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ABSTRACT

SENSITIVITIES OF SIMULATED FIRE-INDUCED FLOWS TO FIRE SHAPE AND
BACKGROUND WIND PROFILE USING A CLOUD-RESOLVING MODEL

By
Marshall S. Stageberg

Wildland fire behavior can be very difficult to predict because of inherent non-linearities
and multi-scale processes associated with fire-atmosphere interactions. Circulations and complex
flows in the vicinity of a fire are driven by heat release from the fire. Since extreme conditions in
the fire environment make collecting meteorological observations difficult, we employ a high-
resolution numerical model to simulate the atmospheric responses to a fire. Specifically, we have
chosen Cloud Model 1 (CM1) because it is designed to simulate high resolution, cloud scale
processes that are comparable in scale to fire-induced flows. A surface sensible heat flux is
added to CM1 to simulate the effect of a fire and the resultant fire-induced circulations and
complex flows are examined. Using CM1 allows us to produce simulations with fine spatial and

temporal resolution with a detailed representation of the evolution of the fire-atmosphere system.

For the purpose of this study, we perform a series of simulations to examine the sensitivity of
fire-induced flows to the shape of the simulated fire and to background wind profile. We show
how fire shape and the background wind profile affect the intensity and extent of fire-induced
perturbations to the lower atmosphere. The results from these numerical simulations, when
combined with field observations, help improve our understanding of fire-atmosphere
interactions. The results from this study can potentially help fire managers with decision-making

when fighting wildland fires.
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CHAPTER | - INTRODUCTION

Wildland fires impact atmospheric circulations when heat and moisture released by
combustion induces an atmospheric response. The response has the potential to interact with the
fire over a range of spatial and temporal scales. When investigating the atmospheric response to
a wildland fire, the circulations can be difficult to study due to non-linearities and multi-scale
processes associated with combustion. Combustion is a molecular process in which heat and
moisture are released on scales ranging from O(10° to 10° m), and can contribute to the
formation of a convective column of rising air above the fire that drives complex circulations.
The characteristics of the updraft within the convective column are most directly related to
overall fire intensity but can be modified by meteorological factors such as static stability,
background wind speed, background wind shear, and the development of turbulence, and by

other fire factors such as fire shape.

Static stability primarily influences the convective column characteristics by affecting the
magnitude of the updraft. Higher static stability in the overlying atmosphere will decrease the
magnitude of the updraft and lower the equilibrium level. A conditionally unstable atmosphere
occurs when the environmental lapse rate is lower than the dry adiabatic lapse rate and is larger
than the moist adiabatic lapse rate. When conditionally unstable air becomes saturated, the rising
air will have less inhibition, and the magnitude of the updraft increases resulting in a higher

equilibrium level.

The background wind profile influences the convective column by advecting heat and
moisture released by the fire that contributes to the formation of the convective column.

Advection is defined as the transfer of heat or matter by the flow of a fluid. Advection of heat



and moisture affects the formation, shape, and location of the convective column. A background
wind profile with high wind speeds near the surface can prevent a deep convective column from
forming. Background wind profiles with weaker winds near the surface allow a deep convective
column to develop in which the air rises until the equilibrium level is reached. Background wind
profiles with higher wind speeds near the surface can induce more turbulence within the vicinity
of the fire. Turbulence within the vicinity of the fire can affect the characteristics of the
convective column and the circulations around it.

The shape of a wildland fire directly impacts circulations in the vicinity of the fire. The shape
of the fire induces these circulations as a result of combustion. The warming of air near the
surface induces an updraft which requires that air be brought in to replace the rising air. The air
being brought in to the fire area is called “inflow”. The characteristics of the inflow can generate
vortices along the fire line especially near the edges. The vortices along the fire line can impact
fire spread and behavior.

This study investigates the effects of background wind and fire shape on the atmospheric
response to a wildland fire. The numerical weather prediction model that is capable of resolving
cloud-scale processes, Cloud Model 1 (CM1), is utilized to simulate the atmospheric response to
a wildland fire. There are three background wind profiles and three fire shapes for a total of nine
simulations that will be analyzed in this study. The results from these nine simulations, when
combined with field observations, help improve our understanding of fire-atmosphere
interactions.

The thesis will be structured as the following, Chapter | is an introduction to this study.
Chapter Il is a literature review on both theoretical and observational studies that have examined

fire-atmosphere interactions. Chapter 111 is a description of the methods used and the results of



this study. Chapter IV is a discussion and conclusion of this study followed by proposed future

work.



CHAPTER Il - LITERATURE REVIEW

2.1 Theoretical and Observational Studies
2.1.1 Background Wind

The effect of background wind on fire was first investigated by Byram and Nelson
(1951). They used a theoretical approach relating near-surface static stability to turbulence and
the formation fire whirls. Byram (1954) focused on the relationship between background wind
profiles and fire behavior by looking at a collection of wildland fires and comparing them to the
nearest measured wind speed profiles. He categorized the wind profiles that were associated with
blowup fires, which are defined as fires that burn with an intensity that seems far out of
proportion to apparent burning conditions. The wind profiles Byram observed had negative
slopes for the lowest ~5000 ft (~1524 m) with a maximum of 24 miles per hour (10.7 m s?) at
the surface. Only one of his observed soundings had a positive slope for the lowest 1000 m. The
conditions that Byram established as those that could cause blowup fires are the following: a free
air wind of 18 miles per hour (~8 m s) or more at or just above the elevation of the fire, and
wind decreasing with height for several thousand feet above the fire with the possible exception
of the first few hundred feet. Byram concluded that these atmospheric conditions combined with

near surface instability were the reasons for blowup fires.

Rothermel (1972) established the influence of wind on fire spread rates in a laboratory
study. Based on wind-tunnel experiments that appeared in Rothermel and Anderson (1966), he
derived a relationship for winds and fire spread that depends on wind speed and the slope of
topography. The rate of fire spread is determined by raising the relationship between wind speed

and fire spread to a fuels component. This relationship established one of the first steady state
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fire spread rate equations Albini (1982) explored the concepts discussed in Rothermel (1972) and
developed a non-linear relationship between wind speed and fire spread rate. Albini (1982)
discussed the effects of stronger winds on flame tilting and how that impacts fire spread rates.
Albini found that a stronger windspeeds acting on the flames of a wildland fire will increase the

fire spread rate.

Steiner (1976) used Byram (1954) as the basis for his study and expanded possible
relationship between wind shear and blowup fires. The paper discussed downwind-tilted fire-
induced convective column that develops with the background wind increase with height. Steiner
argued that tilting enhances the mixing of air on the downwind side of the fire. An excerpt from
Steiner et al. (1976) presented in Potter et al. (2012), "... a profile with positive wind shear would
produce net divergence on the downwind side of the fire and counteract the surface convergence
produced by the fire." While the simulations presented in this study employ a wind profile
similar to that which was used in Steiner et al. (1976), net divergence does not develop
downwind of the simulated fire. In all of the simulations the surface convergence produced by

the fire dominates and is not counteracted by the divergence seen in the simulations.

Potter et al. (2012) focused on many aspects of fire weather research, including the
influence of background wind profile and fire shape. The influence of background wind profile
was covered at length and was identified as an area that required further investigation. Potter et
al. (2012) also suggested that interactions between background wind and temperature profiles
control turbulence, mixing and entrainment of rising air in the plume, and influence the

conversion of buoyant potential energy to vertical velocity.



2.1.2 Fire Shape

The shape of a wildland fire evolves over multiple spatial and temporal scales. Green et
al. (1983) identified three main fire shapes that have been investigated: ovoid shapes (Peet 1967),
an ellipsoidal shape (Van Wagner 1969, Anderson 1983, Alexander 1985), and a double
ellipsoidal shape (Albini 1976). These shapes have been used in the numerical modeling of
wildland fires, although no studies have focused on the effects of fire shape on atmospheric

circulations.

The ovoid fire shape model (Peet 1967) relates the head fire and flank fire spread rates by
employing an ellipse that comes to a gentle point at one end along the major axis of the ellipse.
Although the ovoid fire shape model was found in Green et al. 1983 to be the best representation

of wildland fire shapes, it is not used as much as the ellipsoidal fire shape model.

The ellipse fire shape model (Van Wagner 1969) is the most common fire shape studied.
Anderson (1983) expanded upon the Van Wagner (1969) ellipsoidal fire shape and related it to
wind speed. Alexander (1985) later expanded on the ellipsoidal fire model discussed in Anderson
(1983). These studies proposed that the ellipse can be used to describe fire spread under uniform
fire conditions and constant atmospheric conditions, where the eccentricity of the ellipse is

determined by the background wind speed.

Equations for the double ellipse fire shape model (Albini 1976) were developed for fire
spread rates downwind (head fire) and upwind (backing fire). Head fires and backing fires were
typically found to have different spread rates for which the ellipsoidal fire shape model cannot

account. The double ellipse fire shape model is approximated by two interlocked ellipses across



a single axis. The first ellipse models the spread of the backing fire while the second ellipse

models the head fire.
2.2 Numerical Studies
2.2.1 Past Numerical Modeling Studies

Computational numerical weather prediction models have been used to study atmospheric
phenomenon since the 1950’s, but the earliest fire-atmosphere coupled models appeared in the
1990’s. Numerical models are ideal for studying fire-atmosphere interactions because collecting
the observations necessary to understand the relevant processes occurring during a wildland fire
is difficult due to extreme conditions. Fire-atmosphere coupled models have been developed to
investigate the relationship between combustion processes at scales ranging from O(107 to 10°

m) and resolvable atmospheric processes at scales ranging from O(10! to 10° m).

One of the first models developed was a two-dimensional fire-atmosphere coupled model
presented in Heilman and Fast (1992). Heilman and Fast was one of the first studies to use a
numerical model to investigate the hypotheses presented in Byram (1959). Heilman and Fast
focused upon the turbulent atmospheric characteristics that result from the sensible heat flux that
is associated with a wildland fire. The study documented the development of buoyancy-induced
horizontal roll vortices in the vicinity of the simulated fire. The fire was parameterized by
applying a constant heat source at the surface with a potential temperature of either 900 or 1500
K. The study employed a model domain with a horizontal extent of 2000 m with 50 m grid
spacing. The vertical extent of the model domain was 1800 m with the vertical grid spacing
stretched using a log profile (0.27 m at the surface increasing to 190 m grid spacing 100 m AGL

and remaining constant above this level). Heilman and Fast (1992) stated: "Results showed a



definite effect of wind speed on updraft strength and tilt, as well as roll vortex generation...";
and, "Higher wind speeds produced weaker updrafts, greater tilt, and weaker vortices. The

strongest vortices developed when there was no ambient wind."

Clark et al. (1996b) was the first study to present a two-way interactive atmosphere-fire
coupled model. The study implemented a fire spread parameterization and analyzed the effects of
vortices on spread rates within the model. The simulations demonstrated that counter-rotating
vortex pairs can result in a phenomenon called “dynamic fingering”. Dynamic fingering occurs
when the counter-rotating vortex pairs enhance the winds between them, which can cause the

rate of fire spread to increase rapidly.

Linn (1997) documented the development of a fire transport model (FIRETEC). FIRETEC
was designed to simulate the behavior of gases and fuels without explicitly resolving the details
of the combustion process. FIRETEC was later coupled with an atmospheric dynamics model,
HIGRAD (Reisner el. al. 1999, Reisner et al. 2000). The FIRETEC/HIGRAD coupled model has
been used to simulate atmosphere-fire interactions over scales ranging from O(10° to 10! m). The
governing equations of this model are based on an approach similar to Reynolds averaging of the

Navier-Stokes equations.

A different approach to fire modeling was taken by Mell et al. (2007), which documented the
development of an atmosphere-fire coupled model called wildland urban interface (WUI) Fire
Dynamics Simulator (WFDS) which was developed from Fire Dynamics Simulator (FDS)
(McGrattan et al. 2002). FDS is designed for simulating fires within structures and the
combustion of construction type materials. WFDS takes a different approach from other
atmosphere-fire coupled models in that it solves the Navier-Stokes equations with an emphasis

on low-speed, thermally-driven flows that affect heat and smoke transport. Mell et al. (2007)
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focused on fire spread and combustion characteristics of different fuels. Mell et al. (2007)
simulated grassland fire experiments that were presented in Cheney et al. (1993) and in Cheney
and Gould 1995. The simulations presented found that fires burning under light wind conditions

often had more variable fire spread rates and were driven by localized thermal activity.

A LES (Large Eddy Simulation) model approach was documented by Sun et al. (2009). The
University of Utah LES model (UU-LES) was designed to study small-scale atmospheric
circulations involved in cumulus convection. UU-LES uses a combustion parameterization that is
similar to the one employed in Clark et al. (1996b). UU-LES, although simpler than WFDS,
compared well with WFDS in the Mell et al. (2007) validation study. Jenkins et al. (2007) used
UU-LES to examine the effect of vertical wind shear on the evolution of grassland fires. Jenkins
et al. (2007) found that a constant background wind, and a moderate background wind
decreasing with height does not promote erratic fire behavior. The simulation that had exhibited
the most erratic fire behavior was the simulation that had a tanh-sheared background wind with a
surface wind speed of 5 m s%. This background wind profile was found to influence fire’s

behavior due to the advection of vorticity by the background wind.

The widely used mesoscale model, the Weather research and Forecasting model (WRF), was
coupled with a wildland fire-behavior module named WRF-Fire (Coen et al. 2012). The module
is a surface fire behavior model that is coupled with the WRF atmospheric model that allows for
the model to simulate fire-atmosphere interactions. The near surface winds from the atmospheric
model are interpolated to the finer spatial and temporal resolutions of the fire module. The focus
of WRF-Fire is on producing forecasts of fire-spread based on an established mesoscale model.

Simpson et al. (2014) used WRF-FIRE to investigate vorticity driven lateral fire spread. The



study found that the fire whirls that contribute to the lateral fire spread lead to an increase of the

upslope fire spread rate.

Kiefer et al. (2008) used the Advanced Regional Prediction System (ARPS) numerical model
(Xue et al. 1991) to simulate the atmospheric response to a wildland fire. ARPS is three-
dimensional nonhydrostatic model that was developed from the Miller and White (1984) study.
ARPS is a utilized to simulate atmospheric processes on scales ranging from O(10 to 10 m). In
the Kiefer et al. (2008) study, ARPS was configured to use a two-dimensional domain that is 40
km long in the horizontal direction by 10 km high in the vertical. The grid spacing employed
horizontally was 50 m and is 40 m on average in the vertical. A soil potential temperature
perturbation of 400 K was employed to initiate fire-induced convection in the model. The study
investigated the effects of changing the background static stability and wind profiles. The wind
profiles used in had a low-level jet feature, and the height of the feature and its effects were the

focus of the study.

Kiefer et al. (2009) built on concepts examined in Kiefer et al. (2008) by studying the
organization and strength of dry convection using the ARPS model. ARPS was setup similarly to
Kiefer et al. (2008), and the study documented that a wind profile with a level of zero wind speed
contributed to the formation of new updrafts in a multicellular pattern. The study organized
plume characteristics into three different modes labelled: multicell, deep-wave and intense-
plume modes, and found that these plume characteristics depended on the background wind

profile.

Kiefer et al. (2010) expanded upon these results by employing three-dimensional ARPS
simulations to investigate the atmospheric response to a sinusoidal fire shape. The study found

that fire lines with large undulations developed areas of convergence upwind of the fire and
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divergence downwind of the fire. Simpson et al. (2013) used a similar approach to Kiefer et al.
(2010) by employing a three-dimensional ARPS simulation to analyze the effects of low-level
jets on the convective column produced by a fire. Simpson et al. (2013) identified sensitivities in
the downwind convective-plume dynamics to the different background wind profiles from

Byram et al. (1954).

2.2.2 Current Numerical Modeling Study

This study uses a high-resolution cloud-resolving model designed to simulate convection, the
Cloud Model 1 (CM1) (Bryan and Fritsch 2002). CML1 is a state-of-the-science numerical
weather prediction model that is most commonly used to investigate the moist processes
associated with atmospheric convection. The model utilizes a method that retains all the terms in
the thermodynamic and pressure equations. This allows for CM1’s mass errors to be several
orders of magnitude smaller than those from other cloud models that integrate pressure
equations. Due to this approach CM1 conserves mass and energy better than ARPS and
conserves energy better than WRF. One consequence of this approach is the computational
requirements of the model. Simulations using moisture take roughly two to three times the wall

clock run time than those ran without using moisture.

In Bryan and Fritsch (2002), a case was examined using four different formulations of
thermodynamic and pressure equations. The comparison was performed for the same case
involving dry and moist convection. The results showed that simulations including additional
terms in the governing equations, that would normally be removed due to scale analysis,
provided the most accurate results. Due to the complexity in model physics involved with
simulating moist air processes, this model is computationally very rigorous. Orf et al. (2017),

Coffer et al. (2017), and Maclntosh et al. (2017) have used CM1 to simulate convection
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associated with severe thunderstorms. To date, no studies have used CM1 to study the

atmospheric response to a wildland fire.
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CHAPTER |11 - SENSITIVITIES OF SIMULATED FIRE-INDUCED FLOWS TO FIRE
SHAPE AND BACKGROUND WIND PROFILE USING A CLOUD-RESOLVING
MODEL

3.1 Introduction

This study uses a numerical weather prediction model to investigate the effects of
background wind and fire shape on the atmospheric response to a wildland fire. The numerical
weather prediction model that is used is capable of resolving cloud-scale processes, Cloud Model
1 (CM1), is utilized to simulate the atmospheric response to a wildland fire. CM1 will be used to
explore the sensitivities of the atmospheric response to a wildland fire to different background
wind profiles and fire shapes. Three background wind profiles and three fire shapes for a total of
nine simulations, will be analyzed in this study. These sensitivities are explored to understand the
atmospheric response to a wildland fire and the possible implications this response has on fire
behavior and fire spread. The results from these nine simulations, when combined with field

observations, help improve our understanding of fire-atmosphere interactions.

3.2 Methods

3.2.1 Model Setup

The model used in this study is CM1, a three-dimensional, high-resolution, cloud resolving
model. The horizontal extent of the domain is 6000 m in both the x and y directions. A uniform
horizontal grid spacing of 10 m (600 grid points) and non-uniform vertical grid with an average
grid spacing of 40 m (250 grid points) are employed. The domain has a vertical extent of 12500
m. The vertical grid is stretched such that the minimum grid spacing is 2.5 m at the surface and
the maximum grid spacing 250 m at the top of the domain. The bottom boundary condition is

semi-slip (i.e. partial-slip) with the land use set to the WRF value for grasslands. The roughness
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length of the surface is set to 0.001 m so as to minimize the effects of friction at the surface.
Open-radiative lateral boundary conditions are used, and a Rayleigh damping zone is added to
the outermost five grid points at the West/East boundaries to limit the propagation of waves that
reach those boundaries. The top boundary condition is open-radiative with a Rayleigh damping
zone that starts at 11500 m above the surface extending to the top of the domain at 12500 m. The

sponge layer The inverse e-folding time (alpha) for all Rayleigh damping zones is set to 5.0e™.

The Smagorinsky turbulent kinetic energy subgrid-scale turbulence closure scheme (Stevens
et al. 1999) is used. Surface radiation physics and surface momentum fluxes are turned off. This
is done to eliminate any heat, momentum, and moisture fluxes from the land surface. Moisture is
turned off in the model, the background atmospheric conditions are without moisture and the fire
does not release moisture. Coriolis is turned off because the Coriolis force is negligible at the
spatial and temporal scales used in this study. Second order Runge-Kutta time differencing and
fifth-order accurate spatial derivatives for the advections terms are employed (Wicker and

Skamarock 1998).
3.2.2 Model Simulations

The fire is represented in CM1 by a surface sensible heat flux. The heat flux is zero at the
start and linearly increases to 25 Kw m in the first ten seconds. The surface sensible heat flux is
kept constant through the rest of the simulated period. The magnitude of the sensible heat flux
used in this study falls within the range documented in previous modeling studies (Kiefer et al.
2009, 28.8 kW m2, 15 kW m2, Heilman and Fast 1992, 37 kW m2) and compares well with
measured data from Clements et al. (2007) (28.5 kW m?) for a grass fire. The surface fire is
located near the center of the domain in to minimize the effects of waves reflecting off the

boundaries. Figure 1 shows the three fire shapes that are employed by this study (hereafter,
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shapes A, B, and, C) that represent a range of curvatures. The total area of each fire shape is the
same, as is the west-east cross-section of each fire shape (i.e. each fire is 70 m across from west
to east). The magnitude and shape of the sensible heat flux is held constant for the duration of

each simulation.

1000 2hapeA 1000 hapeB = 1000 ->hapeC R
750 - 750 - 750
500 - 500 - 500 -
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5 250- 250 - 250 -
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-1000 . ‘ -1000 - , , , | -1000 ‘
-1000 =750 -500 —-250 0 250  —1000 —-750 -500 -250 O 250  —1000 -750 -500 -250 0 250

Distance from center (m)

Figure 1. Three fire shapes (shape A, shape B, and shape C) and their location within the model

domain. The locations where a sensible heat flux of 25 kW m2 is applied are shaded in red.

Three background wind profiles are used in the simulations (Figure 2). The first wind profile
has 0 m s background wind speed at all levels. The second and third wind profiles have 5 m s*
and 10 m st wind speeds respectively from the top down to 2000 m AGL, decrease linearly to
100 m AGL and then logarithmically to ~0 m s™* at the surface. The three wind profiles used are

assumed to be in the positive x-direction. The lowest 100 m of the wind profile features a
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logarithmic decrease in wind speed from 100 m AGL to the surface. Wind profile 4c in Byram
(1954) is similar to the profiles used in this study in that it features a linear increase from 8 miles
per hour (~3.5 m s) at the surface to 15 miles per hour (~6 m s*) at a height of 1500 ft above
the pilot balloon station, and is held constant above that height. The wind profiles used in this

study are assumed to be a positive (westerly) U for all simulations.
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Figure 2. Three background wind profile that are used in the simulations: no background wind

(black), 5 m st max wind (blue), 10 m s max wind (red).

The background temperature profile is assumed to have a moist adiabatic lapse rate for all of
the simulations. Table 1 shows all of the simulations that were produced for this study. Each row
in the table corresponds to a different background wind profile and each column corresponds to a

different fire shape. For simplicity, the first row of table will be referred to as no background
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wind simulations, the second row as 5 m s max wind simulations, and the third row as 10 m s
max wind simulations. Hereafter individual simulations will be referred by the abbreviations list

in the table (e.g. “SshapeB” refers to the simulation with a 5 m s max wind profile and fire

shape B).
Background Wind Profile
Oms! 5ms! 10 m s°!
OshapeA SshapeA 10shapeA
Fire Shape B OshapeB SshapeB 10shapeB
C OshapeC SshapeC 10shapeC

Table 1. All of the simulations analyzed are shown with their respective name and background

characteristics.
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3.3 Results

3.3.1 Vertical Cross Sections

Figure 3 shows a cross section of u-wind velocity through the center of the model domain
1700 s into all of the simulations. The effect of the differing background wind profiles in the
simulations appears as an increase in background wind speed with height in the second and third
columns of panels. The effect of the fire on the u-wind is evident in the random, turbulent
perturbations that form near the surface at the location of the fire and extend upward over the
course of the simulation as a convective column of fire-modified air. The fire-modified air rises
until it reaches an equilibrium level (EL) that is determined by the static stability of the
background profile of potential temperature, the magnitude of the surface heat flux, turbulent
interactions between the perturbation and the background environment, and the background
wind. The fire-modified air overshoots the EL and exhibits a vertical oscillation around that level
that propagates (asymmetrically) to the left and right in the no background wind simulations and
is advected to the right in the simulations with background wind. The fire-modified air
overshoots the EL and exhibits a vertical oscillation around that level that propagates
(asymmetrically) both up and downwind in the no background wind simulations and is advected
downwind in the simulations with background wind. The maximum height of the fire-modified
air, as indicated by u-wind perturbations in Figure 3, is lower in simulations with stronger
background wind. In the no background wind simulations, the maximum height of fire-modified
air at 1700 s decreases from about 1500 m AGL in no background wind simulations (Figure 3,
Column 1), to 1250 m AGL in the 5 m st max wind simulations (Figure 3, Column 2), and to

1000 m AGL in the 10 m s* max wind simulations (Figure 3, Column 3). Also note that the
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magnitude and vertical extent of the negative u-wind perturbations downwind of the fire
simulations are larger in simulations with stronger background wind.

The no background wind simulations (Figure 3, Column 1) exhibit negative u-wind upwind
of the fire location over a depth of about 750 m. In the 10 m st max wind simulations (Figure 3.,
Column 3), the downwind of the fire u-wind depth is shallower having a depth of about 250 m.
Curvature has little influence on the u-wind features directly downwind of the fire, however, it
has a large effect on the inflow depths and strength upwind of the fire The near surface u-wind
inflow upwind of the fire is lower in depth and smaller in magnitude in simulations with more
curvature in the no background wind and 5 m s™* max wind simulations. In the no background
wind simulations, the depth of the positive u-wind inflow upwind of the fire is considerably
deeper in the OshapeA simulation (about 500 m) than in the OshapeC simulation (about 125 m).
The magnitude of the inflow is nearly twice as large in the OshapeC simulation (about 2.9 m s)
as in the OshapeA simulation (about 1.5 m s). The near surface winds upwind of the fire are
stronger with larger background wind for shapes B and C. In the shape C simulations, the
maximum inflow upwind is higher in the OshapeC simulation (approximately 2.9 m s) than in
the 10shapeC simulation (approximately 1.4 m s). The fire induced inflow as large as about 3 m
st in the no background wind simulations and is as large as about 1 m s in the 10 m s max
wind simulations. The fire induced inflow in the 5 m st max wind simulations is as large as 1.5

ms?,
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Figure 3. Vertical cross section of u-wind 1700 s into the simulations. u-wind velocities are
shaded. Positive values indicate a wind direction to the right, negative values indicate a wind
direction to the left.

Vertical velocity is the next topic we examine. Vertical velocity is important to look at to

have a better understanding of the characteristics within the convective column. Figure 4 is a

1500

cross section of the vertical velocity through the center of the model domain at 1700 s into all of

the simulations. The fire-modified air appears as an updraft near the surface, with air rising up to

the EL after which the effect of static stability is to produce a vertical oscillation around the EL.

Similar to the horizontal wind, the vertical velocity fields are much more sensitive to the

background wind profile than to the shape of the fire. The updraft is affected by changes in

background wind such that the tilt of the updraft downwind of the fire is steeper in simulations
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with larger background wind. For the no background wind, the width of the updraft, which is
determined by the level with the maximum width of positive vertical velocity values below the
EL, increases from 550 m in the OshapeA simulation to 1020 m in the OshapeC simulation. In
simulations with larger background wind, the width of the updraft is also larger in the shape C
simulations than shape A simulations. The width appears to decrease with the increase in wind
speed. For example, the 10shapeC simulation has an updraft width of 120 m compared to the
OshapeC simulation, which has an updraft width of 1020 m. For all of the simulations the
maximum positive vertical velocities are about 12 m s,

In the no background wind simulations (Figure 4, Column 1), there is a larger area of positive
vertical velocity below 500 m in simulations with more curvature. In the OshapeC simulation, the
positive vertical velocity values upwind appear approximately 750 m from the center of the
domain. In the OshapeA simulation, the positive vertical velocity values appear upwind
approximately 250 m from the center of the domain. Below 500 m AGL, subsidence upwind of
the fire is lower in magnitude in no background wind simulations with more curvature. In
simulations with a background wind, there is no clear difference in the subsidence upwind. In
simulations with a background wind, there is subsidence below 500 m AGL downwind of the
fire that appears to decrease in strength with increasing curvature. Subsidence outside of the
updraft in the 5shapeA and 5shapeB simulations is weak compared to the no background wind
simulations. In the 5shapeC simulation, the magnitude of the subsidence below 500 m AGL is

approximately 1 m s,

21



2000

1750

1500

o
~
a
=]

~
o
=]

Height AGL (m)
5
o
o
-

wu
=3
=)

250

0+ T
-1500 -1000
2000

-500 0 500

04
-1500 —1000

-500 0 500
2000
1750
1500 »F ,(
Easo
- ’
3 .
< 1000
o
g 750 \
4 )
s00 1 Y, (‘ )i
» \)
RN
0
-1500 -1000 -500 0 500

1000

1000

1000

1500

1500

1500

2000

1750

1500

1250

1000

750

500

250 -

0+
-1500

2000

1750

1500

1250

1000

750

500

250

0
—-1500 —1000

2000

1750 -

1500

1250

1000 +

750

500

250

0+
-1500 -1000

-1000 -500 (]

9

AL

b
A

-500 0

=500 (]

<

T L
Vertical Velocity (m s~1)

2000

1750

1500 -

1250

1000

750

500

250 -

0+
-1500 -1000
2000

500 1000

1500 -500 0 500 1000 1500

1750

1500

1250

1000 -

750

500

250

500 1000

0
1500 -1500 -—1000 1500
2000

1750
1500
1250
1000
750 +
500
250

0+
-1500 -1000 -500 0 500

1000

1500

500 1000
Distance from center (m)
Time: 1700 Seconds

1500

10

Figure 4. Cross section of vertical velocity 1700 s into the simulations. Vertical velocities are

shaded. Positive values indicate an upward wind, negative values indicate a downward wind.

Now we examine the time evolution of the maximum plume height for all of the simulations.

Figure 5 is a time series of the maximum plume height for all of the simulations. The maximum

plume height is defined subjectively as the maximum height where the vertical velocity is greater

than 0.1 m s't. The maximum plume height in all of the simulations for the first 400 s, after

which it oscillates around a characteristic value for each simulation. The maximum plume height

in the time series decreases from 2,000 m AGL for the no background wind simulations (Figure

5, Column 1), to 1,475 m AGL for the 5 m st max wind simulations (Figure 5, Column 2), and to

1,300 m AGL for the 10 m s** max wind simulations (Figure 5, Column 3). There is less
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variation in the maximum plume height over time in the background wind simulations than in the

no background wind simulations (compare Figure 5, Columns 2 and 3 to Figure 5, Column 1).

3.3.2 Time Series
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Figure 5. Time series of the maximum plume height for all of the simulations.
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3.3.3 Surface Analysis

Next, we examine a surface analysis of perturbations from the background u-wind (Figure 6),
which are determined by subtracting the background wind from the u-wind at every grid point in
the model domain. The overall pattern for all of the simulations is positive perturbations upwind
of the fire and negative perturbations downwind of the fire. The horizontal extent of the inflow
upwind of the fire area increases in simulations with increasing background wind and curvature.
In the no background wind simulations, the inflow directly upwind of the fire, which has a
magnitude of approximately 1.5 — 2 m s, is larger with more curvature. In the background wind
simulations, the inflow directly upwind of the fire is weaker with magnitudes less than 0.5 m s,
but the magnitude of the downwind u-wind perturbation is larger compared to no background
wind simulations. The maximum magnitude for the downwind u-wind perturbation ranges from
approximately -1.0 m s in the no background wind simulations to approximately -1.5 m s in
the 10 m st max wind simulations.

In the no background wind and 5 m s** max wind simulations, a small arc of negative and
positive fine-scale perturbations is present along the upper and lower inside flanks of the fire.
The fine-scale perturbations have a larger horizontal extent in simulations with more curvature.
The fine-scale perturbations have a smaller horizontal extent in simulations with larger
background wind. In the 10 m st max wind simulations, areas of negative u-wind downwind of
the fire extend horizontally orthogonal to the curvature of the fire. The areas of negative u-wind

downwind of the fire form 250 m further upstream with each increase in curvature.
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Figure 6. Horizontal cross section of perturbations from background u-wind at the surface 1700 s
into the simulations. The perturbations of u-wind at the surface are shaded. Positive values
indicate a perturbation wind direction to the right, negative values indicate a perturbation wind
direction to the left.

A surface analysis of divergence 1700 s into the simulations is examined next (Figure 7).
Divergence/convergence is defined as the net horizontal outflow/inflow of air at any given point.
There is convergence inside the fire area and divergence directly outside of the fire area. The

magnitude of the divergence directly upwind of the fire is larger with more curvature in the no
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background wind (Figure 7, Column 1) and 5 m s* max wind simulations (Figure 7, Column 2).
The magnitude of the divergence directly upwind of the fire area is approximately -2.0 s in the
no background wind simulations and approximately zero st in the background wind simulations.
Curvature has no clear influence on the divergence directly upwind of the fire in the 10 m s> max
wind simulations (Figure 7, Column 3).

Simulations with background wind develop linear convergence features (“streamers”) of
magnitude approximately -0.25 s that coincide with the patterns in u-wind perturbations
downwind of the fire (Figure 6). The magnitude of the streamers in the 10 m s* max wind
simulations is approximately 0.25 s and have a length of approximately 1,500 m. The streamers
are shorter in the 5 m s* max wind simulations (approximately 1,000 m) than in the 10 m s max
wind simulations. There are areas of alternating convergence and divergence in the 10 m st max

wind simulations.
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Divergence is shaded by positive values, convergence is shaded by negative values.
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3.3.4 Vertical Vorticity

We turn our attention to vertical vorticity which is important for fire spread implications. The
focus will be on vertical vorticity since it is the dominant component of the fire induced
vorticity. Figure 8 is a time series of the distribution of vertical vorticity for all of the
simulations. Vertical vorticity is defined as the instantaneous spin around the z-axis of air at a
given point. Positive vertical vorticity indicates cyclonic (counter-clockwise) rotation, whereas,
negative vertical vorticity indicates anti-cyclonic (clockwise) rotation. Figure 8 shows the
vertical vorticity values separated into positive and negative distributions, with the 25%
percentile, mean, 95" percentile and min/max of each distribution. Only values greater/less than
+/- 0.25 st are shown. The 5 m st max wind simulations show the least variation over time in
the min/max and 95" percentile values, and it also show the least sensitivity to curvature. The
min/max vertical vorticity in the no background wind simulations reach values of approximately
+/- 1.25 st and exhibit more variability over time than the background wind simulations. In the 5
m st max wind simulations (Figure 8, Column 1), 5shapeA and 5shapeB have smaller min/max
vertical vorticity (approximately +/- 0.75 s*) than the no background wind simulations. In the 10
m st max wind simulations, 10shapeA has the strongest min/max vertical vorticity
(approximately +/- 1.0 s), whereas 10shapeC has the weakest min/max vertical vorticity

(approximately +/- 0.7 s) and varies the least over time.
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Figure 9 is a surface analysis of vertical vorticity 1700 s into all of the simulations. The
overall pattern indicates the fire location and the significant differences in vertical vorticity
patterns that develop in each of the simulations due to the effects of background wind and
curvature.

In the no background wind simulations (Figure 9, Column 1), areas of higher magnitude
vertical vorticity develop upwind of the fire along the flanks in the interior arc. Fine-scale
vertical vorticity perturbations develop upwind of the fire, and these perturbations cover a larger

29



area in simulations with more curvature. The vertical vorticity features that form along the fire
arc have the opposite sign (negative) of the largest magnitude vertical vorticity features

(positive) that form upwind along the flanks in the interior of the fire.

In the 5 m s max wind simulations (Figure 9, Column 2), areas of higher magnitude
vertical vorticity also form upwind of the fire along the flanks in the interior of the arc. The
maximum positive/negative vertical vorticity magnitudes are weaker in the 5 m s™* max wind
simulations (approximately +/- 0.6 s™*) than in the no background wind simulations
(approximately +/- 1.0 s). These maximum positive/negative magnitudes of the vertical
vorticity are located farther upwind in simulations with less curvature. The number of individual
vortices is also larger in simulations with more curvature. Fine-scale vertical vorticity
perturbations are directly upwind of the fire. These fine-scale vertical vorticity perturbations
increase in area with more curvature. The sign of the fine-scale vertical vorticity perturbations
varies more in the 5 m st max wind simulations than in the simulations with no background

wind.

In the 10 m s max wind simulations (Figure 9, Column 3), areas of higher magnitude vertical
vorticity do not develop upwind of the fire, but instead develop downwind. The distance between
the outside flanks of the fire and these areas of higher magnitude vertical vorticity is larger in
simulations with more curvature. The maximum positive/negative magnitudes of the vertical
vorticity in the 10 m s max wind simulations are approximately +/- 0.5 s™*. The location of the
maximum positive/negative magnitudes of vertical vorticity are more upwind with more
curvature. The sign of the higher magnitude vertical vorticity areas, in the 10 m s max wind
simulations, are the opposite of the same areas that develop in the no background wind and 5 m

st max wind simulations. The fine scale perturbations in the fire are also the opposite sign of the
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higher magnitude vertical vorticity values. The sign of these fine-scale vertical vorticity
perturbations (positive) is the opposite of that seen in the no background wind simulations
(negative). These results suggest that stronger background wind contributes to a reversal in the

sign of the maximum vorticity in the vicinity of the fire.
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simulations. Positive values of vertical vorticity indicate cyclonic rotation, and negative values of

vertical vorticity indicate anticyclonic rotation.
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CHAPTER IV - DISCUSSION AND CONCLUSION

This study examines the atmospheric response to a wildland fire using the CM1
numerical weather prediction model. CML1 is used to produce nine simulations with three
different fire shapes and three different background wind profiles. The results demonstrate that
CML is capable of simulating the atmospheric response to a wildland fire, and that the response
is sensitive to background wind profiles and fire shape. While all the meteorological variables
analyzed in this study showed some sensitivity, the degree of sensitivity varies depending on the
meteorological variable that is considered. Vertical vorticity is found to exhibit the greatest

sensitivity to both fire shape and background wind profile.

The background wind profile affects the tilt of the convective column, contributing to a
downwind tilt that is stronger in simulations with a stronger maximum background wind speed.
This result agrees with Heilman and Fast (1992), but it also establishes that strong surface winds
are not necessary for producing a convective column that tilts downwind. While the simulations
presented in this study employ a wind profile similar to that which was used in Steiner et al.
(1976), net divergence does not develop downwind of the simulated fire. In all of the simulations
the surface convergence produced by the fire dominates and is not counteracted by the

divergence seen in the simulations.

The overall distribution of the simulated horizontal and vertical velocities is less sensitive
to fire shape than to the background wind profile. The maximum plume height is more sensitive
to background wind than fire shape. In the no background wind simulations, the highest
maximum plume heights were lower in simulations with stronger background winds. Surface

divergence is more sensitive to background wind then fire shape. In simulations with background
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wind, streamers of convergence form downwind of the fire and are longer in the 10 m s

maximum wind simulations.

The simulated vertical vorticity features exhibit the most differences in the simulations
and are driven by changes in both background wind and fire shape. The vorticity features form in
different locations, have different magnitudes, and different distributions in each of the
simulations. In the no background wind simulations and the 5 m s* maximum wind simulations,
fine-scale perturbations form, upwind of the fire along the flanks in the interior of the arc. The
fine scale vertical vorticity perturbations that form along the interior flanks of the fire arc have
the opposite sign of the largest magnitude vertical vorticity features that form upwind. The
highest magnitude vertical vorticity values form in the simulations with no background wind,
which agrees with the results of Heilman and Fast (1992). Increasing background wind speed
lowers the magnitude of the minimum/maximum vertical vorticity values. In the 10 m s max
wind simulations, maximum values of both positive and negative vertical vorticity form farther
upwind with more curvature. The fine scale perturbations in the fire are the opposite sign of the
highest magnitude vertical vorticity features. The sign of these fine-scale vertical vorticity
perturbations (positive) is the opposite of that in the no background wind simulations (negative).
These results suggest that stronger background wind contributes to a reversal in the sign of the
maximum vorticity in the vicinity of the fire. This result could have implications for both fire

fighter safety and for understanding fire spread.

The limitations of this study start with the idealized horizontally homogenous
atmospheric background conditions. A linearly increasing potential temperature profile is used
for background temperature distribution, but in reality, atmospheric stratification could be more

stable or unstable. The background wind profiles used, which increases logarithmically from
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surface to 100 m, linearly from 100 to 2000 m and remains constant until model top, is also
highly idealized. A real atmosphere can be characterized by multiple layers with different wind
speed and wind shears. An even bigger limitation is the lack of moisture both in the background
atmospheric condition and release from fire combustion. Last, but not least, the fire is
introduced in the model by a surface sensible heat flux that is homogenous in the fire zone and
static, but in reality, fire intensity can change due to heterogeneity in fuels, changes in

atmospheric conditions, and fire-atmosphere interactions.

The next steps for this study are to expand on the sensitivities presented here. Using fire
observations and combining them with future simulations could be useful in determining how
close, or far, from reality the model results are when simulating wildland fires. In addition to
combining simulation and observational data, exploring different fire shapes and additional
background wind profiles could be a way to expand on topics covered in this study. Due to the
threshold behavior exhibited in the vertical vorticity, background wind profiles between 5 m s
and 10 m st should be examined. The effects of moisture, interactive fire parameterizations, and
forest overstory could be examined. The ultimate goal of CM1 simulations of wildland fires is to
explore the effects and sensitives to moisture of pyrocumulus, pyrocumulonimbus, and deep

convective circulations.
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Appendix

The following section will show figures from the simulations presented in this study. The figures

below will present surface u-wind, surface divergence, and surface z-vorticity 600 and 1200 s

into all of the simulations. Lastly, three-panel plots of x-vorticity, y-vorticity, and v-winds will

be shown at 600, 1200, 1700 s in each simulation.
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Figure Al. Horizontal cross section of the perturbation of u-winds at the surface 600 s into the
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simulations. The perturbation of u-winds at the surface are shaded. Positive values indicate a

wind direction to the right, negative values indicate a wind direction to the left.
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Figure A2. Horizontal cross section of the perturbation of u-wind at the surface 1200 s into the
simulations. The perturbation of u-wind at the surface are shaded. Positive values indicate a wind

direction to the right, negative values indicate a wind direction to the left.

38



from center (m)

[

from center (m)

from center (m)

Figure A3. Horizontal cross section of divergence at the surface 600 s into the simulations.

o
Distance from center (m)
Time: 600 Seconds

pam— e
30 -1s 10 10 15 20

o5 66 05
Divergence (5™ 1)

1500 — 1500 ——
10001 1000 {
s00{ 00 {
|
of of
500 { -500{
-1000 { 1000 {
|
|
~1500 -1500
~1500 1600 500 1000 1m0 1300 1000 -500 3 w0 1000 1500
1500 — 1500, ——— — - — )
1000 { 1000 {
00 500 {
|
o] of
500 { -500 {
1000 { 1000 {
|
|
1500 -1500,
~1500 1000 00 1000 1300 T -1500 1000 -500 [3 w0 1000 1300
1500 - — - — - ST E— _— - — y
1000 { 1000 {
500 { 5001
of
|
s00{ -500{
~1000 { ~1000 {
1500 } - . . 1500 +— - —
1500 1000 500 1000 1500 -1500 1000 500 1000 1500

°
Distance from center (m)

Divergence is shaded by positive values, convergence is shaded by negative values.

39

1500



1500 - - - - - - 1500 - - - - - - 1500 1

1000 1000 1000
P ) %o
E
b3
§
g o o o
]
3
8
500 -sa0 s00
1000 -1000 1000
1500 1500 1500
%1308 1500 S0 3 Py wwon fr Mt Tioo %o 7 P oo fr- gy ™ S0 = oo 500
P — — S —— — 800 ———— — — S— — Beo———— ——— -
[
w00 1000 2000

£
3
b |
&
5 o of °
¢
s
@ 1
500 -500{ e
1000 1000 { 1000
|
1500 13500 1500,
1500 1500 %00 ) %0 1000 100 =130 1600 500 3 %0 000 1500 T C1300 1500 %0 ) %0 100 1500
1500 — _— _— — 1500 f— _— —_ — 1500 _— — —
1000 1000 1000
%0 %0 004
E
¥
£
&
s
5
[
500 500 5001
1000 1000 1000
1500 -1500 1500 4 i
“1500 1500 %0 %0 000 B0 T C1300 ) o0 000 15 1500 1000 1000 1500

[3 3
Distance from center (m) Distance from center (m)

i
Time: 1200 Seconds
20 -15 -10 05 60 05 18 15 20

o 05 @ 1
Owergence (5~ 1)

°
Distance from center (m)

Figure A4. Horizontal cross section of divergence at the surface 1200 s into the simulations.

Divergence is shaded by positive values, convergence is shaded by negative values.

40



10007 00
? 7%
0] 0] .
.
o N\
E om0 . 0]
§ o
g
¢
-
E s 250
» ¥ §
500 { 500 .
750 { 0
-1000 4 2 2 2 2 > 3 . | 1000 t : - : < : 2 . )
Ti000 70 S0 %0 3 %0 %0 7350 00 T Ci000 <750 ~50 -0 ) Zo %0 750 1000
10007 ;10007 5
701 7%
0] 0]
e
.
T mof g’ 201
3
H
¢
5
g am0f 50
-~
5001 S0
7501 0
1000 + . . . . . . 2 | 1000 + s z = . . = > )
-1000 70 -500 = 3 %0 %0 7% 000 | -1000 750 ~500 250 ) Zo %0 750 1000
1000 7 1 10007
7501 7
0] %0
“eu
*oe.
.
E > L 0
g 3
s s
E  of . 0
s '
& 0 -250
- an
Lo
500 500
7501 o
~1000 4 . . - - - - ., | 1000+ : . 2 = . : - |
Yoo 70 S0 0 750 o0 | -1000 750 ~50 4 [ 20 %0 750 1000

250 ] 20 -2%0 2
Distance from center (m) Distance from center (m)

Time: 600 Seconds
04 -03 -02 [ 03 o4

ical Vorticity (s~ )

250 13 %o %0 7%
Distance from center (m}

1000
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Positive values of vertical vorticity indicate cyclonic rotation, and negative values of vertical
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Figure A7. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the fire).

The y component of vorticity for the 0ShapeA simulation is shaded such that positive values of
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Figure A12. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
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wind direction from the bottom to the top of the image, negative values indicate a wind direction
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wind direction from the bottom to the top of the image, negative values indicate a wind direction

from the top to the bottom of the image. Convergence of the winds outside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A16. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the

fire). The y component of vorticity for the 0ShapeB simulation is shaded such that positive

values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.
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Figure A17. Vertical cross section of x-vorticity through the center of the domain. The x
component of vorticity for the 0ShapeB simulation is shaded such that positive values of x-
vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A18. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
into the 0ShapeB simulation. The v-winds at the surface are shaded. Positive values indicate a
wind direction from the bottom to the top of the image, negative values indicate a wind direction
from the top to the bottom of the image. Convergence of the winds inside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A19. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the
fire). The y component of vorticity for the %ShapeB simulation is shaded such that positive
values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.

2000 2000 2000
1750 1750 1750
1500 1500 1500
E1250 1250 AN ¢ 1250
E .
2 v N JN ) g & ~ﬁ\
<1000 - NP N 1000 v T, ’ 1000 P
£ ~g M Ty A ‘44
> - . (N J A} f ol £
g 750 ey 750 & . 750 1 (3 \
z -~ ( L .& e " A \‘ 3 ’
500 500 % -~ e %00 ﬁ:{ ) -
250 250 250 %
%50 10 5 : 50 1000 1500 1500  -1000 500 0 500 1000 1500 O
- 0 -1000 -500 o 0 - - -
Distance from center (m) Distance from center (m) -1500  -1000  -500 0 500 1000 1500

Distance from center (m)
Time: 600 Seconds. Time: 1200 Seconds Time: 1700 Seconds

<
-04 -03 -02 -01 00 01 02 03 04
X-vorticity (s 1)

Figure A20. Vertical cross section of x-vorticity through the center of the domain. The x
component of vorticity for the 5ShapeB simulation is shaded such that positive values of x-
vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A21. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
into the 5ShapeB simulation. The v-winds at the surface are shaded. Positive values indicate a
wind direction from the bottom to the top of the image, negative values indicate a wind direction
from the top to the bottom of the image. Convergence of the winds inside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A22. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the
fire). The y component of vorticity for the 10ShapeB simulation is shaded such that positive
values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.
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Figure A23. Vertical cross section of x-vorticity through the center of the domain. The x
component of vorticity for the 10ShapeB simulation is shaded such that positive values of x-
vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A24. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
into the 10ShapeB simulation. The v-winds at the surface are shaded. Positive values indicate a
wind direction from the bottom to the top of the image, negative values indicate a wind direction
from the top to the bottom of the image. Convergence of the winds outside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A25. Vertical cross section of x-vorticity through the center of the domain. The x
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component of vorticity for the 0ShapeC simulation is shaded such that positive values of x-

vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A26. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the

fire). The y component of vorticity for the 0ShapeC simulation is shaded such that positive

values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.
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Figure A27. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively

into the 0ShapeC simulation. The v-winds at the surface are shaded. Positive values indicate a

wind direction from the bottom to the top of the image, negative values indicate a wind direction

from the top to the bottom of the image. Convergence of the winds inside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A28. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the
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fire). The y component of vorticity for the 5ShapeC simulation is shaded such that positive

values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.
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Figure A29. Vertical cross section of x-vorticity through the center of the domain. The x
component of vorticity for the 5ShapeC simulation is shaded such that positive values of x-
vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A30. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
into the 5ShapeC simulation. The v-winds at the surface are shaded. Positive values indicate a
wind direction from the bottom to the top of the image, negative values indicate a wind direction
from the top to the bottom of the image. Convergence of the winds inside the fire arc is

associated with the same location of the vertical vorticity minimum/maximum features.
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Figure A31. Vertical cross section of y-vorticity at x = 285 (150 m upwind of the front of the
fire). The y component of vorticity for the 10ShapeC simulation is shaded such that positive
values of y-vorticity indicate cyclonic rotation about the y-axis, and negative values of y-

vorticity indicate anticyclonic rotation about the y-axis.
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Figure A32. Vertical cross section of x-vorticity through the center of the domain. The x
component of vorticity for the 10ShapeC simulation is shaded such that positive values of x-
vorticity indicate cyclonic rotation about the x-axis, and negative values of x-vorticity indicate

anticyclonic rotation about the x-axis.
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Figure A33. Horizontal cross section of the v-winds at the surface 600, 1200, 1700 s respectively
into the 10ShapeC simulation. The v-winds at the surface are shaded. Positive values indicate a
wind direction from the bottom to the top of the image, negative values indicate a wind direction
from the top to the bottom of the image. Convergence of the winds outside the fire arc is
associated with the same location of the vertical vorticity minimum/maximum features. Linear
bands of convergence form throughout the simulation that are associated with the linear bands of

convergence seen in the u-wind.
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Figure A34. Upwind view of a three-dimensional volume render of vertical vorticity at 600,
1200, 1700 s into the 10ShapeC simulations. The surface is shaded by the perturbations from
background u-wind and the volume is shaded by values of vertical vorticity. Positive values of
vertical vorticity indicate cyclonic rotation, and negative values of vertical vorticity indicate

anticyclonic rotation.
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Figure A35. Oblique view of a three-dimensional volume render of vertical vorticity at 600,
1200, 1700 s into the 10ShapeC simulations. The surface is shaded by the perturbations from
background u-wind and the volume is shaded by values of vertical vorticity. Positive values of
vertical vorticity indicate cyclonic rotation, and negative values of vertical vorticity indicate

anticyclonic rotation.
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