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ABSTRACT

Wildfires are capable of inducing atmospheric circulations that result predominantly from large temperature
anomalies produced by the fire. The fundamental dynamics through which a forest fire and the atmosphere
interact to yield different convective regimes is still not well understood. This study uses the Advanced Re-
gional Prediction System (ARPS) model to investigate the impact of the environmental (i.e., far upstream,
undisturbed by fire) wind profile on dry convection above a prescribed heat source of an intensity and spatial
scale comparable to a wildfire. Dimensional analysis of the fire-atmosphere problem provides two relevant
parameters: a surface buoyancy parameter that addresses the amount of heat a parcel of air receives in
transiting above the fire and an advection parameter that addresses the degree to which the environmental
wind advects updrafts away from the fire. Two-dimensional simulations are performed in which the upstream
surface wind speed and mixed layer mean wind speed are varied independently to better understand the
fundamental processes governing the organizational mode and updraft strength.

The result of these experiments is the identification of two primary classes of dry convection: plume and
multicell. Simulated plume cases exhibit weak advection by the mean wind and are subdivided into intense
plume and hybrid classes based on the degree of steadiness within the convection column. Hybrid cases contain
columns of largely discrete updrafts versus the more continuous updraft column associated with the intense
plume mode. Multicell cases develop with strong mixed layer advection and are subdivided into strong and
weak classes based on the depth of convection. Intense plume and strong multicell (hybrid and weak multi cell)
cases occur when the surface buoyancy is large (small). Parcel analyses are performed to more closely examine
the forcing of convection within different areas of the parameter space. The multicell (strong and weak) and
intense plume modes are forced by a combination of buoyancy and dynamic pressure gradient forcing asso-
ciated with the perturbation wind field, whereas the hybrid mode is forced by a combination of buoyancy and
dynamic pressure gradient forcing associated with the strong background shear.

The paper concludes with a discussion of the degree of nonlinearity that is likely to exist at the fire front for
each of the convective modes; nonlinear fire behavior is most likely for the hybrid mode and least likely for the
weak multicell mode. Knowledge of the sensitivity of the convective mode to upstream conditions can provide
information about the degree of nonlinear or erratic fire behavior expected for a given wind profile upstream of
the fire.

1. Introduction

Wildfires can have a profound impact on atmospheric
circulations, primarily through temperature anomalies
that result from the release of energy due to the com-
bustion of organic material. Sensible heat fluxes of 0.8-2
MW m-2

, in combination with the moisture produced
during the combustion process, can produce buoyancy-
driven horizontal and vertical circulations that feed
back on the fires via the advection of hot gases and
burning material and also through the mixing of air with
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flames to increase flame temperature and subsequently
fire intensity (Jenkins et al. 2(01). Early numerical model-
ing studies of plumes above forest fires considered only
the gross plume characteristics, the result of which was a
broad classification of plume-dominated and wind-driven
fires, with weaker (stronger) mean winds and greater
(lesser) heat output associated with the former (latter)
(Byram 1959; Grishin et al. 1984). Plume-dominated
fires feature more upright plumes whereas wind-driven
fires are associated with plumes strongly tilted down-
stream. Note, however, that this classification is purely
qualitative in that there is no rigorous, quantitative mea-
sure that differentiates between plume-dominated and
wind-driven wildfires.

The interaction of the environmental (i.e., unper-
turbed, far upstream) wind with buoyant circulations
above wildfires, however, can lead to the development
of multiple modes of convection of varying intensity and
spatiotemporal scale. The fundamental dynamics be-
hind the development of these convective modes are
still not well understood. One such convective mode is
multicellular convection, which consists of convective
cells that periodically develop and propagate away from
the fire. A second mode of interest is the fire plume,
which consists of one large, generally upright convec-
tion column with strong vertical velocities. Each of
these phenomena has appeared in lidar observations
(see Banta et al. 1992, Figs. 4 and 8) and in numerical
simulations using a coupled fire-atmosphere model (see
Clark et al. 1996b, Fig. 9). It should be noted that the
focus of Clark et al. (1996b) was on the multiscale
processes that control certain aspects of fire behavior,
such as fire line shape and spread rate. Although dif-
ferent convective modes were apparent in the figures
presented by Clark et al. (1996b), the features were not
examined in detail. In this study, we are interested in the
characteristics and dynamics of these phenomena.

Multicellular convection is a phenomenon that has
been studied in depth through both observations and
numerical simulations for more than 30 years [see brief
reviews in Lin et al. (1998) and Fovell and Tan (1998)].
The classic model of multicell convection involves a
cold pool resulting from precipitation falling into dry
subcloud air, which generates an updraft at its leading
edge. Discrete updraft cells periodically separate from
the gust front and move rearward (with respect to storm
motion) over the cold pool, depositing precipitation into
the dry subcloud air and thereby sustaining the meso-
scale convective system. A number of theories have
been developed to explain why cells separate from the
leading edge of the cold pool (i.e., the gust front) or, in
other words, why the convection is multicellular rather
than unicellular. Lin et al. (1998) proposed an advec-

tion-cutoff mechanism whereby compensating subsi-
dence flanking the cell cuts the cell off from the gust
front updraft. Fovell and Tan (1998) concluded that
buoyant circulations associated with growing cells could
weaken the gust front updraft and mix stable environ-
mental air into the cells inflow, effectively cutting the
cell off from its convective forcing and allowing advec-
tion to control cell movement away from the gust front.
Kiefer et al. (2008), in a numerical modeling study, sim-
ulated both plume and multicell modes generated by
forest fires and found that the fire-induced multi cell
mode is essentially a series of buoyant bubbles that are
advected by the environmental flow. With the relatively
weak heat source and large mean wind used in the
Kiefer et al. (2008) simulations, updrafts were unable to
strengthen substantially before being advected away
from the surface heat source.

In contrast, the unicellular wildfire plume mode has
been given much less attention in terms of the dynamics
of mode development, despite the fact that the most
intense three-dimensional phenomena are associated
with single plumes as opposed to multicell convection.
Much greater attention has been given to processes on
the scale of the fire line width [0(100 m)] or smaller
(e.g., Clark et al. 1996a; Cunningham et al. 2005), pro-
cesses that are of vital importance to operations at the
fire front. It is, however, important to consider the dy-
namics of the intense plume convection because atmo-
spheric circulations with scales 0(1 km) may signifi-
cantly affect conditions at the fire line (Potter 2005).
Over the past 50 yr, much of the research considering
the role of the environmental wind in single plume dy-
namics has focused on the upright versus tilted structure
of plumes in relation to ambient wind speed. Recently,
Kiefer et al. (2008) examined the role of a wind reversal
and Kelvin-Helmholtz instability in generating intense
plume phenomena in conditions that would normally be
associated with multi cell convection (i.e., weak surface
heat fluxes and strong winds). More work, however, is
needed to examine intense plume dynamics in different
environments.

Although three-dimensional phenomena such as
buoyancy-generated vortices will not be directly ad-
dressed in this study, some review is justified because of
the association of such phenomena with fire plumes.
McRae and Stocks (1987) and McRae and Flannigan
(1990) describe fire-driven vertical vortices strong enough
to rip out standing trees and clear surface organic ma-
terial, exposing bare mineral soil underneath. Simard
et al. (1983) describe firefighter observations of what
appear to have been horizontal roll vortices that locally
perturbed the wind field and produced intense down-
drafts in the early stages of the May 1980 Mack Lake fire
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in northern lower Michigan. The unpredictable move-
ment of the fire and lofting of firebrands (burning ma-
terial) led to the ignition of new fires and the death of
a firefighter suddenly caught between the primary and
secondary fires. Additionally, McRae and Hannigan (1990)
detail 20 occurrences of vertical vortices, some growing
to 400 m in diameter and persisting for as long as 2 h
before dissipating during a 5-yr period of prescribed fires
in Ontario, Canada. Given that intense vortical phe-
nomena are most commonly associated with fire plumes,
an improved understanding of the balance between buoy-
ancy and upstream flow that yields strong plumes (ver-
sus multicells) should be of interest to the firefighting
community.

We hypothesize that two fundamental processes de-
termine the organizational mode and overall intensity
of convection: advection by the upstream wind through
the depth of the mixed layer and the heating of surface
air parcels by the fire. These processes can be encap-
sulated in two nondimensional parameters that act as
control parameters for dry convection generated by
forest fires. These control parameters will be shown to
be of use in predicting organizational mode and iriten-
sity. By fixing surface heat flux, heating diameter, and
mixed layer depth, the sensitivity of convective mode to
the surface wind speed and mixed layer mean wind
speed can be rigorously examined. This approach to the
fire-induced convection problem is similar to that of
Baik et al. (2001), who explored the linear and weakly
nonlinear regimes of convection above urban heat is-
lands in stably stratified environments. Linear gravity
waves were found to develop for weaker heating and
stronger basic state wind speed, and both gravity waves
and an updraft cell were found to develop for stronger
heating and weaker basic state wind speed. The much
smaller horizontal scale and larger amplitude of heating
in the fire problem motivates a study of regimes for
varying upstream conditions (and heating amplitudes)
associated with wildfires.

To minimize complexity, numerical simulations in
this study do not address how atmospheric circulations
feed back on the fire to perturb the fire line shape/speed
or promote the ignition of new fires. More sophisticated
coupled fire-atmosphere models have been developed
that are better suited for examining the impact of mul-
tiscale circulations on fire line speed, shape, and inten-
sity (e.g., Clark et al. 1996a; Linn et al. 2002; Sun et al.
2009). The utility of the highly simplified model design
used in this study is in allowing fundamental atmo-
spheric processes controlled by the environmental wind
field and heat flux from a fire to be examined with
minimal complications. The potential impacts of each
convective mode on a pre-existing fire line and/or new

fires will, however, be discussed, with the implication
that although great complexity is involved at the scales
of the fire itself, knowledge of the background (i.e.,
unperturbed) wind profile can provide a warning as to
how unpredictable and violent a fire may become. It
should be noted, however, that only two-dimensional
flow is considered in this study; the interaction of fire
and atmosphere involves greater complexity in a fully
three-dimensional flow. Future work will examine re-
gimes of wildfire convection in three-dimensional flows.

A brief literature review of scale analysis of wildfire
convection and a description of the new control pa-
rameters proposed here are presented in section 2 of
this paper. A description of the numerical model used in
this study and the experiment design are presented in
section 3. Results and discussion of the matrix of ex-
periments and potential impacts of each convective
mode on wildfires are presented in sections 4 and 5,
respectively, and the paper is concluded in section 6.

2. Scaling parameters

Attempts have been made in past studies to reduce
the problem of forest fire-induced convection to a few
governing parameters. Byram (1959) developed two
parameters for an infinitesimally narrow fire line. The
first parameter, P w s represents the horizontal flow of
kinetic energy through a unit vertical area of the at-
mosphere at height z (proportional to the cube of the
wind speed) and the second, Pt, the rate at which ther-
mal energy is converted into kinetic energy in the con-
vection column over the fire. The ratio of these two, Pt/
P w, was interpreted by Byram as an energy criterion
that, when less than unity, indicates the dominance of
the environmental wind field over vertical convection
and more predictable fire behavior (e.g., spread rate,
intensity, flame length and height). The inverse of this
parameter has also been interpreted as a Froude num-
ber (Nelson 1993). Byram (1966) extended the param-
eter study to the problem of large, intensely burning
fires known as mass fires, with studies by Grishin et al.
(1984) and Clark et al. (1996b) developing and applying
similar parameters to numerical simulations of fires. The
study by Clark et al. (1996b) utilized a form of Froude
number such that the thermal energy term is propor-
tional to the deviation of potential temperature above the
fire from ambient conditions. A substantial difficulty with
this form of the Froude number is the inability to control
the thermal energy component of the problem because of
the sensitivity of the potential temperature perturbation
to low-level wind speed and turbulent diffusion.

Two parameters have been developed in this study to
address the two fundamental processes of mixed layer
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advection and surface parcel heating: an advection pa-
rameter,

and a surface parcel heating parameter,

where Qo is the surface heat flux, ()~is a perturbation
potential temperature scale, and p, and P~ are scales of
total and perturbation air density,respectively; (j and
Us are the far upstream mixed layer mean wind speed
and surface wind speed, respectively, and Land L, are
horizontal and vertical length scales of the problem,
respectively. All other symbols have standard defini-
tions. The complete derivation of the control parame-
ters is included as supplemental material to this manu-
script (available at the Journals Online Web site: http://
dx.doi.org/1 0.1175/20091 AS2896.s1).

Note that there is a degree of freedom in specifying
the level at which the buoyancy is calculated in A. It is
clear that entrainment of environmental fluid into a
growing buoyant plume will result in a large reduction
of ()' from values immediately above the heat source.
Anecdotal accounts and coupled fire-atmosphere model
results suggest reductions of ()' of about two orders of
magnitude within the 15-20 m above the combustion
region (Potter 2005; Clark et al. 1996b). Reductions
in ()' and therefore buoyancy «(}~/(}o) cited by Potter
(2005) and Clark et al. (1996b) are consistent with the
variation of buoyancy with height within axisymmetric
turbulent plumes in uniform environments (Turner 1973).
Using dimensional analysis and conservation equations
for mass and momentum, Turner showed that buoyancy
should vary as Z-S/3 above a steady point source of
buoyancy in a homogenous fluid, suggesting a reduction
of two orders of magnitude in ()' over a depth of 20 m.

A range of options exists for choosing the appropriate
level at which to determine buoyancy. Using surface
buoyancy in Eq. (1) neglects the effects of entrainment
and will result in a value of A strongly suggestive of
weak advection, regardless of the strength of the mean
wind speed. Conversely, using a value of postentrain-
ment buoyancy [e.g., 0(100) reduction] will result in a
very large value of A for most fires, even those with
strong surface' heat flux. Advanced Regional Prediction
System (ARPS) model experiments with a range of
upstream environments suggest an order of magnitude
reduction from surface buoyancy over a depth of 15-20
m. The depth of 15-20 m is consistent with the turbulent

(1)

length scale L, ~ JKm3L1(UOOPR), determined from
scaling the thermodynamic equation (see the appendix
for a definition of scales). The turbulent length scale in
this study is probably larger than for most real world
fires (e.g., Potter 2005) or prior modeling (e.g., Clark
et al. 1996b) because of the larger dimension of the fire
in this study. The large fire dimension was necessary to
resolve the heating with a reasonable number of grid
points while keeping computational demands manage-
able with 50-m horizontal grid spacing. The form of pa-
rameter A applied in this study is

(2)

(3)

where Ki; is the eddy diffusivity coefficient, (}o is a
background surface potential temperature, ML is mixed
layer, and all other scales are as defined earlier. The
order of magnitude reduction in parcel buoyancy in Eq.
(3) yields A values on the order of unity, a favorable
result for dimensional analysis because neither advec-
tion or buoyancy completely dominates A.

The buoyancy parameter is inversely proportional to
the surface wind speed, whereas the advection param-
eter is proportional to the square of the mean mixed
layer wind speed. These two parameters thus indicate
that for a given change to the surface heat flux, the wind
profile through the depth of the plume cannot be ad-
justed uniformly if one wishes to maintain both A and B
parameter similarity. This implies that vertical wind
shear is required for advection and that surface buoy-
ancy should be similar between two fires with different
magnitudes of surface heat flux, although there is no
limitation on the vertical distribution of the wind shear.
The role of vertical wind shear in dynamics will be ad-
dressed in section 4b. Simulations in which A and Bare
both held constant, requiring an adjustment to vertical
wind shear, are left to future work.

3. Model description and experiment design

The numerical model utilized for this study is the
Advanced Regional Prediction System version 5.1.0
(Xue et al. 2000, 2003). ARPS is a three-dimensional,
compressible, nonhydrostatic cloud model. Open lateral
boundaries are utilized to allow disturbances to exit the
computational domain. For our simulations, ARPS has
a horizontally homogeneous initial condition. The up-
per boundary condition for all simulations is a sponge
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layer beginning at 6.1 Ian above the surface and ex-
tending up to the top boundary at 10 Ian. A 1.5-order
turbulent kinetic energy (TKE) subgrid-scale turbulence
closure scheme is utilized; however, surface radiation
physics and surface momentum fluxes are omitted. As
regards surface momentum fluxes, proper values of drag
coefficients applicable to wildfires are not well known
(Cunningham et al. 2005). Drag coefficients vary greatly
depending on the details of the fuels (e.g., grasslands
versus densely packed pine trees), and the typical
method of accounting for static stability effects on sur-
face drag (Monin-Obukhov similarity theory; Stull
1988; Arya 2001) may not be applicable to strong
heating scenarios such as wildfires. For these reasons,
the methodology adopted here is to address the impacts
of surface heat flux first, with investigation of the po-
tential impacts of momentum flux left for future work.
Additionally, the Coriolis force is neglected in these
simulations because it has a negligible impact on the
short-lived convection of the type considered in this
study. Fourth-order accurate finite differencing of the
advection terms is used in both the vertical and hori-
zontal. The resulting model, while quite simple, is well
suited to examining the fundamental dry convective
processes with minimal ambiguity.

A two-dimensional computational domain has been
utilized with uniform horizontal grid spacing of 50 m in
the horizontal and average grid spacing of 40 m in the
vertical. Stretching is applied along the vertical axis with
finest grid spacing near the surface [(~Z)min = 2.5 m].
The model domain extends 40 km in the x direction and
10 km in the z direction. With a domain of 40 km and
Orlanski-type open lateral boundary conditions, wave
reflections from lateral boundaries have been minimized.
The base state profile of Brunt-Vaisala frequency (N) is
presented in Fig. 1a with mixed layer N1 = 0.0012 S-1

and free atmosphere N2 = 0.013 S-1. The deep, nearly
dry adiabatic layer in the ARPS sounding is consistent
with an environment conducive to fire development
(Werth and Ochoa 1993). Extension of this work to a
low-level environment with stable stratification is left
for future work. Additional simulations were run with
a fully three-dimensional version of ARPS. Although
minor differences were noted between the 2D and 3D
simulations, in general the modes were reproduced in
the 3D model. Future work will further explore the 3D
dynamics that appear to add complexity to rather than
overwhelm the simple 2D processes considered in this
study.

Although the surface heat flux applied in the model is
fixed spatially, all fields in this study will be analyzed in
a fire-relative framework. To accomplish this, an un-
specified fire spread rate Sf is subtracted from the

I
N2

Nl

1
(a) (b) (c)

FIG. 1. Generic fire-relative base state wind and static stability
profiles. (a) Brunt-Vaisala frequency profile for all cases, where
N1 = 0.0012 S-l and N2 = 0.013 S-l. (b) Three example wind
profiles with identical mixed layer mean wind TJ and three dif-
ferent values of surface wind speed Us> but identical surface wind
direction. (c) Example wind profiles for two cases with identical TJ
and Us> but opposite surface wind directions such that a wind re-
versal exists in the profile.

ground relative base-state wind U(z) to yield a fire rel-
ative base-state wind U(z). A matrix of experiments has
been constructed in which the fire-relative surface wind
speed Us and mixed layer mean wind speed U are varied
independently, while a steady surface heat flux of
magnitude 28.8 kW m-2 and radius of 26.0 m is applied
at a fixed position in the center of the domain. To limit
the cases to a reasonable number, only wind profiles
with positive (i.e., westerly) mean wind and vertical
wind shear are used; examination of other parts of the
parameter space is left to future work. A total of 54
unique U - Us combinations are examined with nine
variations of Us and six variations of U. Given that fire
spread rates typically range from 0.1 to 1 m S-1 (Jenkins
et al. 2.001) and fire-relative winds are expected to differ
from ground-relative winds by at most 1 m s-\ the
conclusions from this study should apply to situations in
which only the upstream, ground-relative wind speed is
known. Finally, the magnitude of heat flux specified in
the model is representative of a surface fire of moderate
intensity, falling within the range of values applied in
contemporary idealized modeling of wildland fires
(Cunningham et al. 2.0.05,14 kW m -2; Heilman and Fast
1992, 37 kW m -2; Sun et a1.2006a, 15.0 kW m -2). It
is worth noting that the Sun et al. (2006a) study ac-
counted for radiation loss to surroundings by assuming
that roughly 3.0% of surface heat flux from the fire is
unavailable for atmospheric heating; radiative loss is not
accounted for in this study. Although observations of
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vertical heat fluxes from wildfires are limited, the avail-
able data support the use of heat fluxes of this magnitude
(e.g., Clements et al. 2007).

Here, Us and (; are varied between 0 and 12.5 m s-l,
resulting in ranges of parameter A from 0 to 6.8 and
parameter B from 0 to 00. Matrix elements are referred
to in this paper as AaBb, where the index a refers to the
row and the index b refers to the column of the matrix in
Fig. 3. For example, the element A2B2 refers to row 2,
column 2 of the experiment matrix, where A = 0.3 and
B = 0.4. The base state wind profile consists of positive
(; with constant shear from the surface to the top of the
mixed layer Z; (Fig. Ib). Above Z;, uniform wind speed
and direction is maintained up to the top boundary.
Although base state mixed layer wind shear is not
controlled in these experiments, our results strongly
suggest that updraft intensity is more sensitive to Us
than to t.u. This was determined by overlaying mode
classification and surface wind speed on a (; - t.U
matrix; the axis of strong multi cell classifications was
found to coexist with the Us = 0 axis and the strong I
weak multicell boundary was found to align closely with
the Us = 5 m S-1 contour. No consistent relationship
was found between updraft strength and mixed layer
wind shear. However, as will be discussed later, analyses
do indicate a dynamical role for shear in plume intensity
for a number of cases.

The substantial shear in some of the mixed layer
wind profiles in this study requires further examination
to understand how the development of a realistic
boundary layer might affect results. In additional ex-
periments, the boundary layer was allowed to develop
in a 3D model with an environmental surface heat flux
of magnitude 200 W m -2, reasonable for a clear day
(Stull 1988). The mean wind profile that develops after
the turbulence reaches a quasi-steady state was ex-
tracted and then used as the base state wind profile for
2D simulations with a fire heat flux (but no environ-
mental surface heat fluxes). This was performed for the
A2B9, A4B9, and A6B9 cases to represent a range of
wind shear magnitudes. As expected, the impact of the
large eddies in the fully 3D no-fire simulations was to
mix the stronger momentum in the upper half of the
mixed layer to the surface. For example, turbulent
mixing in the strong shear A2B9 case contributed to an
increase in the surface wind speed (decrease in B), such
that the wind profile and 2D convective regime were
nearly identical to the weak shear A6B9 case. The
boundary layer experiments thus suggest that although
some cases feature wind profiles uncharacteristic of
a well-mixed boundary layer, the parameter space
covers a range of well-mixed wind profiles. Findings in
this study thus have broad relevance because the pa-

rameter space examined depicts a range of background
conditions, from well-mixed boundary layers to strong
shear profiles characteristic of, for example, frontal
passages or jets aloft (keeping in mind, however, that N2

"'" 0 S-2 in these experiments).
It is important to note that because the parcel heating

process is independent of surface wind direction, two
cases may have the same Us but different surface wind
direction. Furthermore, cases can have identical values
of (; and Us, but one wind profile will contain a reversal
of wind direction at some height above the surface
whereas the other will consist of uniform wind direction
with height (Fig. lc). Two pairs of simulations (A4B6
and A4B5) in the matrix have this issue. Although the
A4B5 and A4B6 cases are the only AIB combinations in
the matrix with two simulations, several other cases
exhibit wind reversals, mainly in the upper right portion
of the matrix. The implications of a wind reversal for
plume behavior will be discussed in section 4b.

4. Results and discussion

a. Organizational modes

Upon completion of all 56 cases in the (; - Us ex-
periment matrix, organizational modes were diagnosed
subjectively by first identifying benchmark cases for the
multicell and intense plume modes based on the regime
definitions outlined in section 1 and then classifying the
remaining 54 cases based primarily on vertical cross
sections and Hovmoller diagrams of vertical velocity.
Time series of domain maximum vertical velocity Wmax

and domain-averaged upward mass flux M were also
examined to corroborate the other analyses and further
subdivide the modes. It is worth noting that this com-
bination of statistics includes a local measure of updraft
strength (wmax) and a measure of the gross behavior of
updrafts across the domain (M).

The analysis reveals that the multi cell mode is sep-
arated into two subclasses: strong and weak. Figure
2 presents (left) vertical cross sections and (right)
Hovmoller diagrams of vertical velocity for each of the
modes diagnosed. Updrafts in strong multicell cases
grow vertically such that they extend through the depth
of the mixed layer, whereas updrafts in weak multicell
cases are unable to deepen beyond the lowest 113to 1/2
of the mixed layer (ct. Figs. 2c,d). Maximum updraft
vertical velocities are generally 5-10 m S-1 greater and
domain-averaged upward mass fluxes are typically 0.25-
0.75 kg m -2 S-1 greater for the strong compared to the
weak multi cell cases. This distinction is potentially quite
important because deep cells are capable of mixing air
with high momentum and low relative humidity from
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FIG. 2. Examples of organizational modes: (a),(e) Intense plume (AlB8), (b),(f) hybrid (A3B5), (c),(g) strong
multicell (A4B9), and (d),(h) weak multicell (A6B3). Mode classification is indicated above each panel: I, intense
plume; H, hybrid; S, strong multicell; W, weak multicell. Left panels are vertical cross sections of vertical velocity
(positive: shaded, negative: dashed contour; m S-I) and total wind vectors (ms-I); right panels are Hovmoller
diagrams of vertical velocity at z = 3 km. All figures are in a frame of reference moving with the fire.

the free atmosphere to the surface where erratic fire
behavior may occur, similar to what is described by
Charney and Keyser (2003). Updrafts in strong multicell
cases are also better able to loft firebrands (flaming or
smoldering material such as leaves and/or pinecones) to
higher altitudes than their weak counterparts and are

generally warmer, leading to slower extinguishing rates.
However, the potential for spotting (fire ignition iso-
lated from main fire) may be greater for the weak
multicell mode because firebrands are less likely to ex-
tinguish before reaching adjacent fuels if they exit up-
drafts closer to the surface (Albini 1983).
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A hybrid classification is also defined for cases that do
not fit completely within the intense plume or multicell
modes. In this class, upward motion is contained within
a vertical column, similar to the intense plume mode,
but the upward motion takes the form of discrete cells,
similar to the multicell mode (Fig. 2b). In terms of po-
tential impact on a wildfire, the primary difference be-
tween the hybrid mode and the intense plume mode is
the more unsteady nature of the hybrid mode. Whereas
the intense plume mode can tap into the free atmos-
phere and loft firebrands high in the mixed layer nearly
continuously, the hybrid mode cases exhibit periods of
time when convection is weak and shallow.

The complete set of mode classifications is presented
in Fig. 3. Intense plume and hybrid mode cases are
found within the A < 1 half of the parameter space, with
multicell convection the dominant mode for A > 1.
Thus, a critical value of mean wind exists such that a
weaker mean wind speed supports a single deep plume
(and no new convection near the fire) and a stronger
mean wind speed results in periodic regeneration of
convection downstream of the fire. Within the high-
advection (i.e., A > 1) area of the parameter space,
strong (weak) multicell classifications are more com-
mon for B > 1 (B < 1). This strongly suggests that the
fundamental process controlling the depth and magni-
tude of multicell convection is parcel heating. The basic
processes encapsulated in the two control parameters
will be discussed in the sections that follow. The pre-
dominance of overturning wind profiles in the hybrid
area of the parameter space, a conspicuous feature of
the classification, will be addressed later when consid-
ering the low-advection area of the parameter space.

b. Parcel heating process

1) HIGH MIXED LAYER ADVECTION (A > 1)
CASES

The sensitivity of convection to surface parcel buoy-
ancy is obtained by comparing time series of Wmax and
M for four cases, each representing a different area of
the B parameter space (Fig. 4). For both A5 and A6
cases, updrafts in the strong multicell regimes (B > 1)
exhibit a Wmax 3-6 m S-1 greater than the weak multicell
cases (B < 1) for virtually the entire time period, with
analogous results for M. Although substantial variability
is clearly evident for each case and brief periods of time
exist in which the highest B case does not exhibit the
largest values of Wmax or M, a signal of increasing updraft
strength with increasing B is present. This is supported by
a comparison of time-averaged Wmax and M (Table 1).

Hovmoller diagrams of z = 3 km vertical velocity for
the A5B9 and A6B9 cases (Fig. 5) show that strong

multicells first reach the Hovrnoller plane approxi-
mately 5 km downstream of the surface heating,
similar to the strong multicell example in Fig. 2. To
reveal the transient processes that yield strong multi-
cells in the A5B9 case and to explain why convection in
that case remains relatively shallow within 5 km of the
heat source, a massless air parcel was introduced at the
lowest model level (z = 1.25 m) at x = 20 km (center of
fire) every 4 min (three parcels total, denoted hereafter
by a 0, 6., or D). The 4-min averaged fields of vertical
velocity in Fig. 6 indicate that parcels exhibit two pri-
mary episodes of ascent, the first within 2-3 km of the
heat source, associated with the rapid development of
shallow cells (denoted by S), and the second 4-6 km
downstream of the heat source, associated with the
more gradual development of deep cells (denoted by
D). At each time, the parcels ascend up to about 1 km
AGL and then experience downward acceleration and
descent before either accelerating upward into the deep
cell (0 and 6.) or moving laterally through the top of
the cell (D). The behavior of the three parcels is con-
sistent with the merging of cells S2 (cell associated with
D) and S1 (cell associated with °and 6.) in Fig. 6d into
the deep cell D2 in Fig. 6e. Note that because individual
air parcels move independently of the updraft cells, a
parcel may outrun an updraft, as in parcel 6. in Fig. 6d,
and vice versa.

Because the parcels do not rise continually after
heating from the fire, and because in some cases they
are accelerated downward despite their positive buoy-
ancy, the perturbation pressure gradient is of primary
importance. To analyze the perturbation pressure field,
it is helpful to consider the diagnostic pressure equation

and to decompose Eq. (4) (as in Rotunno and Klemp
1982) into buoyant and dynamic components (p' =

P~ +p~) for a 2D flow, which yields

2 I a ( )VPB=-pBaz 0
and (5)

2 I [(au)2 (aw)2] (au aw)v PD = - P - + - - 2p --,
o ax az 0 az ax (6)

where B = - (pi /Po g) and all other variables have their
conventional meanings. The linear part of Eq. (6) may
be written as

2 I (au aw)v PDL= -2p --,
a az aX (7)
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where the horizontal wind speed u has been decom-
posed as u(x, z. t) = U(z) + u'(x, z, t). This is the part of
the dynamic pressure associated with an updraft's
presence in a sheared base state environment. The re-
maining nonlinear dynamic contributions are due to
interactions with the locally perturbed flow. Equation
(5) therefore indicates that a perturbation pressure
maximum (minimum) is expected where buoyancy de-
creases (increases) with height, and Eq. (7) dictates that
a pressure maximum (minimum) is expected upshear
(downshear) of an updraft. Any other dynamical effects
are encompassed in the nonlinear part of the dynamic
perturbation pressure component PDNL' where DNL is
the nonlinear dynamic component. For a more com-
plete discussion of the various dynamic pressure com-
ponents, the reader is referred to Klemp (1987) and his
application of the procedure to the dynamics of tornadic
thunderstorms.

Using the above pressure decomposition, the irrota-
tional equation of motion can be written as

Du 1 I (pi) 1 I pi I
- = --VPB - g - --VPDL --VPDNL·JJ~ Po Po Po Po-,..- '--v---" '---v----' '----v--"
ACC BUOY ACCDL ACCDNL

v

ACCB
v

ACCD

FIG. 3. Matrix of control parameter experiments, with organizational mode overlaid. Multicell cases are shaded
dark (strong multicell) and light (weak multicell), with intense plume cases unshaded and hybrid cases outlined with a
dashed line. Cases with base state bulk Richardson number less than or equal to 0.25 are indicated by bold text and
cases with base state wind reversal profiles indicated by underlined text.

(8)

Examining the decomposed pressure fields in Fig. 7, it
is apparent that total buoyant acceleration (ACCB) is
approximately zero between z = 750 and 1000 m. This

weak total buoyant acceleration field is due to a com-
bination of entrainment, reducing parcel buoyancy, and
a downward directed buoyant pressure gradient force.
As a result of the weakly positive ACCB, parcels re-
spond to local pressure perturbations near the top of
the shallow cell layer and are accelerated downward
(ACCD; see ACCD vectors in Fig. 7c). The shallow
cells then move downstream with little vertical devel-
opment until approximately t == 76 s when deep con-
vection develops (ct. Figs. 6d,e).

The development of the shallow cells is initiated by
the surface heating, as suggested by the field of strong
buoyancy and minimal amount of dynamic forcing for
ascent in the left panels of Fig. 7. Between t = 60 and
t = 77 min, cell S1 moves downstream (later joined by
S2) with only modest changes in intensity and depth.
Cell D1, centered about 6 km downstream of the fire in
6a, having formed shortly prior to the analysis time, is
apparently cut off from the source of buoyancy by t =
60-64 min (see Fig. 7a). The cell translates downstream,
reaching a maximum in intensity about 10 km down-
stream of the heat source before gradually weakening
(Fig. Sa). The ACCB and ACCD fields on the upstream
side of Dl in Fig. 7 are approximately equal in magni-
tude and contribute to upward acceleration. Comparing
Figs. 7c and 7d, it is apparent that ACCDNL is the
dominant component of ACCD, with weak ACCDL
directed downward due to a local PrJL maximum above
the Dl inflow.
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FIG. 4. (left) Time series of domain maximum plume vertical velocity (wmax; m S-l); (right) Domain-averaged
upward mass flux (M;kg m-2 S-l). AS (A6) cases displayed in upper (lower) panels. See Table 1 for temporally
averaged (r = 40-120min) values.

The averaging procedure masks the process of shal-
low cell splits and mergers that occurs within 4-6 km of
the heat source between 60-76 min. Figure 8 illustrates
the series of cell interactions that occur between t = 71
and t = 76 min. A similar process of cell splitting and
merging was described in Kiefer et al. (2008); however,
the less intense surface heat source in that study yielded
only the weak multicell mode. The final panel of Fig. 8
occurs immediately following formation of the deep cell
(D2). In the time-averaged field in Fig. 6, the final cell
merger occurs between Figs. 6d and 6e. As mentioned
earlier, the behavior of parcel 0 is consistent with
the merging of cells Sl and S2 to form D2 because cell
S2 (with which 0 is associated) forms the upper part of
D2. As cell D2 moves downstream between Figs. 6e and
7f, a new shallow cell (S3) forms just downwind of the
fire, completing the cycle begun in Fig. 6a. Figure 8
suggests that the presence of substantial base state
wind shear may be important for the deep cell devel-

opment because cell speed is height-dependent, leading
to cells becoming sheared apart (splitting) or super-
imposed (merging). It is noteworthy that for the cases
with no base state wind shear, intense plumes transition
to weak multicells with increasing mean wind speed.
However, the strong multicell class is not simulated.

The aperiodicity and highly variable location of deep
cell development in Fig. Sa is consistent with the series
of nonlinear splits and mergers that ultimately leads to

TABLE 1. Temporally averaged values of domain maximum
vertical velocity Wmax (m S-l) and domain averaged upward mass
flux M (kg m-2 s-)) for select cases within the AS and A6 rows of
the experiment matrix. Elements in table are in format wmaxlM.
A veraging is performed between t = 40min and / = 120min.

B>2 1<B<2 0.5< B < 1 B,.; 0.5

AS
A6

15.9/0.6
15.1/0.5

12.6/0.4
13.0/0.3

11.3/0.3
11.0/0.2

17.1/0.6
13.3/0.4
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FIG. 5. Hovmoller diagrams (positive: shaded, negative: dashed
contour; m S-1) of vertical velocity at z = 3 km, for the (a) A5B9
and (b) A6B 9 cases. Cells near t = 60 min and t = 80 min in (a) are
labeled Dl and D2, respectively (see text). Mode classification as
in Fig. 2. All figures are in a frame of reference moving with the
fire.

deep cell development. Although the position (with
respect to the fire) and timing of deep cells is not de-
terministic, the likelihood of deep cell development is
predictable, given knowledge of the B parameter. With
decreasing B parameter, initial shallow cells become
weaker and the buoyant and dynamic forcing similarly
weaken to the point that only weak vertical develop-
ment of updrafts occurs within 4-6 km of the down-
stream edge of the heat source [e.g., A5B2 (B < 0.5)
case, not shown]. Cell tops in the weak multicell mode
may reach as high as 3--4 km, but cells do not reach such
depths until 10 km or more from the fire. Although a
universal "realm of influence" for a dry convective cell
is unlikely to exist, a rough approximation can be at-
tained by considering the ways in which a cell can im-
pact its environment. Turbulent mixing effects are local
in nature, and gravity waves, capable of impacting the
atmosphere on the mesoscale, are unlikely to propagate
upstream (toward the fire) with nearly dry adiabatic
lapse rates and strong advection. The elimination of
turbulence and gravity waves leaves perturbation pres-
sure fields induced by convection, capable of producing
dramatic changes to the wind field. Scale analysis (not

shown) indicates that perturbation pressure fields should
be of the same scale as the convection. This suggests
that if a cell with scale 0(1 km) deepens and/or inten-
sifies at a distance 0(10 km) from a fire, its impact on
the atmosphere near the fire should be minimal.

2) Low MIXED LAYER ADVECTION (A < 1) CASES

Attention is now directed to the area of the parameter
space where advection by the mean wind is weak (A < 1).
Figure 9 indicates that until approximately t = 15 min,
Wmax is greater for high-buoyancy cases than for low-
buoyancy ones. However, after t = 15 min, the low-A
cases do not exhibit increasing Wmax (or M) with in-
creasing B. The low-B cases are generally at least as
strong as the high-B cases and in fact are at times sub-
stantially stronger than the high-B cases. This anoma-
lous behavior is most pronounced for the A2 group
during the last 50 min of simulation and is apparent in
both the Wmax and M time series as well as in temporally
averaged values (Table 2). Forcing for parcel ascent was
again examined, although in this case the focus was not
on the transient nature of the forcing but on the source
regions for air parcels involved in the strong convective
motions. What is of interest in this analysis is not the
high-frequency variability (evident in Fig. 9 as changes in
Wmax over periods of 5-lOmin) but the overall strength
of the plume in the A2B2 case and why the statistics
do not conform to our expectations based on the B
parameter.

A unique aspect of the cases in the low-A, low-B area
of the parameter space is the overturning nature of the
wind profile. Figure lOa depicts a subset of trajectories
of 18 parcels released in the A2B2 case (9 low level, 9
upper level) and indicates that in addition to the source
of low-level parcels moving from right to left in the
domain, a substantial number of air parcels moving
from left to right in the upper 1 km of the mixed layer
descend to within a few hundred meters of the surface
and eventually transit through the core of the plume.
Analysis during the first hour of the simulation (not
shown) indicates that the downdraft just upshear of the
plume (Fig. lOa) develops as a result of air parcels tra-
versing a region of downward-directed pressure gradi-
ent forcing at and below the mixed layer top. A layer of
positive perturbation pressure, associated with a strong
gradient of buoyancy just above the mixed layer (due to
adiabatic cooling at plume top), results in the downward-
directed pressure gradient force. The parcel trajectories
within and adjacent to the downdraft are quite similar to
streamline analyses derived from Doppler lidar data
from the mature stage of the 1988 Battersby Township
fire detailed in Banta et al. (1992). Further comparison
to the real world case is strongly limited by the absence
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of moist convective processes in this study. However, a
similar feature was detailed by Palmer (1981) in analy-
ses of large fires where moist convection was not ob-
served. Also of interest in Fig. lOa are the parcels in the
inflow layer above about 750 m that overturn and in
some cases descend and return to the inflow layer. The
fact that air parcels such as 0 accelerate into the updraft
and yet never come into contact with low-level heating
motivates further analysis.

The 4-min averaged fields of vertical velocity and
perturbation pressure in Fig. 11 depict a quasi-steady
plume, with a gradually broadening area of moderate
vertical velocity on the downshear (right) side. Of interest
is the fact that the surface air parcel (0) and upper-level
air parcel (6) follow similar trajectories and experience
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comparable accelerations once in the plume, despite
their disparate origins (see Fig. 11). For parcel 0, de-
composed local acceleration vectors for the averaging
period 98-102s (Fig. 12, left) suggest a large contribu-
tion from ACCB, in spite of the downward-directed
pressure gradient force associated with the buoyancy
field (i.e., PH term). By the time the upper-level parcel
(6) is ascending through the plume (Fig. 12, right),
nonzero deep layer advection (A > 0) has shifted the
plume toward the fire such that the plume is directly
above the heat source and buoyancy extends through a
deeper layer than during the previous averaging period.
ACCB, with some contribution from ACCDNL, drives
the ascent of parcel 6 through the plume. Of great in-
terest here is that a parcel need not originate in the layer
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of near-surface inflow to contribute to the strength of
the plume. This is a unique feature of the low-A, low-B
area of the parameter space because the base state wind
profile yields two streams of air parcels directed toward
the buoyant plume. The additional source of upper-
level air parcels is not accounted for in the simple model
of plume generation and is a possible factor in the plume
statistics not conforming to our expectations.

The parcel initialized upstream of the plume at z =

1 km (D) moves beneath a pressure minimum located

near x = +4 km, z = 2.75 km at t = 110 min (Fig. l l d)
and subsequently accelerates upward into a broad re-
gion of modest vertical velocity (Fig. lIe). It is apparent
from Fig. lOa, however, that parcels in the 500-l000-m
layer that move beneath the p' minimum also ascend
into the updraft core. An examination of the decomposed
pressure fields for the A2B2 case (Fig. 12) reveals that the
source of the pressure minimum is dynamic, partly be-
cause of the sheared basic wind profile (P1JLterm) and
partly because of a small transient circulation immedi-
ately downshear of the plume (PONLterm), This local
gyre initially developed along the horizontal gradient of
buoyancy on the downshear edge of the plume (not
shown), The gyre remains adjacent to the plume for
approximately 10 min before moving downshear, away
from the plume, Although the PONL term contribution
is significant over relatively short time periods, it is
the POL term that contributes to plume behavior over
the broader time period of interest in this analysis. The
forcing of air parcels within the 50G-lOOO-mlayer by the
downshear pressure minimum is partially accounted for
by the control parameters because Wmax influences the
perturbation pressure field through the iJw/iJx compo-
nent of Eq. (6), However, the sheared base state is un-
accounted for by either of the control parameters andis
an additional source for the unexpected Wmax and M in
Fig, 9, in addition to the source of parcels from the top
of the mixed layer, as just discussed,

In contrast to the A2B2 case, parcels that ascend
through the plume in the A2B9 case can be traced back
to one region: the lowest 500 m above the heat source,
This can be seen in Figs. 10 and 13, where a parcel
traversing the heat source at the surface eventually
grazes the right edge of the plume and a parcel crossing
the heating at z = 500 m ascends along the left edge of
the plume. The layer of air parcels above the fire as-
cends into the plume in a smooth and ordered fashion,
in contrast to the more chaotic nature of parcel trajec-
tories in the A5B9 (strong multicell) case, The very
shallow layer of buoyant air (Figs. l4a,e) and the re-
sulting strong vertical gradient of pk (Figs, l4b,f) appear
to nearly balance, strongly limiting vertical movement
of near-surface air parcels downstream of the heat
source. The key factor for parcel upward acceleration
appears to be the movement of air parcels away from
the strong near-surface buoyant pressure gradient, best
seen in a pressure decomposition analysis focused on
the plume (Fig. 15). Above about 500 m, ACCB and
ACCDNL drive upward parcel motion, with ACCDNL
being the larger component The large importance of
ACCDNL is consistent with the steady nature of the
plume; perturbations from the base state wind field are
long-duration phenomena and play a fundamental
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dynamical role in forcing vertical motion in the in-
tense plume case. The balance of -lIPoBp/)Bz and
BUOY evident in Figs. 15b,e is indicative of hydrostatic
balance, an aspect that is at first unexpected but is not
unreasonable considering the steady nature of the sur-
face heating and flow over the heating.

c. Mixed layer advection process

It is apparent from comparison of vertical cross sec-
tions of the strong multicell (e.g., Fig. 6) and intense
plume (e.g., Fig. 13) cases that convective cells develop
closer to the heat source as the mean wind increases.
For the A2B9 case (intense plume), a shallow layer of
warm air extends several kilometers downwind of the
heat source, beyond which cells form, deepen, and
merge into the intense plume (not shown). When av-
eraged over several minutes, the vertical velocity cross
section consists of a tilted, continuous updraft at the
downstream edge of the shallow warm layer (Figs. 14a,e

or 15a,d). For the A5B9 case (strong multicell), no
downstream shallow layer of warm air exists. Shallow
cells form adjacent to the heat source and move down-
stream while undergoing a period of splitting and merg-
ing (Fig. 8). Several kilometers downstream of the heat
source, a number of small cells merge into one large cell
that then deepens while moving downstream. The pro-
cess then begins again as new shallow cells form
downstream of the fire (Figs. 6d-f). The A3B9 and
A4B9 cases, straddling the intense plume/strong multi-
cell boundary, are transitional cases. The A3B9 case does
not feature a continuous region of shallow warm air
downstream of the fire; instead, it features small (<1 km

TABLE2. As in Table 1, but for cases within the A2 and A3 rows of
the experiment matrix.

B>2 1 < B <2 0.5 < B < 1 B ~ 0.5

A2
A3

17.9/0.8
15.9/0.7

17.0/0.8
18.0/0.7

20.8/0.8
21.010.7

22.3/0.9
21.0/0.9
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discussed in text. Note that not all parcel trajectories are displayed
in figure. Averaging is from 80 to 120 s. Mode classification as in
Fig. 2. All figures are in a frame of reference moving with the fire.

deep) cells that form immediately downstream of the
heating, propagate downstream for several kilometers,
and merge into the intense plume (not shown). The
A4B9 case closely resembles the A5B9 case in terms of
cell behavior (not shown).

An interesting feature consistent with the above be-
havior is the development of quasi-steady positive u'
near the surface in the intense plume cases but not in the
strong multicell cases (Fig. i6). The u' field is not en-
tirely associated with inflow into the plumes, however;
strong, steady perturbations are maintained in the vi-
cinity of the heat source even as the plume moves 5-10
km downstream (e.g., A2B9 case in Fig. 16). The per-
turbations originate at the position of the heat source
and spread both upstream and downstream of the fire,
with the speed of the upstream perturbation front de-
creasing with increasing mean wind. This behavior is
consistent with that of a buoyancy bore (e.g., Mapes
1993), permanently altering the near-surface wind speed

as it passes a given point with phase speed Nlm, where N
is the Brunt-Vaisalla frequency and m is vertical wave-
length. As wind speed increases further, no upstream
movement is evident and only the streaks of u' associ-
ated with multicells are present.

Of great importance is the steady, strong u' over and
downstream of the heat source in the low-A cases. The
near-surface advection is actually stronger in the low-A
cases than the high-A cases as a result of the passage of
the borelike feature. The aforementioned hydrostatic
layer downstream of the fire in the A2B9 case is asso-
ciated with this strong near-surface advection. As the
deep cell that forms shortly after model startup (prior to
the bore) is slowly advected by the weak mean wind
away from the heat source, some combination of inflow
into the cell and the permanent u-wind perturbation
rapidly advect heated air downstream. The pressure
gradient force resulting from the strong vertical gradi-
ent of buoyancy approximately balances BUOY for
several kilometers downstream of the heating, as a re-
sult of the strong, steady advection. The magnitude of
the u-wind perturbation downstream of the heat source
is smaller in the A3B9 case, resulting in weaker advec-
tion (leading to a weaker vertical gradient of buoyancy
and perturbation pressure) and stronger parcel heating.
The combination of these two effects yields cell for-
mation closer to the heating. A further increase in mean
wind speed results in a full transition to the strong
multicell mode.

A series of additional experiments were performed to
examine how an adjustment to static stability (and
therefore linear phase speed) would affect cases near
the plume/multicell border (i.e., cases A3B9 and A4B9).
In an experiment with a statically stable (N = 0.007 S-l)

base state thermal profile, the A4B9 case exhibited an
upstream propagating bore (not shown), similar to the
weak advection cases in Fig. 16. Associated with the
steady flow over the heat source was a shallow layer of
warm air downstream of the heat source and a single
deep updraft, consistent with the intense plume mode.
A similar experiment, with a statically neutral (N = 0 S-l)

base state thermal profile applied to the A3B9 case,
resulted in a shift from intense plume to strong multi-
cell. Further examination of the apparent bore feature
and its impact on organizational mode is left to future
work.

The analysis now proceeds to examination of Wmax

and M time series with a constant B parameter. Statis-
tics from the high- and low-buoyancy areas of the pa-
rameter space will be examined to better understand the
impact of mixed layer advection on the intensity of
convection. The discussion will then conclude with an
analysis of the relationship between advection and
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FIG. 11. As in Fig. 6, but for the A2B2 case with analysis period 98-122 s. All figures are in a frame of reference
moving with the fire.

organizational mode in high- and low-shear areas of the
parameter space.

1) CONSTANT B CONVECTION STATISTICS

Time series of Wmax and M for the B8 and B9 (high B)
columns of the experiment matrix indicate less sensi-
tivity of updraft strength to advection when surface
buoyancy is held constant (Fig. 17, Table 3) compared
to cases in which buoyancy is varied while mixed layer
advection is fixed (cf. Figs. 4 and 9). This suggests that
buoyancy of surface air parcels exiting the heating re-
gion is the primary factor controlling the strength of
updrafts, whereas advection through the mixed layer is
the discriminating factor for basic convective mode (i.e.,
plume versus multicell). Cases with quiescent base state
profiles (i.e., cases with A ~ 0.5 in Fig. 17 and Table 3),
however, do not conform to this observation; updrafts

under quiescent conditions are 5-7 m S-l stronger than
any of the other cases. Also, time series of M indicate
substantial sensitivity to mixed layer advection when
comparing the A ~ 0.5 and A > 2 cases. The large
difference in M is largely the result of gyres in the low-
advection environment (same phenomenon as in A2B2
case); upward motion within the gyres is included within
the domain average mass flux calculation. The ampli-
tude of oscillations in the M time series increases with
decreasing A, consistent with the increasing unsteadi-
ness as one transitions from the intense plume to the
strong multicell mode.

Shifting briefly to the B1 and B2 columns of the pa-
rameter space, substantial differences can be seen be-
tween cases on either side of the A = 1 boundary (Fig. 18,
Table 4). Caution must be exercised in drawing con-
clusions from Fig. 18 or Table 4, however, because the
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centered on lower portion of plume. All figures are in a frame of reference moving with the fire.

A = 1 boundary separates cases with sharply differ-
ent wind profiles, Base state wind profiles with A > 1
contain modest shear and no wind reversal whereas the
base state wind profiles with A < 1 exhibit strong shear
and low-level wind directions opposite to the mixed
layer mean, Generally, the magnitude of the differ-
ences in Wmax and M between high- and low-A cases is

much greater for the low-B cases than the high-B cases
(d. Figs. 17 and 18). The increased magnitude of dy-
namic forcing (associated with the sheared base state
wind profile) thus appears to result in a larger dispar-
ity between low- and high-A cases. The source of the
strong updrafts and large domain-averaged mass fluxes
for the low-A, low-B cases was attributed in section 4b
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to a combination of dynamic pressure gradient forc-
ing and the additional source of air parcels from the
upper portion of the mixed layer in the buoyant
plume.

2) IMPACT OF WIND REVERSALS ON ADVECTION
PROCESS

A relevant question to ask is what role, if any, wind
reversals in the base state wind profile play in producing
plume (intense plume and hybrid) modes. An exami-
nation of the experiment matrix (Fig. 3) reveals that the
boundary between plume and multicell, in addition to
being collocated with the A = 1 critical value, also de-
lineates to a reasonable degree cases with wind reversals
(plume) from cases without wind reversals (multicell).
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To examine whether a wind reversal in the base state
wind profile is needed for development of the plume
organizational mode, the A2B7 wind profile (plume
mode, no wind reversal) was used as a control case for a
series of experiments in which parameter B was altered
by varying the surface heat flux Qo rather than the
surface wind speed Us. In each of the experiments, A
and B are identical to those cases in the original matrix;
however, the wind profile for each experiment is iden-
tical to the A2B7 case. If the important aspect of the
wind profile for plume versus multicell organization is
the A parameter (i.e., mixed layer mean wind speed),
then the plume mode should be simulated in all cases
because A is less than unity. What is being examined
here is whether a wind reversal is required for the most
fundamental requirement of the plume classification to
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FIG. 14. As in Fig. 7, but for the A2B9 case with analysis periods 92-96 sand 104-108 s. Boxes in (c) and (g) outline
the area displayed in Fig. 15. All figures are in a frame of reference moving with the fire.

be met: the absence of new deep convection forming
over/near the fire.

Hovrnoller diagrams of vertical velocity for the eight
cases examined (one control case-A2B7-and seven
experiments: A2B1-A2B6 and A2BS) are presented in
Fig. 19. In each of the experiments, the organizational

mode is definitively plume. A decreasing trend in up-
draft magnitudes with decreasing parameter B is noted,
consistent with the expected decrease in parcel heating.
It is also clear that the strength of the upshear and
downshear propagating bores weaken as parameter B is
decreased. These results support the claim that the



826 VOLUME 66

92-96

JOURNAL OF THE ATMOSPHERIC SCIENCES

104- 108

(a) buoy: cant = 0.025 ms"4T-~--~----~-----'~-----r~=

3

E'" 2N

3

E'" 2N

3 3

E E
'" 2 "" 2
N N

1 234
distance from center of fire (km)

3

E"" 2N

7

ACCE: iU ms:'

85

(e) pb: cant = 10 Pa4T--''--~::o::

64

4

3

E '-":'""""',-; '
"" 2N

5 6 7
distance from center of fire (km)

8

FIG. 15. As in Fig. 14, but for the subset regions indicated there. Linear dynamic perturbation pressure (pdl) panels
are omitted. All figures are in a frame of reference moving with the fire.

primary delineator of plume versus multicell organiza-
tional mode is parameter A. The results also reinforce
the earlier findings that strong background shear and a
wind reversal are needed for strong vertical motion in
the low-A, low-B cases (i.e., hybrid cases). As discussed
earlier, surface parcels in the hybrid cases (e.g., A2B2)
approaching the fire traveled beneath a perturbation
pressure minimum on the downshear side of the deep
updraft (associated with the base state wind shear).
Therefore, in the absence of strong shear and a wind
reversal, the strength of convection in the low-A, low-B
cases was much weaker than in their original counter-
parts.

A second line of inquiry to be examined is whether
multicell convection can consistently be simulated with
a base state wind reversal or, in other words, whether
the presence of a wind reversal predisposes the mode

to be hybrid. In an additional set of experiments, the
A2B4 wind profile (with a wind reversal) was modified
for each case in the B4 column, keeping the surface
wind speed and direction (7.5 m s-\ leftward) constant
while adjusting the mixed layer mean wind. The result
of these experiments (not shown) was the simulation of
multicell convection in the A > 1 area of the parameter
space, even with a base state wind reversal. This is fur-
ther confirmation of the importance of parameter A in
the organization of plume versus multicell convection.

5. Applications

To a first-order approximation, the background sur-
face wind, relative humidity, and air temperature are the
main atmospheric factors that impact fire spread rates
(Potter 2002). An increase in surface wind speed directly



APRIL 2009 KIEFER ET AL. 827

89
120

100
.- ...... ':.f ( ../'

.'
./'

80
c:
'E 60
~

40

20
o~A_I~~ __~-4 __~~ __~[-I~]
-20 -15 -10 -5 0 5 10 15 20

120,------...."....",--

100 /r~J~:
:::.-,.'-'-

80~
c:

~ 60

40

20
A2 I

~+20~-_~1~5--_rl0--_T5~~0L-~5r--1TO-~15~~20
120.,--------~

100

80~
c:

~ 60

40

20
0~A-3~--~~--~'i--~--~~[~H~]
-20 -15 -10 -5 0 5 10 15 20

120,-------------:,."..,"""'="""'-,

100

80~
c

~ 60

40

20
A40+--'---r--r--4L--r--'--~-~-20 -15 -10 -5 0 5 10 15

120.,--------~~~~~~,-~~~

100

80
c
~ 60

40

20
0~A-5~~--~--~~--~~~[-S~]
-20 -15 -10 -5 0 5 10 15 20

distance from center of fire (km)

88
100

Al

80
c:
'E 60
~

40

20

100

A2

80~c
'E 60
~

40

20
[I]

~+20~--~1~5---lrO--_T5-~-~5r-~lTO-~15~~20
120.,----------",

A3

100

80
c:
'E 60
~

40

20
[H]

O+--.---r-~-~~-r--~-~-~-20 -15 -10 -5
120.----------.~~~~

o 5 15 2010

100

80
c
'E 60
~

40

20

20
[ S ]O+--.---r--r-~~-r--'--'--~-20 -15 -10 -5 0 5 10 15 20

120.,---------.~~~~~~~--~

A4

100

A5

80~
c:

~ 60

40

20
0+--'---r--r--4L--r--'--~-~-20 -15 -10 -5 0 5 10

distance from center of fire (km)
15 20

FIG. 16. Hovmoller diagrams of z = 2.5 m perturbation horizontal velocity (positive: shaded, negative: short dashed
contour; contoured every 3 m S-I) for (left) B9 and (right) B8 cases. A6 cases are omitted because of their similarity
to AS cases. Mode classification as in Fig. 2. All figures are in a frame of reference moving with the fire.



828 JOURNAL OF THE ATMOSPHERIC SCIENCES

Domain maximum vertical velocity
88

30,---~----~--~----~--~---.

25

5

VOLUME66

Domain average upward mass flux
88

1.25r---~--------~--------~-----'

0.75
20

15

10

OlL--~-_~_~~_~ __ ~_---l
o 20 40 60 80 100 120

time (min)

89
30r-~~----~--------~--~---.

5

0.5

0.25

O~-~--~---~--~~--~---~
o 20 40 60 80 100 120

time (mio)

89
1.25r---~--------~----------------'

0.25

25

20

15

10

O<---~---~----~----~--~-----'
o 20 40 60 80 100 120

time (min)

..................---:.?( ../ / .
•••• ooO!:

0.75

0.5

o~--~----~--~----~----~--~
o 20 40 60 80 100 120

time (mio)

----A>2 ----·1<A<2 ..•..•........ A s 0.5

enhances fire spread by 1) increasing convective heat
transport, 2) tilting flames and soot forward, enhancing
radiative heat transfer to unburned fuels, and 3) in-
creasing evaporation of moisture from fuels. A decrease
in relative humidity and increase in atmospheric tem-
perature will impact fire spread by enhancing evapora-
tion of moisture from unburned fuels and reducing the
amount of heat required for ignition of adjacent fuels,
respectively. Secondary, finescale processes that con-

. tribute to nonlinear fire behavior have been investi-
gated through both field observations (Clark et al. 1999;
Coen et al. 2004; Clements et al. 2007) and numerical
modeling (Clark et al. 1996b; Coen 2005; Linn and
Cunningham 2005). Small spatiotemporal scale pro-
cesses, such as generation of finescale vortices and small
turbulent eddies, can produce rapidly changing condi-
tions at the fire line that are a major threat to life and
property.

This study has identified a number of convective
modes that differ substantially in magnitude, vertical

__ 0.5< A < 1

FIG. 17.As in Fig. 4 but for (top) B8 and (bottom) B9 cases. See Table 3 for temporally averaged (I = 40-120
min) values.

scale, and parcel residence time in the vicinity of the
heat source. Analyses of perturbation horizontal velocity
and potential temperature will be examined for each
of the modes to evaluate the potential for fire line var-
iability in different areas of the parameter space. The
emphasis of this analysis is on the overall impact of
different modes of convection on horizontal wind and
potential temperature on the lowest model level (z =

2.5 m). The analysis that follows is not capable of ad-
dressing all relevant scales of motion and the model is
not designed to explicitly determine changes to fire line
structure. Additionally, the reader is reminded that this
study has adopted a fire-relative frame of reference.

TABLE3.As in Table I, but for cases within the B8and B9columns
of the experiment matrix.

A> 2 0.5 < A < 1 A::; 0.51 < A < 2

B8
B9

15.7/0.6
16.6/0.7

15.3/0.7
15.9/0.7

20.5/0.9
20.2/0.9

14.4/0.5
15.9/0.6
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Therefore, analyses in this paper consider model fields
moving with the fire line at an unspecified, constant
speed. An important implication of this framework is
that nonlinear processes capable of producing changes'
to fire spread rates are neglected in favor of the linear
processes that are the primary focus of this paper. Fu-
ture work will address the nonlinear processes that im-
pact the first-order processes identified in this study.

Figures 20 and 21 reveal substantial differences in ()'
and u' variability between modes. It is apparent from
Fig. 20 that the two low-B (i.e., high Us) cases generally
exhibit the steadiest near-surface ()' on the downstream
edge of the heating (Figs. 20b,d), whereas the two high-B
(i.e., low Us) cases feature substantial oscillations with
maximum amplitude of 50-60 K (Figs. 20a,c); ()' on the
downwind edge of the heating for the strong multicell
case (A5B9, Fig. 20c) consists of oscillations with mul-
tiple periods (the 1-min period is most obvious). The
I-min period is roughly consistent with the time scale of
parcel heating, (i.e., the time it takes for a parcel to cross

the heating region). Other frequencies present are prob-
ably related to the development of shallow as well as deep
cells. However, as discussed earlier, the development of
convection is highly aperiodic. The intense plume case
(A2B9, Fig. 20a) exhibits oscillatory behavior early in the
time series, followed by an extended period of nearly
steady ()', consistent with the steady nature of the flow
over the heat source during the last 80 min of simulation
(e.g., Fig. 6).1

Despite the variability associated with the intense
plume and strong multicell cases, the hybrid case
(A2B2, Fig. 20b) exhibits the most dramatic behavior.

1 It should be noted that the very high-frequency oscillations
seen in the ()' and u' oscillations are not minimally resolved 2/:;.t
waves because the 5-s sampling period used in constructing the
diagrams should be adequate to resolve features with periods of
30s (the smallest period oscillation in Fig. 20).In any case, the large
time step of 0.1s and application of numerical diffusion supports
our assertion that 2/:;.t phenomena are not simulated.



830 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 66

TABLE 4. As in Table 1, but for cases within the Bl and B2 columns
of the experiment matrix.

A> 2 1 <A < 2 0.5 < A < 1 A :5 0.5

Bl
B2

9.910.2
11.3/0.3

13.610.7
14.9/0.8

10.6/0.3
11.3/0.3

17.8/0.8
21.010.9

A temporary change in surface wind direction at t = 93
min and a longer duration occurrence at about 107 min
stand out from the otherwise generally steady nature
of u' near the heating (Fig. 21). These surface wind
changes result in a shift of the position of maximum 8'
and weakening of perturbations downwind of the heating
(with respect to the basic wind direction). Although the
complex oscillations of 8' on the downwind edge of the
heating present in the intense plume and strong multi-
cell cases may enhance drying and heating of unburned
fine fuels that respond to short-period [O(min)] changes
in relative humidity, the most profound impact on fire
spread is expected where a wind reversal in the basic
flow is present and the plume is steered across the moving
fire line (hybrid cases). As a result of the plume crossing
the fire line and surface winds reversing direction, for-
ward fire spread would be retarded as heat flux to adja-
cent fuels weakens.

To summarize the u' behavior, the A5B9 case exhibits
complex u' oscillations whereas the A5B2 case exhibits
the weakest perturbations and the A2B9 and A2B2
cases undergo distinct transitions in behavior. In terms
of impact on fire spread, one would expect fire spread
rates for the strong multicell (A5B9) case to exhibit
similar periodicity to the u' time series, with fairly
smooth fire spread rates for the intense plume and weak
multicell case (albeit for different reasons). For the
weak multicell case, the steady background wind alone
will dominate fire spread rates, whereas for the intense
plume case some combination of plume inflow and a
bore-induced increase in surface wind speed would also
result in a strong, steady fire spread rate. This is unac-
counted for if we consider only the role of the back-
ground wind in fire spread predictions. The sharp
changes in surface wind speed (and direction) for the
hybrid case (A2B2) strongly suggest that the environ-
mental wind through the depth of the mixed layer must
be considered when determining where convective plumes
are likely to move and what their impact on fire spread
might be.

6. Summary and conclusions

The fundamental processes controlling the orga-
nizational mode and the strength of dry convection
generated by wildfires have been examined using two-

dimensional idealized atmospheric simulations. Two
processes were hypothesized to be important to the
problem: heating of air parcels transiting just above the
fire and advection of updrafts away from the fire. Di-
mensional analysis of the fire-atmosphere problem sup-
plied two relevant control parameters: a buoyancy pa-
rameter (B) that controls the amount of heat a parcel
receives and an advection parameter (A) that controls
the advection of updrafts away from the forcing. A set
of experiments in which the surface wind speed and
mixed layer mean wind speed were varied systemati-
cally revealed several organizational modes that exhibit
strong sensitivity to the control parameters. The bound-
ary of plume versus multicell was found near A = 1, with
plume (multicell) modes simulated when A < 1 (A > 1).

The multicell class was addressed first because of the
limited number of overturning wind profiles present in
the A > 1 area of the parameter space. Note that Wmax

and M statistics indicated stronger and deeper (weaker
and more shallow) convection for larger (smaller) B. As
the upstream surface wind speed increases (decreases),
air parcels transiting the heating receive less (more)
heat and penetrate vertically to a lesser (greater) degree
as they move downstream. Parcel trajectories revealed
the transient nature of the forcing for the strong mul-
ticell mode. All of the three investigated surface parcels
(released at 4-min intervals) became buoyant upon
crossing the heat source and accelerated upward soon
thereafter. Updrafts with depths of 1-2 km formed im-
mediately adjacent to the heat source and then trans-
lated downstream with little intensification before deep-
ening and intensifying 4-6 km from the source. Decom-
position of the pressure field into buoyant and dynamic
components indicated that ACCB and ACCDNL con-
tributed approximately equally to upward acceleration.
The aperiodicity and highly variable distance from the
heat source of deep cell development is consistent with
the series of nonlinear splits and mergers that ultimately
lead to deep cell development.

Within the low-advection area of the parameter
space, the plume class was subdivided into intense
plume and hybrid based on whether vertical motion in
the upright plume was continuous (intense plume) or
consisted of discrete cells (hybrid). Although the ma-
jority of plume (intense plume and hybrid) cases ex-
amined feature a wind reversal, it was found that plume
cases could be consistently simulated without a wind
reversal (and multicell cases with a wind reversal), sug-
gesting that parameter A is the main delineator of plume
versus multicell. In general, the intense plume mode was
simulated when the A (B) parameter was small (large),
that is, when surface heating of air parcels was maxi-
mized and updrafts were only weakly advected by the
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FIG. 19. Hovmoller diagrams of vertical velocity for cases in which parameter B was varied by adjusting surface
heat flux Qo while keeping A constant (A = 0.3); A2B7 (CONTROL) experiment included for comparison. All
figures are in a frame of reference moving with the fire.

environmental wind. Parcel analysis of the A2B9 case
revealed the more steady nature of the intense plume
forcing, in which a layer of air about 500 m deep is ex-
posed to buoyant forcing and air parcels ascend into the
plume in a smooth manner. The steady nature of the
forcing and flow over the heating leads to a nearly hy-
drostatic state in the lowest 200 m of the model down-
stream of the heat source, where the buoyant pressure
gradient force and BUOY are approximately in bal-
ance and vertical acceleration is negligible. Pressure

decomposition revealed that acceleration of air parcels
into the deep convection was the result of ACCB and
ACCDNL, with the latter making the greatest contri-
bution.

The hybrid mode was simulated in cases in which both
parameter A and B were small and the base state wind
profile exhibited strong shear with a wind reversal. To
satisfy the constraints of the two nondimensional pa-
rameters, strong shear and reversal of wind direction
with height is required where the surface wind speed is
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FIG. 20. Hovmoller diagrams of perturbation potential temperature at the lowest model level
(z = 2.5 m), for cases (a) A2B9, (b) A2B2, (c) A5B9, and (d) A5B2. Contours are shaded for
values greater than 10 K and region ±500 m from fire center is displayed. Mode classification as
in Fig. 2. All figures are in a frame of reference moving with the fire.

large but advection averaged through the depth of the
mixed layer is small. Parcel analyses for the A2B2 case
indicated that unlike the strong multicell or intense plume
cases, multiple streams of air parcels ascend through the
deep updraft. Air parcels within the topmost 800 m of the
mixed layer moving toward the plume descended to as
low as 200 m above the surface before rapidly acceler-
ating into the updraft, joining air parcels that had origins
in the low levels well upstream of the heat source. Parcel
analysis also indicated that air parcels moving toward

the plume within the 50D-lOOO-m layer experience up-
ward acceleration due to a perturbation pressure mini-
mum near the center of the mixed layer. The pressure
minimum was found to be dynamic in origin, associated
in part with the presence of an updraft in base state wind
shear. Although parcel analyses of the A2B9 and A5B9
cases indicated contributions from dynamic pressure gra-
dient forcing (mainly nonlinear), the presence of strong
and generally steady dynamic forcing in the A2B2 case
suggests a greater overall contribution from dynamic
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forcing for the hybrid mode. The additional source of air
parcels from the upper portion of the mixed layer is
further suggestive of a deviation from the basic model of
dry convection above forest fires in which air parcels
ascending through the plume are forced by buoyancy
alone.

The fundamental processes that contribute to devel-
opment of the intense plume, hybrid, and strong rnul-
ticell modes are summarized in Fig. 22. In each of the
schematics, paths of "typical" air parcels are shown
alongside positions of perturbation pressure maximal
minima. The weakness of dynamic forcing associated
with base state wind shear is a common trait of the in-
tense plume and strong multicell modes. One crucial
difference is apparent, however. In the intense plume
class (Fig. 22a), a borelike feature is able to propagate
upstream of the fire, owing to the weak mean wind
speed, thus permanently altering the low-level hori-
zontal wind speed. Strong vertical gradients of buoy-
ancy and consequently a strong downward-directed
pressure gradient force (note bold LB in Fig. 22a) limit
vertical accelerations in the near-hydrostatic inflow.
The larger mixed layer mean wind speed associated with
the strong multicell case allows no upstream bore prop-
agation, such that low-level flow over the heating re-

mains weak and parcel buoyancy high. The result of this
evolution is the development of shallow cells immedi-
ately downstream of the heat source (through ACCB),
followed by a series of cell splits and merges that ulti-
mately leads to formation of a deep cell. It is important
to appreciate that the schematics in Fig. 22 are valid
during the later portion of the simulations; even the
quasi-steady intense plume case exhibits unsteady be-
havior during approximately the first 30 min of simu-
lation. In summary, the development of a nearly hy-
drostatic layer downstream of the heating that resists
new cell development is an essential element of intense
plume development for cases with nonzero mixed layer
advection.

The hybrid mode differs substantially from the other
two modes in terms of the presence of an overturning
base state wind profile with strong shear. The dynamic
component of the pressure gradient force plays a role in
the forcing of the mature hybrid mode. The strong
mixed layer wind shear is an important component of
the dynamic forcing, and the wind reversal allows low-
level air parcels to move beneath the dynamic pressure
minimum before reaching the heat source. The inability
of the two nondimensional parameters to adequately
account for such forcing strongly suggests that to be
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(a) INTENSE PLUME

------------~-H--------0(- -- B

(c) STRONG MULTI CELL

--------------~-----

properly applied, additional details of the upstream
wind profile must be considered.

The final issue addressed in this paper was the po-
tential impact of the four dry convective modes on
the predictability of fire spread. It was noted that the
complex oscillations of 8' on the downwind edge of the
heating present in the intense plume and strong multi-
cell cases might enhance drying and heating of un-
burned fine fuels that respond to short-period [O(min)]
changes. However, the most profound impact on fire
spread is expected when a wind reversal in the basic flow
is present and the plume is steered across the moving
fire line (hybrid cases). As a result of the plume crossing
the fire line and surface winds reversing direction, for-
ward fire spread is retarded because heat flux to adja-
cent fuels is weakened. Similar conclusions were drawn
from the Hovrnoller diagrams of u' in Fig. 21. The A5B9
case exhibited oscillations with a number of frequen-
cies whereas the A5B2 case exhibited the weakest per-
turbations and the A2B9 and A2B2 cases underwent
distinct transitions in behavior. In terms of impact on
fire spread, it is expected that fire spread rates for the
strong multicell (A5B9) case should exhibit similar
periodicity to the u' time series, whereas fairly smooth

(b) HYBRID

------------H-------B

FIG. 22. Schematic depiction of fundamental processes involved
in development of (a) intense plume, (b) hybrid, and (c) strong
multicell modes. Note that the schematic in (b) is the mirror image
of the hybrid case discussed in the text (to ensure that surface flow in
all panels is from left to right). The active combustion area is shown
by a dark shaded rectangle and convective plumes/cells are indi-
cated by light (weak) and dark (strong) shaded ovals. Representa-
tive parcel trajectories are indicated by thick curves and areas of
buoyancy shown by thin contours (solid: positive, dashed: negative).
Pressure maxima and minima are indicated by Hand L: size of font
corresponds to approximate magnitude and subscripts indicate the
pressure components to which maxima/minima are attributed. Short
dashed line indicates top of mixed layer; long dashed lines outline
plume position prior to crossing fire. Buoyancy bore discussed in
text is indicated in (a) by curved line near left edge of figure; arrows
indicate direction of steady flow behind leftward moving bore. All
figures are in a frame of reference moving with the fire.

fire spread rates are expected for the intense plume and
weak multicell case (albeit for different reasons). For the
weak multicell case, the steady background wind alone
will dominate fire spread rates; for the intense plume
case, some combination of plume inflow and a bore-
induced increase in surface wind speed would also result
in strong, steady fire spread rates. This would be unac-
counted for if only the environmental wind were used
in fire spread predictions. Last, the sharp changes to
surface wind speed (and direction) for the hybrid case
(A2B2) strongly suggests that the background wind
through a great depth must be considered when deter-
mining where convective plumes are likely to move and
what their impact on fire spread might be.

The impact of surface drag on the organizational
modes and updraft intensity will be addressed in a fu-
ture study; great uncertainty in the parameterization of .
surface drag precluded inclusion in this study. Future
work will further examine the dynamics of the appar-
ent bore hypothesized in this study to play an impor-
tant role in determining plume versus multicell orga-
nizational mode. Additional future work will explore
three-dimensional processes that impact dry convec-
tion forced by quasi-2D fire lines (i.e., fire lines with
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direction than the cross-line direction). The dynamics
of dry convection associated with quasi-2D fire lines
need to be explored before considering isolated or area
fires that lead to more fully three-dimensional flows. A
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2005) and the effect of downdrafts to the rear of the fire
line (Sun et al. 2006b) on the dynamics of dry con-
vection. Along a different line, future work will also
modify the fire-relative framework to include nonlin-
ear processes, such as inflow into an intense plume
enhancing fire spread and turbulent eddies of scale
Oem) altering the flux of heat into adjacent fuels. The
goal of this future research is to improve understanding
of the fundamental two- and three-dimensional pro-
cesses that control dry convection near forest fires, thus
ultimately improving the predictability of rapidly
changing (and potentially life-threatening) conditions
at the fire line.

Acknowledgments. The first author wishes to thank
Dr. Yuh-Lang Lin for proposing the idea of a parameter
space study of dry forest fire convection and providing
valuable guidance during the early portion of the study.
The first author was supported by a National Defense
Science and Engineering Graduate (NDSEG) fellow-
ship while performing this research. Computing was
performed on the NCSU PAMS Linux cluster and the
Army Research Laboratory Linux cluster (MJM).

APPENDIX

Definition of Scales

Scale Definition

Horizontal length scale (m)
Vertical length scale (m)
Upstream horizontal wind speed (m S-I)
Mixed layer mean Uoo (m s-l)
Surface u; (m S-I)

Vertical wind speed scale (m S-I)

Perturbation pressure scale (Pa)
Surface heat flux (W m-2)
Base state density (kg m-3)
Total density scale (kg m-3)
Perturbation density scale (kg m-3)
Eddy viscosity coefficient scale (m2 S-I)

Eddy diffusivity coefficient scale (m2 S-I)
Brunt-Vaisala frequency squared (S-2)
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