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Abstract Atmospheric forcing and interactions between the fire and atmosphere are primary drivers
of wildland fire behavior. The atmosphere is known to be a chaotic system that, although deterministic, is
very sensitive to small perturbations to initial conditions. We assume that as a result of the tight coupling
between fire and atmosphere; wildland fire behavior, in turn, should also be sensitive to perturbations

in atmospheric initial conditions. Observations suggest that low intensity prescribed fire, in particular,

is susceptible to small perturbations in the wind field, which can significantly alter fire spread. Here,

we employ a computational fluid dynamics model of coupled fire-atmosphere interactions to answer

the question: How sensitive is fire behavior to small variations in atmospheric turbulence? We perform
ensemble simulations of fires in homogenous grass fuels. The only difference between ensemble

members is the state of the turbulent atmosphere provided to the model throughout the simulation. The
atmospheric state is a function of the initial conditions applied at the start of the simulation and boundary
conditions applied throughout the simulation. We find a wide range of outcomes, with area burned
ranging from 2,212 to 11,236 m” (>400% change), driven primarily by sensitivity to initial conditions, with
nonnegligible contributions from boundary condition variability during the initial 30 s of simulation. Our
results highlight the need for ensemble simulations, especially when considering fire behavior in marginal
burning conditions.

1. Introduction

An emerging challenge in wildland fire science is to understand and model the movement of prescribed
fire. In 2019, almost 19 billion m* were burned in the United States by wildfire, compared with 25 billion m?
burned using prescribed fire (National Interagency Fire Center, 2020). The area burned under prescription
has increased from a 10 year average of 9.3 billion m?, making up 57% of all burned area in 2000-2009, to
15 billion m? or 69% of all burned area in 2010-2019 (National Interagency Fire Center, 2020). It is clear
that prescribed burning is a valuable tool of growing importance for land managers. It can be used to im-
prove ecological health (Fitch & Kim, 2018; Knapp et al., 2009), protect vulnerable communities (Kolden
& Henson, 2019; Mell et al., 2010), and reduce uncontrolled emissions from wildfires (Hyde et al., 2017;
Schweizer & Cisneros, 2017; Ward & Lamb, 1970). At the same time, land managers and fire practitioners
face a complex and variable coupled fire-atmosphere system that is modulated by a changing climate, dy-
namic ecosystems, and evolving management practices. Thus, when these decision-makers are evaluating
the nature of their burning operation, they are navigating the largely unanalyzed nuances of a prescribed
fire environment (Hiers, et al., 2020; Wonkka et al., 2015; Yedinak et al., 2018). Many processes, including
the response of a smoke plume to the local atmospheric dynamics (Potter, 2012; Prichard et al., 2019) and
the moisture response of fuel due to sun dappling below a canopy (Kreye et al., 2018) can influence a pre-
scribed fire. Fire managers’ ability to anticipate fire behavior is key to maximizing the social and ecological
value of fire while simultaneously minimizing negative impacts (Hyde et al., 2017), and predictive models
are critical to this task.

Prediction of fire behavior is complicated by the fact that small changes in environmental conditions can
have large impacts on fire outcomes. The atmosphere is a chaotic system (Lorenz, 1963; Sivakumar, 2004,
Zeng et al., 1993) which, although deterministic, is sensitive to small perturbations. When applying the
governing equations to describe the motions of the atmosphere numerically, perturbations typically develop
from initial and boundary conditions. Uncertainty in initial and boundary conditions stems from the fact
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that we have limited observations. In chaotic systems, small variations in initial and boundary conditions,
which are frequently not reflected in the limited observations, can propagate and grow to have large effects
on the solution to the equations. The chaotic nature of the atmosphere is the reason weather forecasts
can only reliably be made for a limited number of days (Lorenz, 1969; Thompson, 1957; Tribbia & Baum-
hefner, 2004). Due to the coupling between fire and atmosphere, it is reasonable to assume that wildland
fire behavior, in turn, should also be sensitive to small perturbations in atmospheric flow, or atmospheric
turbulence (Holtslag, 2003). However, there is very limited literature investigating these relationships. Sun
et al. (2009) were the first to show that fire area burned and rate of spread (ROS) are sensitive to atmospheric
turbulence, as well as fire-induced variations in atmospheric flow using a large eddy simulation (LES) mod-
el coupled with an empirical fire spread model. Their results highlight the importance of including uncer-
tainty estimates in fire behavior forecasts. During the 2012 RxCADRE prescribed-fire experiment, Clements
et al. (2016) observed that fire spread for low-intensity prescribed fires was sensitive to small variations in
wind speed and direction, corroborating these earlier results. They hypothesized that associated changes in
fire spread could be a result of either fire-induced fire-atmosphere interactions or of the turbulence regime
present at the time of ignition.

Process-based computational fluid dynamics models of wildfire (Sullivan, 2009), such as HIGRAD/FIRE-
TEC (Linn, 1997; Linn et al., 2002), provide tools for exploring the characteristics of nonlinear interactions
between fuels, terrain, and atmosphere. FIRETEC and similar CFD models are computationally very expen-
sive. This means that often only a single simulation is carried out. However, when considering the chaotic
dynamics of the atmosphere, an understanding of the influence of atmospheric variability on the outcomes
of fires simulated by such models is needed. To establish confidence in any given forecast, it is a common
practice in weather forecasting to perform ensemble model simulations and to consider the ensemble mean
as well as the spread among ensemble members. Ensemble methods for weather forecasting were first
suggested by Epstein (1969) and Leith (1974), and have been implemented since the 1990s (Houtekamer
et al., 1996; Molteni et al., 1996).

Questions that arise when considering an appropriate modeling framework to investigate fire-atmosphere
interactions include the following:

1. Is one simulation sufficient to capture system variability or is an ensemble approach needed?
2. Do some parameters influence the system variability more than the others do?
3. Are there relationships across parameters that further influence system variability?

These questions have not been explored in the context of process-based modeling of wildfire. However, as
prescribed burning in marginal conditions has become a new application for process-based fire-atmosphere
models (Furman et al., 2019; Hiers et al., 2020; Linn et al., 2021), these questions become more important
to answer. Characterizing the sensitivity of model results to atmospheric turbulence will allow us to help
optimize the implementation of process-based CFD modeling for application to prescribed fire research.

In this study, we test the hypothesis that fire behavior in marginal burning conditions, such as those used
to conduct prescribed burns, is sensitive to small perturbations in atmospheric initial and boundary condi-
tions using a physics-based fire behavior model. We use an ensemble approach to quantify the sensitivity
of fire propagation to variability in the atmospheric flow field. Finally, we examine relationships between
different aspects of the wind field and fire outcomes to identify the main drivers of sensitivity.

2. Methods

We use numerical simulations of an idealized fire burning in marginal conditions to investigate the impact
of atmospheric turbulence on fire metrics including burnt area, rate of spread, and fuel consumption. Our
analysis is carried out using HIGRAD/FIRETEC, a physics-based coupled fire-atmosphere model. We inves-
tigate the impact on an ensemble of fires of turbulent wind initial and boundary conditions.

2.1. Model Setup

HIGRAD/FIRETEC is a coupled fire-atmosphere model that combines a hydrodynamic model of at-
mospheric flow, HIGRAD (Reisner et al., 2000), with a combustion and heat transfer model, FIRETEC
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(Linn, 1997; Linn et al., 2002; Pimont et al., 2009). HIGRAD is an atmospheric code that efficiently simu-
lates flows on multiple time scales by splitting high-frequency phenomena from the governing equations.
This is carried out by applying two nested time-stepping schemes. The results of the small time-stepping
loop, which solves for fast-moving waves, are averaged and fed into the large time step, which solves the
Navier-Stokes equations. This method enables HIGRAD to accurately capture strong gradients in tempera-
ture and velocity fields, such as those near and within a wildfire (Reisner et al., 2000). Sub-grid turbulence
and aerodynamic drag associated with a three-dimensional volumetric representation of the vegetation
are represented as a part of FIRETEC along with combustion and heat transfer. FIRETEC is based on the
conservation of mass, momentum, species, and energy. The model employs a multiscale turbulence param-
eterization approach, including formulations for three fire-relevant size scales: s, the size of the largest fuel
structures, sp, associated with the distance between branches, and sc, the size of small fuel structures, such
as leaves and pine needles. Combustion is parameterized using a universal reaction rate, which is a function
of fuel and oxygen density, turbulent intensity, the scale of the smallest fuel elements, and volume fraction
of the resolved volume above critical ignition temperature (Linn, 1997). FIRETEC incorporates the mac-
roscale effects (~1-10 m) of combustion, radiation, convective heat transfer, and aerodynamic drag. A de-
tailed description of the physical and chemical formulations of FIRETEC can be found in Linn (1997); Linn
et al. (2002); Linn and Cunningham (2005) and Linn and Harlow (1998). FIRETEC has been developed to
simulate wildfire, but its applicability to prescribed fire burning in marginal conditions has been evaluated
against data collected during the 2012 RxCADRE fire experiment (Linn et al., 2021).

2.2. Simulations

Our core set of simulations (CORE) consists of an ensemble of 45 grass fires burning in marginal condi-
tions. These simulations are essentially identical except that each fire is exposed to slightly different tur-
bulent details of the initial and boundary wind conditions (the imposed mean wind profile is the same in
all simulations). To isolate the effects of atmospheric turbulence on fire propagation, we simplify other
components of the simulation setup as much as possible. To this end, we eliminate confounding impacts
of vegetation structure and topography by using a homogenous surface fuel bed on a flat domain without
topography. In most common grass fire simulations with FIRETEC (e.g., Cunningham & Linn, 2007; Linn &
Cunningham, 2005), fuel beds are representative of Anderson Fuel Class 3 (Anderson, 1982) with a height
of 0.7 m, and a fuel load of 0.7 kg m™2, which is contained within the first grid cell above the surface. In such
grass fire simulations, the surface area per unit volume of fuel is specified as 4,000 m™, which is typical for
tall grass (e.g. Burgan, 1988; Rothermel, 1972), and the initial fuel moisture fraction (i.e., the mass of water
divided by the mass of dry fuel) is usually set to 0.05. Since we are interested in marginal burning condi-
tions, we increase the initial fuel moisture fraction to 0.2 (20% fuel moisture) and reduce the height of grass
to 0.3 m. Fuel density within the fuel bed is kept the same, 1 kg m™>, as in previous grass fire simulations,
resulting in a fuel load in the surface grid cells of 0.3 kg m™>. Computational domains for all fires have di-
mensions X = 400 m, y = 400 m, and z = 810 m. We use 2 m horizontal resolution, and a stretched vertical
coordinate with an average resolution of 15 m, which translates to an effective resolution of 1.5 m near the
surface and 50 m near the top of the domain. We employ a time step of 0.02 s or 50 Hz.

The turbulent wind initial and boundary conditions for fire ensemble simulations are obtained by perform-
ing a wind simulation using cyclic boundary conditions to capture the effects of a large fetch, which allows
turbulence to spin-up. These wind spin-up simulations were performed on a domain that is much larger
(x=1,680 m,y = 1,680 m, and z = 810 m) than the domains used for fire simulations. The length scales of
motion that are allowed to develop in a computational domain are essentially limited by the domain size.
The rationale for this large-domain spin-up is to allow eddies to develop on length scales larger than the
smaller domains in which fires are simulated, so as not to limit the size of turbulence by domain size. We in-
itialize the wind field within the wind spin-up domain with a profile for the wind in the x-direction (u) that
is empirically defined based on LAI and vegetation height (Kaimal & Finnigan, 1994; Raupach et al., 1996).
The atmospheric stratification in all simulations is neutral, with an initial ambient temperature of 300 K.
The streamwise velocity, u, varies between 0.5 m s™* near the surface and 4.25 m s™ at the top of the domain
and is equal to 2.5 m s™" at 10 m height, which is comparable with wind speeds observed during the 2012
RxCADRE (Linn et al., 2021). At t = t,, we assume that cross-stream and vertical velocity, v and w, are zero
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o (a) Wind speed in x-direction at 10 m everywhere. While in the real atmosphere sensible heat flux, a surface

' energy budget term related to diurnal solar forcing is a first-order driver

3.5 1 of turbulence, surface heat fluxes are not represented in FIRETEC. The

. 3.0 time scales simulated in FIRETEC are on the order of minutes to hours,

T and the diurnal cycle and associated variations in surface fluxes are not

g 23 _WW“VMM‘\A/W\/— resolved. To ensure that turbulence develops efficiently in the spin-up

=S 2.0 simulation, we instead apply small random perturbations on the order

1.5 - of 0.1 K to the potential temperature in every grid cell throughout the

domain at the beginning of the simulation. As the wind spin-up simu-

1.0 0 600 1200 1800 2400 3000 3600 lation progresses beyond t = ¢, turbulent motions develop in response

to these initial perturbations. Vegetation drag continuously dissipates

0.30 LR) Turbulence kinetic energy at 10 m momentum in the domain. A dynamic macro-scale pressure gradient

forcing is applied to compensate for this drag, enabling simulations of

0.251 realistic wind fields (Pimont et al., 2018). We allow 60 min, which is

&~ 0.20 4 equivalent to ~9 km of fetch, for turbulence to develop that is consistent

N; 0.15 - with both upper-level winds and surface fuel structure. To verify that the

o turbulent wind field has reached steady state, we examine time series of

# 0.10 1 u wind speed, turbulence kinetic energy (TKE), and turbulence intensity
0.05 - (Figure 1).

0.00 T T T T T We consider domain averages of these quantities, as well as samples

0 600 1200 1800 2400 3000 3600 taken at 41 locations within the domain evenly spaced 100 m apart (at

-0 (c) Turbulence intensity at 10 m the centers and boundary intersections of the small fire simulation do-

= mains). These samples exhibit larger fluctuations than the domain aver-

E 15 - age and are more directly comparable with observations, which would

@ be collected at specific locations, rather than across a large area. After

2 1o- = approximately 40 min, domain-average TKE and turbulence intensity

] have stopped increasing. Between 40 and 60 minutes, we observe low-fre-

S quency fluctuations around 0.13 m® s~ for TKE and 12% for turbulence

2 > individual location intensity. Note that the simulated TKE values are roughly an order of

= = spatial average magnitude lower than the observations (Clements et al., 2008, 2016). This

0 0 600 1200 1800 2400 3000 3600 is primarily because the homogenous fuels used in this study have a very

Time [s] low surface roughness. Methods for generating stronger turbulence over

homogenous fuels are the subject of ongoing research.

Figure 1. Characteristics of the wind field during spin-up sampled at 41

equally spaced locations across the large domain (thin lines) and their To ensure that our choice to use a large spin-up domain has the desired
spatial average (thick lines). (a) Wind speed u in x-direction, (b) turbulence  effect of allowing larger-scale turbulence to develop, we compare this
kinetic energy, and (c) turbulence intensity. All quantities are sampled at spin-up to an analogous simulation run on a small domain with dimen-

10 m height above the surface.

sions x = 400 m, y = 400 m, and z = 810 m. Figure 2 shows cross-stream

spectra of u velocities at 10 m height for both simulations and highlights

cross-stream variations at large length scales that are present in the large
domain wind field, but absent from the small domain wind field. These larger-scale eddies can only be gen-
erated by using a large domain to spin-up the wind field.

After the 60 min spin-up, we begin saving initial and boundary conditions for nine adjacent subdomains
with dimensions x = 400 m, y = 400 m, and z = 810 m, nested within the large domain (illustrated in Fig-
ure 3a). The wind spin-up yields nine sets of initial and boundary conditions (one for each subdomain),
which were sampled from the large domain. Even though these nine sets of conditions were a part of the
same large domain flow field, each had different instantaneous turbulent fluctuations as the turbulent con-
ditions vary in space. To generate 45 simulations of fire with different turbulent conditions, we used the
transient behavior of turbulent conditions in time. By choosing different moments in time to begin, fire
simulations fires are exposed to different initial and boundary conditions. We selected five ignition times,
60 s apart, relative to the evolution of the large domain wind field. Since we are considering homogenous
fuels and hold everything else the same, we use ignitions at different points in space and time relative to
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Figure 2. Comparison of wind spectra after spin-up using a large versus
small domain. Cross-stream spectra for near-surface (10 m) wind in
x-direction show differences at low frequencies, indicating that larger
spatial scales of motion are absent when a small domain is used for spin-
up (blue line). This cross-stream variance is present when a large spin-up
domain is used (red line).

the turbulent wind field interchangeably. We use ignition lines that are
100 m long and 6 m deep, encompassing a total of 150 FIRETEC grid
cells, which are ignited simultaneously.

The number of ensemble members for the CORE ensemble was chosen
to ensure adequate sampling of the range of fire outcomes. To verify
that we have chosen a sufficiently large number of members, we exam-
ine how the average and standard deviation of area burned evolve with
the number of ensemble members. We begin with one member, and add
members in increments of one until all 45 members are considered. Fig-
ure 3b shows that after the ensemble has reached 20 members, increasing
the number does not significantly change the mean or standard deviation
of the area burned.

In addition to the CORE set of simulations, we run two additional ensem-
bles to disentangle the impact of initial conditions at the time of ignition
from boundary conditions supplied throughout the simulation (Table 1).
Initial conditions are provided at every grid point in the domain for the
first time step of the simulation, while boundary conditions are imposed
on the five lateral cells along the domain boundaries at every time step
thereafter. Since fires generate their own turbulence, which can easily
overpower background conditions, we assume that the boundary condi-
tions post ignition provide a smaller perturbation when compared with
the initial conditions, which are applied before and during ignition. To
evaluate the importance of initial versus boundary conditions, we re-
peat simulations 2-21 of the core ensemble two more times. We choose
20-member ensembles based on our finding (shown in Figure 3b) be-
cause 20 ensemble members are needed to adequately sample the range

of fire outcomes. In INIT simulations, we perturb the initial conditions as in the CORE ensemble (using
initial conditions from CORE2 through CORE21), but use the same CORE1 boundary conditions for all
simulations. In BOUND simulations, we use identical CORE1 full-domain initial conditions at the first
time step for each ensemble member, but vary the boundary conditions along the course of the simulations

(a) Domain setup

1680 m
3 ~—400 m—
u wind I
S )
of small fire | |
2| domain
!
€
o
< | I I
—
ignition line
| | I
YL
large wind spin-up domain
X

(b) Ensemble size vs average area burned

7000

6000 -

5000 A

4000 A

3000 A

Area burned [m?]

2000 A

1000 - = gverage
=== standard deviation

10 20 30 40
Ensemble members included in calculation

Figure 3. (a) The large 1,680 m by 1,680 m model domain used for wind spin-up in its center contains nine small 400 m by 400 m domains. Black lines are
outlines of the domains, while red lines represent locations of ignition lines. A u wind in x-direction is prescribed. (b) Averages and standard deviations of area
burned for an increasing number of ensemble members stabilize when at least 20 ensemble members are included, suggesting a minimum of 20 ensemble

members are necessary to fully sample variability.
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Table 1

Summary of Ensemble Simulations Performed

Ensemble name Number of ensemble members Description

CORE 45 Core simulations using homogenous grass fuels at 20% fuel moisture.
INIT 20 Initial conditions are perturbed as in CORE2-21, all simulations use

COREI1 boundary conditions.

BOUND 20 Boundary conditions are perturbed as in CORE2-21, all simulations
use CORE] initial conditions.

in the same way as was carried out in the CORE ensemble (using CORE2-CORE21 boundary conditions).
This setup is illustrated in Figure 4a for the first three domains that are part of INIT and BOUND ensem-
bles. It allows us to ask the question of whether only the initial conditions — before/at ignition — matter, or
whether the flow field provided to the model along the domain boundaries after ignition also plays a role.
The effect on the wind field of perturbing only the initial versus only the boundary conditions is illustrated
in Figures 4b and 4c. Figure 4b shows the difference in u wind speed at 10 m height along a cross-stream
transect along the center of the domain between CORE1 and INIT3 wind-only (no fire) simulations, and its
evolution over 300 s. The difference between CORE and INIT simulations stems from the fact that the two
utilize different initial conditions. The simulations start out different—except along the domain boundaries,
where identical boundary conditions are applied—but the differences fade over time. In some areas along
the transect, differences approach zero as early as 80 s into the simulation, and they fade away entirely after
250 s. In Figure 4c, we examine the difference between CORE1 and BOUND3 wind-only simulations, which
share initial conditions, but have different boundary conditions. The wind field is identical for the first 10 s,
and differences begin to develop as boundary conditions propagate into the domain. After roughly 80 s,
strong differences are present everywhere along the transect.

Because of the way ignition is handled in FIRETEC — the temperature of fuels along the ignition line is
raised to an ignition temperature of 1,000 K over ~150 time steps, or three seconds — we start applying
CORE2-COREZ21 boundary conditions in BOUND simulations after the first 450 time steps.

(a) Ensemble setup (b) CORE1-INIT3
initital conditions,
t=0
@ boundary L8
Y conditions, 2501
2 t=1,.n
. i . 0.8 =
i / (7))
o \ y £
@ 150 | _aé ‘ =
£ A { 00 g
] \ ) ) 1‘ 4 S
% 100 e ' ®
//;';,'M,é BOUND2 -0.8 o
R
-1.6
BOUND3

100 200 300 400
distance [m] distance [m]

Figure 4. (a) Schematic of the setup of initial and boundary condition ensembles, shown for the first three of 20 ensemble members. Gray shading and
textures are used interchangeably to denote different sets of conditions. (b)-(c) Evolution in time of differences between two wind-only (no fire) simulations
representative of the core set of simulations (CORE) and initial conditions differ (INIT) ensembles (b), and the CORE and boundary conditions differ (BOUND)
ensembles (¢). u wind speeds at 10 m height are shown along a cross-stream transect over 300 s of simulation.
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2.3. Analysis

The main goal of this study is to quantify the sensitivity of fire outcomes to small perturbations in the
turbulent wind field in which the fires are exposed to. By using a homogenous fuel bed with constant fuel
moisture, we attempt to eliminate factors that could complicate the interpretation of our results and assume
that all differences between simulations within the same ensemble are solely due to the small differences
in the turbulent wind field.

We use area burned, fire perimeter, fuel consumption, fire duration, rate of spread, and rate of growth as
metrics to evaluate our results. Area burned, A (m?) is calculated by summing the area of all cells from
which more than 60% of fuel density has been removed through combustion. The fire perimeter is the out-
line of the area burned in meters. Consumption rate (or mass loss rate), C (kg s™*) is computed as the differ-

A
ence in fuel density (kg m™>) between adjacent time steps (s) multiplied by cell volume (m®): C = VT'?. This

metric is directly related to fire intensity, which can be obtained by multiplying C by the heat of combustion.
We consider peak consumption, or the maximum value of consumption throughout the simulation, as well
as the evolution of consumption with time. Fire duration, #; is calculated as the length of time (s) elapsed
between ignition and the time when active consumption has stopped, defined as the time when solid fuel
temperature in all computational cells drops below 400 K. ROS is the distance, d (m), of the fire front from
the ignition line in the direction of the wind divided by #; while rate of growth (ROG) is the rate of change
in area burned, or the area burned divided by #. To avoid folding the somewhat artificial model behavior
during and immediately following ignition into the calculations for ROS and ROG, we start the calculations
100 s after ignition:

d(t; )-d(100s)
t; —100s

ROS =

A(t, )-A(1005)
t;-100s

ROG =

While ROS is a one-dimensional, directional measure of fire spread, which does not account for lateral
spread, ROG is two-dimensional and considers forward as well as lateral spread into account.

Our analysis aims to determine which aspect of the wind perturbations is the dominant driver of variability
in fire outcomes. To address this question, we examine correlations between the variability in fire metrics
and different aspects of the wind field, including the mean wind in x, y, and z-direction, the resolved turbu-
lent kinetic energy (TKE), and parameterized, sub-grid TKE in the CORE ensemble. We also examine the
INIT and BOUND ensembles and compare them to simulations CORE2-21, to determine whether initial or
boundary conditions play a larger role in driving variability in fire metrics.

3. Results

All simulations are run for 600 s of simulation time. We then assess whether the fire is still burning by
examining gas temperature at the last time step. For all simulations, domain maximum values of gas tem-
perature were below 400 K at 600 s and we assume that combustion has ceased. Even if pyrolysis is still
occurring in small areas at this temperature, a return to more intense combustion and further spread of the
fire is very unlikely.

3.1. Core Ensemble

In the 45-member CORE ensemble, the final area burned at the end of each simulation varies between
2,212 m* (CORE24) and 11,236 m* (CORE10), representing a 400% increase in area burned between the
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smallest and largest fire. The average area burned across the ensemble

:Z::,l;z,y of Fire Metrics for the CORE, INIT, and BOUND Ensembles is 6,133 m* We represent variation around the mean in terms of the co-
CORE CORE2-21 INIT BOUND efficient of variance or standard deviation normalized by the mean. This
allows us to compare variability across ensembles, and across metrics,
A (m*) Bl SElLAU ALY ST which have means of different magnitude. The coefficient of variance for
area burned in the CORE ensemble is 0.39 (see Table 2). Fire perimeters
CVy 039 0.40 0.32 048  vary between 380 and 704 m, with an ensemble average of 520 m and a
coefficient of variance of 0.15. Final burned areas for all 45 fires are shown
P (m) 52026 514.80 540.60 500.60 in Figure 5 in terms of remaining fuel. While propagation occurs along
the entire ignition line for some fires (e.g., domain 7, ignition at t = 0 s),
CVe 0.14 0.16 0.14 0.16 other fires only spread from a subsection of the ignition line (e.g., domain
8, ignition at ¢t = 0 s), or multiple portions of it (e.g., domain 5, ignition
-1 1.73 1.70 1.39 1.07 . . .

Cpeak (kgs ) at t = 0 s). While some of the fires have a relatively “smooth” burned
area, suggesting uniform spread (e.g., domain 2, ignition at t = 180 s),
Ve peat 0.35 0.38 0.28 046 noticeable splitting of the fire front is evident in other burned areas (e.g.,
domain 3, ignition at t = 60 s, or domain 4, ignition at ¢t = 180 s). Since the
;(c) 446.02 434.50 432.00 42700 wind initial and boundary conditions are the only parameters that differ
among these simulations, a multitude of fire behaviors can be attributed

cv,, 0.12 0.12 0.13 0.15 to only small perturbations in the wind field.
— For each fire, we also consider the evolution of distance (ROS), area
ROS (’” 571) 0-20 0:26 022 021 (ROG), and fuel consumption over time (Figure 6). Thin lines in Fig-
ure 6 represent individual CORE simulations, and the thick line is the
CVros 0:20 020 0.38 0.46 ensemble mean. The top two panels show the range in distance from the
. ignition line and area burned over time. Lines crossing over each other
ROG(mzs_l) 11.08 11.26 8.28 6-29 indicate the range of spread and growth rates. The bottom panel tracks
fuel consumption, highlighting a wide range of fire intensities. Peak
CVroo 0.4 0.43 0.38 0.59  consumption ranges between 0.66 kg s~ for CORE2 and 2.91 kg s™" for

Note. Ensemble averages are denoted by an overbar. Coefficients of variance
(CV) are computed as the standard deviations normalized by the mean

CORE10, with an average value of 1.73 kg s™* and CVCpeak = 0.35. We also
observe large differences in the timing of peak consumption among the
different fires. While CORE2 and CORE24 reach peak consumption after
only 20 s, CORE29, which has the second-highest peak consumption at
2.76 kg s, reaches this value only after 200 s. Fire duration ranges from
330 s for CORED9 to 588 s for CORE23, with an average of 446 s and CV, ,=012. The duration of the longest
burning fire is thus only 80% longer than the shortest burning fire. This relatively smaller variability—char-
acterized here in terms of the coefficient of variance across ensemble members—in fire duration compared
with area burned is explained by different fire speeds, that is, the spread in ROS and ROG.

3.2. Initial and Boundary Condition Ensembles

We hypothesize that the variability induced by perturbing initial conditions at the time of ignition will be
larger than the variability due to perturbing boundary conditions during the simulation. This is because
fire-atmosphere feedbacks will induce atmospheric turbulence as the fire burns, which can overpower the
small perturbations that we apply at the boundaries.

To test this hypothesis, we compare simulations CORE2-21 to two 20-member ensembles: one where only
the initial conditions differ (INIT), and boundary conditions are the same for all 20 members and one where
only boundary conditions differ (BOUND), while initial conditions are the same.

Average values and coefficients of variance for the different fire metrics are compared in Table 2, while
Figure 7 shows time series of the distance of the fire front from the ignition line, the area burned, and fuel
consumption. Overall, fires in both the INIT and BOUND ensembles are smaller, have lower peak con-
sumption, slightly lower ROS, and significantly lower ROG than fires in the subset of the CORE ensemble.
BOUND fires are generally smaller than INIT fires. They also have a shorter duration, and smaller perim-
eters, while the fire duration in the INIT ensemble is on par with the CORE ensemble subset, and INIT
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Figure 5. Final fire perimeters for the 45 fires in the core set of simulations (CORE) ensemble. Simulations are run in nine subdomains (columns) with five
ignitions (rows) staggered in time for each subdomain.

perimeters are on average larger than CORE perimeters. Variability is larger in the BOUND ensemble than
in the INIT or CORE2-21 ensembles for all metrics (compare the coefficient of variance in Table 2).

Figure 8 compares the degree of agreement between burned areas among the three ensembles. Some grid
cells are burned by every fire in the ensemble and are assigned 100% agreement. If a fire is burned by only
one of the 20 fires, it will have 5% agreement. The larger areas of low agreement in the BOUND ensemble
(Figure 8c) confirm the results presented above. The overall smaller fire size is also apparent. These results
do not confirm our hypothesis that fire behavior is influenced more by the state of the wind field close to
ignition before the fire has gained significant momentum. Indeed, we find that the sustained perturbations
applied along the domain boundary exert a large influence, possibly due to their duration, and the low-in-
tensity nature of the fires we simulate.

We note that there is no relationship (quantified via #* values, which are < 0.1 for all cases), between the
final area burned for the CORE, INIT, and BOUND ensembles, suggesting that nonlinear interactions be-
tween the boundary and initial conditions generate unique wind fields to which each fire is exposed, and
which cannot be linearly decomposed into the influences of the initial and boundary conditions.

3.3. Attribution of Fire Variability to Atmospheric Perturbations

The variability we have characterized in Sections 3.1 and 3.2 is caused by differences in the atmospheric
flow field imposed on each of the simulations. Next, we consider specifics of the wind field and their rela-
tionship to fire outcomes. We focus on final area burned in the CORE ensemble and correlate this metric
with a series of characteristics of the atmospheric flow, including mean wind speed in X, y, and z-direc-
tions, fluctuations about the mean of wind speed in X, y, and z-directions, resolved and parameterized, and
sub-grid TKE over different regions within the domain. Only mean x-direction (u) wind speed correlated
significantly with the final area burned. Figure 9 shows 7 values for regressions between u velocity aver-
aged over different regions and area burned. Values below 0.5 are shown in blue, and #* values above 0.5
are shown in red. We use the F-test of overall significance to ensure that all correlations calculated here are
statistically significant. The values in panel (a) are obtained by averaging u starting at the surface and along
the ignition line, and growing the region vertically (one level at a time). The averaged area is incrementally
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Figure 6. Evolution of fire propagation distance, area burned, and fuel

consumption over time for the 45-member core set of simulations (CORE)

ensemble.

moved away from the ignition line to assess locations upwind of the ig-
nition. Each pixel value represents the r* value for that slice height and
displacement from ignition. We see that the relationship between u and
area burned grows stronger as the average expands farther upstream
(closer to the inflow boundary). It also increases with height until the
first 100 m and then decreases for averages including more vertical levels.
In panel (b), we take a volume approach by averaging over incremental-
ly larger vertical and horizontal ranges starting just upwind of the igni-
tion line and working backward and upwards to the inflow boundary.
The pixel location and associated value mark the furthest extent of the
averaged volume from the ignition and associated r* value. We do this
to assess whether the high positive * values obtained when we average
over a vertical slice between the ignition line and the inflow boundary
are related to an entire atmospheric slab, or whether sections of this slab
play a dominant role. 7 values are generally lower when averaging over
volumes, and ¥ > 0.5 values are concentrated near the inflow boundary.
This tells us that u wind speeds at heights between 20 and 100 m at the
inflow boundary drive the positive relationship with area burned. The u
averages considered in panels (a) and (b) were taken just before the time
of ignition. Since boundary conditions after ignition likely impact varia-
bility in area burned as well, we repeat the regression analysis throughout
the simulation. We focus on the center of the five cells along the inflow
boundary, where boundary conditions from the wind spin-up are passed
into the domain, and average over increasing numbers of vertical levels.
Results are shown in panel (c), which illustrates that boundary condi-
tions influence fire outcomes only during the first 30 s of simulation after
ignition has taken place.

This is likely the most sensitive time for fire development in our model—
after the artificial ignition process, but before fire intensity has reached a
level of generating sufficient buoyancy to dominate the local turbulence
in its vicinity, locally overpowering the ambient wind fluctuations and
thus becoming more self-determining.

It is important to note that the specific