g., References [19,31,32]). We explore the results of removing the assumption
that there is an excess of oxygen available in the ambient air.

Prescribed fires typically occur during marginal burning conditions [33]. In these environments,
small-scale variation in local conditions as well as micro-scale atmospheric dynamics can have a
disproportionate influence on combustion [34–36]. Rates of vegetation response to changes in ambient
conditions (i.e., relative humidity, fuel moisture, air temperature) also affect combustion dynamics [13].
The abundance and arrangement of vegetation present around the study plant, as mentioned earlier,
will influence ambient air flow as well as local moisture fluxes forced by intermittent solar heating.

During a prescribed burn scenario, one might expect light to moderate winds and a regionally
unstable atmosphere that would facilitate smoke dispersion [37]. However, this may not be the case
around each study plant since the presence/absence of a canopy may alter the local stability through
variability in solar heating and the density of accompanying vegetation may produce significant
drag/damping of local winds. The strong potential for damping of the flow of air to the study plant
could result in variability of local combustion kinetics due to variable delivery of oxygen to portions of
the study area. Thus, we have a plausible scenario where the ventilation of the combustion zone is
dependent upon the structure of the surrounding vegetation matrix.

With an oscillating oxygen source comes a similar oscillation in heat flux to the study plant.
This pulsating behavior would produce rapid convective fluxes due to potential flame contact and
cooling as ambient air is drawn into and around the combustion zone [38]. Such a degree of pulsation
of convective cooling would make it necessary to represent the heat flux to the study plants as both
a mean value and the variation about that mean. Here again, we find that by relaxing just one of
the assumptions in our hypothetical study we have introduced variability into the system. Further
interesting dynamics would likely be uncovered by relaxing the contributing plant species and spatial
distribution and structure of vegetation assumptions.

3.3. Fire Complex Scale

Pushing our hypothetical series of studies to landscape scales elucidates the fire behavior involved
in a wildland fire complex. Thus, the study objectives also shift in scale to investigate the dominant
flow mechanisms involved in perturbing a fire complex in a specific region. A traditional approach



Fire 2018, 1, 20 5 of 8

might make the following assumptions: Heat flux is sufficiently high to consume all combustible
material; flammability no longer plays a role in local fire behavior; meso-scale atmospheric flow no
longer perturbs the fire complex, and there is an excess of oxygen available in the ambient air.

Our expanded hypothetical study has set up a classic example of a “buoyancy-driven”
wildfire, the dynamics of which still challenge our understanding of fire behavior at this scale
(e.g., References [39,40]). If we remove the assumption that the micro- to meso-scale atmospheric
flow no longer perturbs the fire complex, there is no longer a declaration of dominant forcing
mechanisms. Now there can be a spectrum of forcing and damping energy sources that span from a
buoyancy-dominated system to one where only the local atmospheric dynamics perturb the system.
This approach furthers the opportunity for considering multiple scales, from the coexistence of flow
perturbation dynamics to the addition of other sources, such as synoptic atmospheric flow [20,21].

When driving flow mechanisms are no longer assumed, this also advances considerations of the
obscuring influence that smoke emissions have on surface solar heating and, thus, local atmospheric
boundary layer dynamics and fuel moisture. By removing assumptions on dominant flow mechanisms,
a more complete picture of the ventilation of the combustion zone, and, thus, the combustion kinetics,
can be realized. This removal of assumed dominance also allows for a more thorough treatment of the
flow perturbations associated with complex terrain or fuel treatments (e.g., [28,41])—topics ripe for
further discovery.

Given that our hypothetical study objectives focus on the interaction of multiple fires that form the
complex, the flow interactions between these seemingly separate systems is critical to understanding
everything from the merging of “separated” fires (i.e., junction fires; Reference [39]) to the interaction
of smoke and embers among these fires [42]. The fluctuations in production of particulates and
gaseous species, including water vapor in the smoke plume, are driven by combustion kinetics [43,44].
Likewise, the interaction between changing combustion kinetics, heat transfer, flow dynamics, and
flammability all intersect in the development and persistence of ember production [45]. As a closing
note on this particular scenario, loosening the assumptions of flammability to allow for variations in
spatial arrangement, moisture, and plant species involved to inform formation and movement of the
system may stimulate understanding of the “erratic” nature of these large events.

4. Conclusions

The assumption of steady-state dynamics in wildland fire behavior is a legacy that limits
the opportunity for advancement of mechanisms involved in understanding fire spread. The very
definition of fire behavior in this traditional context stifles innovation, understanding, and application.
By systematically releasing traditional simplifications, the study of fire behavior can move beyond
steady-state dynamics and address the complex questions fundamental to a greater understanding of
wildland fires.

Expanding complexity and integration of historically separate research foci offers tremendous
potential to further develop and refine fire behavior theory. A current significant challenge in
advancing fire behavior science is the difficulty in collecting quantifiable, in-situ measures of fire
behavior. We argue that by broadening the scope of fire behavior research, new technologies
(e.g., acoustic emissions as a combustion remote sensing technique [46]) and tools will emerge
organically References [35,47–49]. The three brief scenarios were intended to highlight the expanding
opportunities currently available in fire behavior research by embracing the inherent variation of
wildland fire behavior as its fundamental attribute. Through exploring these scenarios, we illustrated
the critical importance that scale and variability—rather than a focus on steady states and central
tendencies—can play in more complex systems and across scales. We have argued here that by
distilling information down as it is passed between seemingly disparate research foci, the information
that can enrich our understanding of fire behavior is lost. Ultimately, this refined approach to fire
behavior research will allow for more mechanistic prediction of fire behavior in an increasingly novel
and dynamic environment.
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