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Abstract.  The Haines Index, an operational fire—weather index introduced in 1988 and based on the observed

stability and moisture content of the near-surface atmosphere, has been a useful indicator of the potential for
high-risk fires in low wind conditions and flat terrain. ‘

The Haines Index is of limited use, however, as a predictor of actual fire behavior. To develop a fire~weather index
to predict severe or erratic wildfire behavior, an understanding of how the ambient lower-level atmospheric stability
and moisture affects the growth of a wildfire is needed. This study is a first step in this process. This study investigates,
through four comparative numerical simulations with a coupled wildfire—atmosphere model, the sensitivity of
wildland fires to atmospheric stability and moisture, and in the process explores the correspondence between
atmospheric stability and moisture, wildfire behavior, and the Haines Index. In the first three fire simulations,
the model atmosphere was initially set to identical moisture but different instability conditions that correspond to
Haines Indexes for low, moderate, and high potential for severe fire development. In the fourth fire simulation,
the initial atmospheric and moisture conditions were for a high-risk fire Haines Index rating, but different from
the initial conditions of dryness and stability of the previous experiments. The study indicates that high-risk fire

development is sensitive to near-surface atmospheric stability and moisture, and that there is a range of atmospheric
stability and moisture conditions that is important to the development of severe or erratic fire behavior, and that this
range is within the atmospheric stability and moisture conditions represented by a Haines Index for high potential

for severe fire. The analyses also suggest that there is a substantial latitude of fire behavior for fires rated as this
Index, indicating that this Index should be further divided, or refined.

Additional keywords: coupled wildfire and atmospheric numerical modelling.

(1) Introduction Observational studies (Brotak and Reifsnyder 1977;
Haines 1988; Brotak 1993; Werth and Ochoa 1993; Potter
1996; Werth and Werth 1998; Jones and Maxwell 1998; Reges
and Alden 1998; Garcia Diez et al. 1994, 1999) provide evi-
dence of a relationship between unstable environmental lapse
rates, dry air, and large or erratic fire growth. Several of these
studies investigated correlations between the level of wildfire
risk and the Haines Index (Haines 1988), an operational fire—
weather index that rates the potential for large fire growth
or extreme fire behavior based on the stability and mois-
ture content of the near-surface atmosphere. The products
of these studies are useful for understanding what upper-air

Fire practitioners hope that, in order to predict wildfire
behavior, wildfire severity is dependent on a relatively small
number of observable parameters defining the environments
in which wildfires grow. Two parameters believed to be
particularly important in influencing wildfire evolution and
structure are lower-level atmospheric stability and moisture
content. It is generally accepted that dry, unstable air helps
determine whether a wildland fire will become as big in
vertical as in horizontal extent. Significant vertical column

development increases the probability that the wildfire will
become large and/or erratic.
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observations may be preferable for computing the Index, and
for determining the frequency of high Index values and sea-
sonal variations of the Index for regions in the United States. It
is not possible, however, to isolate the effects of near-surface
atmospheric stability and/or humidity on wildfire behavior
with this approach.

Using the Clark ef al. (19964, 1996b) coupled wildfire—
atmosphere numerical prediction model, Coen and Clark
(2000) simulated a fire line propagating over a small ridge
in an environment forced by terrain, low-level atmospheric
stability, and vertical wind shear. The model fire first moved
up the ridge and formed an arrow-shaped fire line. The fire’s
right flank then weakened and died. The left flank, instead
of continuing forward, veered sharply along the ridge line
before going over the ridge top and down the other side.
The ambient wind field was a hyperbolic tangent profile,
westerly (3ms™!) at the surface, decreasing with height to
1 km above the ground, and then constant (—3ms™!) aloft.
The model atmosphere was statically stable below 500 m,
neutral above. In a preliminary simulation but for neutral
atmospheric stability, Coen and Clark’s model wildfire simply
moved straight up the ridge and propagated steadily down the
other side. Environmental stability obviously had an effect,
but how the environmental stability was responsible for the
fire line’s deflection along the ridge, yet not enough to prevent
the model wildfire from eventually going over the obstacle,
was not understood. Whatever the explanation for the fire
line’s behavior, Coen and Clark (2000) demonstrated that the
evolution of the model fire line depends on the atmospheric
stability.

These studies make it clear that it is important to under-
stand exactly what are the effects of ambient atmospheric
stability and humidity on wildfire behavior if we are to
develop a fire~weather index, like the Haines Index, to predict
wildfire behavior. The first step in this process is to determine
in a systematic and objective way the relative importance of
stability and humidity to wildfire growth. By fixing the initial
environmental conditions, and then selectively varying the
ambient atmospheric stability and/or moisture, it is possible
to use a coupled wildfire~atmosphere numerical prediction
model to examine the effects of these observable parameters
on the evolution of a wildfire. The purposes of this study
are therefore to investigate, through comparative numerical
simulations with the Clark et al. (1996a, 1996b) model, the
sensitivity of wildland fires to atmospheric stability and mois-
ture, and in the process explore the correspondence between
atmospheric stability and moisture, wildfire behavior, and the
Haines Index. Coupled wildfire and atmospheric numerical
modeling is a fairly recent and major advance in the modeling
of wildfires, and the reader unfamiliar with the merits of this
approach to studying wildfire behavior is referred to Jenkins
et al. (2001).

Four different numerical fire experiments are presented.
In the first three fire simulations, the model atmosphere is
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set to identical initial moisture conditions, and the sensitiv-
ity of the coupled wildfire-atmosphere model to different
initial low-level ambient atmospheric stabilities is analysed.
The corresponding Haines Indexes of these three model fires
are for low, moderate, and high potential for severe fire devel-
opment. In the fourth fire simulation, both initial conditions
of dryness and stability are different from the previous exper-
iments. The Haines Index for this fire is for high potential for
severe fire development, and the sensitivity of the coupled
wildfire-atmosphere model to these particular stability and
moisture conditions is analysed.

Modification of even one aspect of a simulation, such as a
different initial condition, affects all the fields simulated by
the numerical model. It can be difficult to present informa-
tion, both quantitative and qualitative, about any particular
field and how it compares from experiment to experiment.
It is also difficult to try to distinguish one experimental fire
from another when there are many variables involved and
each have multiple (space, x, y, z, and time, r) dimensions.
For the purposes of this study, it is useful to first summarize
statistically how one simulated field contrasts another. Here
the Taylor diagram (Taylor 2001) is introduced and used to
evaluate how closely the model field variables match each
other in terms of their correlation, root-mean-square (RMS)
difference, and ratio of their variances. The advantage of the
Taylor diagram, compared to simply reporting these statistics
for each field variable being examined, is that the informa-
tion is plotted on a single diagram. Taylor statistics indicate
what fields are most sensitive to the different initial atmo-
spheric conditions. Using this information, certain fields are
selected for further examination. The important temporal and
'spatial variations of these fields are then analysed to under-
stand how the different initial conditions affect the evolution
of each model wildfire, and the more important results are
presented.

The paper is organized as follows. The Haines Indexes used
to examine the effect of atmospheric stability and moisture
on fire behavior are presented in the following section. The
atmospheric model and the forest fire model are discussed
in Section (3). The experimental set-up is described in Sec-
tion (4), where the initial environmental atmosphere for each
experiment based on its Haines Index is presented. A descrip-
tion of the Taylor diagram is given in Section (5). The Taylor
statistics of each numerical experiment are discussed in Sec-
tions (6) and (7). Section (6) gives a detailed account of the
Taylor statistics for the simulated field variables selected for
examination, and Section (7) gives a synopsis of the results
in Section (6). The fields that show sensitivity to changes
in experimental initial conditions as measured by the Taylor
Diagram are chosen for examination in Section (8), where
the spatial and temporal differences between experiments are
presented. The paper is concluded in Section (9). Although
the study is exploratory (based on four fire simulations), it
indicates that, within a range of near-surface atmospheric
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stability and moisture conditions, atmospheric stability and
moisture are indeed crucial to the development of severe fire
behavior.

(2) The low-elevation Haines Index

The Haines Index (Haines 1988) is calculated by adding a
temperature term a to a moisture term b. For fires at low
elevation, values from 1 to 3 are assigned to a based on the
temperature lapse between 95 and 85kPa. For fires at low
elevation, values from 1 to 3 are assigned to b based on the
difference between the dry bulb and dew point temperatures at
85 kPa. The Haines Index varies from 2 to 6. A Haines Index
of 2 indicates moist, stable air, and the potential for large
fire growth or extreme fire behavior is very low. A Haines
Index of 6 indicates dry, unstable air, and the potential for
large fire growth or extreme fire behavior is high. The higher
the Haines Index, the more likely that the fire behavior is
severe. Severe or extreme fire behavior involves energetic
fires with high rates of spread or sudden acceleration of the
fire front, the development of pyrocumulus, crowning, large-
scale spotting caused by firebrands lofied ahead of the fire
by wind, and large whirl formation. Severe fires have higher
fire-line intensities (defined as a heat flux or rate of fire line
spread times the heat per unit area generated by the available
fuel). In the following sections, whenever a fire simulation is
described as having severe or erratic behavior, it is exhibiting
any one of these features. ‘

Table 1 shows the temperature and moisture limits used
to compute four different low-elevation Haines Indexes for
the four numerical experiments of this study. In the first three
experiments, B = 15°C and the moisture term b = 3, indicat-
ing dry air. The difference between the three Haines Indexes
depends on a, where a+b =4, 5, and 6 designates the poten-
tial for large fire growth or extreme fire behavior as low,
moderate, and high, respectively. Each experiment is named
(left column, Table 1) by @ and b, and ¢ and ¢ which spec-
ify A (temperature lapse) and B (moisture) values. In the

fourth experiment, a363/t08¢11, the Haines Index is 6, but -

in this case both A and B are lower values that those of exper-
iment a3b3/¢11¢15. The initial atmospheric conditions for
experiment a3b3/108¢11 are not as dry or unstable as the
conditions for experiment a363/¢11q15.

Table 1. Description of the Haines Indexes for each numeri-

cal experiment, where B is the difference between the dry bulb

and dew point temperatures at 85 kPa, 4 is the temperature lapse
between 95 and 85 kPa, and the Haines Index=a + b

Experiment A a B b  Haines  Large fire
) °C) Index potential
alb3/t01¢15 1 1 15 3 4 Low
a2b3/1t06415 2 15 3 5 Moderate
a3b3/t1lql5 11 3 15 3 6 High
a3b3/108g11 8 3 11 36 High

215

(3) Model description

For the objectives of this study, the Clark atmospheric numer-
ical model (Clark 1977, 1979; Smolarkiewicz 1983, 1984;
Clark and Farley 1984; Clark and Hall 1991, 1995) is coupled

- with the Canadian Forest Service Fire Behavior Prediction

System or FBPS (Hirsch 1996). The Clark model is a three-
dimensional, non-hydrostatic, numerical prediction model
capable of resolving convective-scale motions. It includes
vertically-stretched and terrain-following coordinates, and
two-way or multilevel grid nesting. The FBPS model code has
very low computational requirements and is able to simulate
wildfire in a variety of settings. A description of the cou-
pling of the Clark atmospheric model with a wildfire behavior
model is given in Clark et al. (1996a, 1996b). For this study
canopy drag was neglected and warm rain physics were used.
The heating and moistening by radiation and small scale
turbulence are parameterized as described by Clark er al.
(1996a, 1996b).

Clark et al’s (1996a, 1996b) simple ignition tracer param-
eterization has been replaced. The forest fuel is divided into
rectangular grids. To trace ignition in the current model, four
tracers, assigned to each model fuel cell, identify burning
areas and define the fire front within fuel cells. The coordi-
nates of the ignition tracers are time dependent and allow fires
of arbitrary orientation and shape to move through a mesh
of fuel grids at fire-spread rates directed by the fire-scale
winds. When coupled with the FBPS, the tracers move with
the flow normal to the local model fire perimeter at the fire
spread-rate formula based on the FBPS. The tracer advecting
wind and therefore spread rates are prescribed at the height
of 15 m above ground level, which represents the top of the
canopy.

(4) The experimental set-up

With the exception of experiment a3b3/¢11q15, one level of
mesh refinement with two-way interactive grid nesting was
used in the simulations. An inner domain, 1.2km x 2.4 km
in size, was nested within an outer domain, 6km x 6 km in
size. The horizontal grid intervals were Ax = Ay = 150m in
the outer domain and Ax = Ay = 50m in the inner domain.
The near-surface vertical grid spacings were Az =40m
in the outer domain and Az =20m in the inner domain.
The horizontal fuel grid intervals were Axgel = Ax/4 and
Ayfel = Ay/4. The time intervals were Az = 1 s in the outer
domain and Ar=1/3s in the inner domain. Preliminary
model runs showed that, for experiment a3b3/t11q15, it
was necessary to add a third and larger outer domain,
18.9km x 18.9km in size, to ensure that the innermost
domain was not contaminated by outer boundary distur-
bances. Horizontal grid intervals were Ax = Ay =450 m and
At =3 s in the outermost domain. In the following sections,
the fire domain is the innermost domain, i.e. the domain of
smallest grid and time resolution.
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The experiments started with a spot fire of radius three
times the hypotenuse of a fuel cell, 753 m. Although a smaller
grid size (e.g. less than 20 m) would better resolve fire-scale
features, particularly fire-scale vorticity dynamics, the com-
puting times at this grid spacing would be impracticable
for this first study. The 50 m grid size in the fire domain
allowed simulations of significant duration to track the evo-
lution of the model fire and yet was able to resolve important
larger-scale features associated with fire behavior.

The intent is to examine the differences in wildfire
behavior based solely on different initial environmental near-
surface atmospheric stabilities and moisture content, and
each wildfire having different Haines Indexes. Although vari-
ations in terrain and fuel, along with large-scale and local
meteorology, are undeniably important to wildfire behavior
and characteristics, features considered to be complicating
influences that are not necessary to the development and
maintenance of severe fire are not included in this initial
study. There was no Coriolis force and no topography. The
deflection of air by the rotation of the Earth does not impact
directly on severe fire behavior. The Haines Index is an indi-
cator of the potential for high-risk fires in low wind conditions
and flat terrain, and topography is not a necessary condition
for severe fire.

Table 2 shows each of the four experiment’s relative
humidity (RH, %), initial water vapor mixing ratio (g,,
gkg™1), temperature (T, °C), dew-point temperature (74, °C)
at the surface pressure P of 100kPa and pressure levels
95kPa and 85 kPa. Surface pressure, relative humidity, and
temperature were the same for all experiments. Above 85 kPa
(approximately 550 m) to a tropopause of 10 km, water vapor
decayed exponentially to a minimum of 0.1 gkg™!, and the
buoyancy frequency was 0.01s7!. Above the tropopause
to the top of the outer domain (approximately 13 km), the
buoyancy frequency was 0.02s~!. These upper-level envi-
ronmental conditions are the same as those used by Clark
et al. (1996a, 1996b). The model environmental wind was
initially set to a constant westerly 3ms™!.

The model fuel was combustible and plentiful to sup-
port a conflagration-type fire, and the initial amount was the
same for each experiment. The ground and canopy fuels were
homogeneous and equal combinations of Spruce, mature
Jack Pine, and immature Jack Pine. The initial mass of the
ground fuel was 4kgm™2, and the initial dry mass of the
forest canopy was 1 kgm™2, with a moist/dry ratio of 0.85.
The burn rate of the dry ground fuel was 0.04kgm™2s™!
(i.e. ground fuel burned off in 100s once dry). The burn
rate of the dry canopy fuel was 0.033 kgm™2 s~! (i.e. canopy
fuel burned off in 30s once dry). The combustion coeffi-
cient of 17.0 x 10° Jkg~! was applied to each dry fuel type.
Three percent of the sensible heat released was used to evap-
orate the water contained in the ground fuel. It was assumed
that approximately 5% of the total energy release is radiative
and about half of this, approximately 3%, warms the fuel on
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Table 2. Description of the relative humidity RH, mixing ratio
4y, temperature T, and dew-point temperature Ty at pressure
levels 100, 95, and 85 kPa for each experiment

Experiment Pressure  RH Gy T Ta
(kPa) (%) (gke™)  (°C) (O
alb3/101¢15 100 500 11.76 27.0 164
95 36.8 6.93 22.6 7.7
85 36.8 7.29 216 6.8
a2b3/106g15 100 500 11.76 27.0 164
95 36.8 6.93 226 7.7
85 35.6 5.09 16.6 1.7
a3b3/t11ql15 100 50.0 11.76 27.0 16.4
95 36.8 6.93 22.6 7.7
85 334 342 116 =33
a3b3/108q11 100 500 11.76 27.0 16.4
95 48.1 9.07 22.6 11.7
85 46.7 5.85 14.6 3.7

the surface. It was assumed that the combustion of cellulose
results in a conversion of 56% of the dry fuel’s mass to water
vapor. In the present formulation, heat flux from the ground
fire first goes into drying the canopy. Once the canopy fuel is
dry and the ground heat flux exceeds the threshold value of
17.0 x 10* Tkg™!, the canopy ignites.

Fuel moisture was deliberately not allowed to respond
to changes in surface relative humidity due to the fire and
remained constant throughout the simulations. This pur-
posely eliminated any sensitivity of fire combustion and
subsequent fire development to changes in fuel moisture.
The goal was to examine model fire behavior forced exclu-
sively by the effects of near-surface temperature lapse rate
and humidity on the atmosphere, not changing fuel moisture.

The upper-air and surface fields chosen for examination
are: u, the x or east-west wind component; v, the y or north—
south wind component, w, the z or vertical wind component;
B, the buoyancy (as in Clark et al. 1996a, 1996b); O, the
water vapor mixing ratio (same as g, in Table 2); V,, the x
vorticity component; V, the y vorticity component; and V,,
the z vorticity component; The three-dimensional vorticity
field is defined as

Ve, Vy, Vi) =V x U, )
the curl of the three-dimensional velocity field U.

The surface-only fields chosen for examination are: CI,
CL, CS, the intensity, latent heating rate, and sensible heating
rate, from the canopy burn; G/, GL, GS, the intensity, latent
heating rate, and sensible heating rate, from the ground fuel
burn; SR, the fire spread rate (as in Hirsch 1996); 7K, the total
kinetic energy; and PK, the total perturbation kinetic energy.

The kinetic energy that results from model equations is

1
KE = E(ﬁxuzx + 2 + mw? ) )

SR
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where m is mass of air per grid volume, and the overbars
represent grid averages in the x, y, and z directions. The
perturbation kinetic energy is

1
PKE = E(Fn"‘u’f + v + mzw'zz), (3)

where the primed quantities are deviations from the back-
ground or environmental mean. Fields 7K and PK are the
sum totals of KE and PKE, respectively, at each grid vol-
ume within the fire domain.

Each experiment was a 2h simulation, and model field
data were output every 4s. Averages of each field over the
burning area and the minimum and maximum field values
within the fire domain were determined, and the averages of
each field provided N discrete points in time. Averages over
the burning area are meant to indicate what happened just
in the fire. Maximum and minimum values are meant to indi-
cate the upper and lower limits of field strength anywhere
within the fire domain. Taylor plots (next section) were
constructed with these data and are, as discussed in the Intro-
duction, used to evaluate how closely the respective field
variables from the four experiments match one other.

(5) The Taylor diagram

To determine how environmental atmospheric stability and
moisture affects model behavior, Taylor’s diagram (Taylor
2001) is used to summarize the overall correspondence
between the results from one wildfire simulation and another.

The statistic most often used to quantify pattern similarity
is the correlation coefficient R, defined by

_ YN U= D=7

ofor

R (O]

where f, and r,, are two variables or fields at N discrete points
in time and/or space. The overline denotes a mean value, and
o ¢ and o, are the standard deviations of f and r, respectively.
The statistic used to quantify differences in two fields f and
r is the RMS difference E, which is defined as

) N 1/2
E= [7\’. D (- r,,)Z:I , (5)
n=1

To isolate the differences in the patterns from the differ-
ences in the means of the two fields, E is resolved into two
components. The overall ‘bias’ is defined as

E=f-F, (6)
and the pattern RMS difference by
1/2

N
P e ) i SN ()

n=1

E' =

2=
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Fig. 1. Geometric relationship between the correlation coefficient R,
the pattern RMS difference E’, and the standard deviations ¢ r and o,
of the test and reference fields, respectively.

The two components add quadratically to yield the full mean-
square difference:

E?=E*+E”. ®)

It is impossible to determine from equation (8) how much
difference is due to a difference in phase and how much is
due to a difference in the amplitude of the variations for any
given value of E’. However, by substituting for R, equation (8)
can be rewritten as

E? = a} — 20f0:R, ()

which is recognized as the Law of Cosines, where oy and o,
and E’ are the lengths of the sides of a triangle, and R is the
cos ¢ where ¢ (=cos™! R) is the angle opposite the side E’.
Equation (9) represents the simple geometrical relationship
between four statistical quantities: the correlation coefficient
R, the pattern RMS difference E’, and the standard deviations
of and o,. This is illustrated in Fig. 1. Using equation (9),
Taylor (2001) constructed a two-dimensional plot that statis-
tically quantifies the degree of similarity between fields f
and r, where the four statistical quantities are indicated by a
single point. The radial distance from the plot’s origin is pro-
portional to the standard deviation of a pattern. The pattern
RMS difference between f, the ‘test’ field, and r, the ‘refer-
ence’ field, is proportional to their distance apart (in the same
units as the standard deviation). The correlation between the
two fields is given by the azimuthal position of the f field.
On a Taylor diagram, the correlation coefficient indicates how
much difference is due to phase, and the standard deviations
indicate the difference in the amplitude of the variations from
the mean for r and f.

(6) The results based on the Taylor diagram

A comparison between three experiments is made in each
Taylor diagram. Two of the experiments are chosen as test
experiments and one as the reference experiment. Two points
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connected by an arrow are plotted for each field selected
for analysis (Section 4). The tail of the arrow indicates
the statistics for the first test experiment, the head of the
arrow indicates the statistics for the second test experi-
ment. Because the units of measure are different for each
field, their statistics are non-dimensionalized before appear-
ing on the same graph. For each variable, the pattern RMS
difference and the standard deviation are normalized by the
standard deviation of the corresponding reference field (i.e.
E = E'/o,,0f =0y /0y, 0y = 1). The correlation coefficient
isunchanged, and the final statistics yield a normalized Taylor
diagram. The standard deviation of the reference field is
normalized by itself, and is plotted a unit distance from
the origin along the abscissa. For our purposes, experiment
alb3/1t014q15 is the reference experiment, and experiments
a2b3/106q15,a3b3/108g11,and a3b3/t11¢q15 are the tests.
The pattern RMS difference and standard deviations are nor-
malized by the standard deviation of each field from model
fire 163 /101415 before plotting. From this point on, all ref-
erences to RMS are to normalized pattern RMS differences,
and all references to standard deviations are to normalized
variances or standard deviations.

Only a small fraction of the model output can be con-
sidered. In this study surface and near-surface model data
were used to construct the Taylor diagrams. These are the
levels of the atmosphere that fire fighters experience. The
model data were sampled at constant time intervals and at
a single height level, either at the surface, or at 15 m above
ground level, the top of the canopy. The statistics required by
equation (9) were computed and plotted on the Taylor dia-
gram. Since the statistics in equation (9) vary according to
the sampling frequency, Taylor diagrams based on different
constant time intervals (i.e. 5s, 2min, and 5 min) were pro-
duced and compared. There were differences in the diagrams,
but overall trends were consistent, and a sampling frequency
of 5 s was used to prepare the final Taylor diagrams. Although
each experiment was simulated for 2 h, there was significant
variation in the evolution of each fire within the first hour of
simulation, and output from this time period was therefore
used to produce the Taylor statistics and plots.

The Taylor statistics for modetl fire a153/101¢15, desig-
nated as having a low potential for severe fire growth, and
model fire a2b3/106q 15, designated as having a moderate
potential for severe fire growth, are given in the following
Figs 25 and Fig. 10. The statistical differences indicate the
relative importance of increased initial atmospheric instabil-
ity on wildfire growth when the low-level atmospheric is dry.
The Taylor statistics for model fire a353/108¢11, designated
as having a high potential for severe fire growth, are also
given. In this case, the statistics indicate the relative impor-
tance of further decreased initial atmospheric stability, but
slightly increased initial humidity, on wildfire growth.

The Taylor statistics comparing model fires a153/t01g 15
and a2b3/1064q 15 with model fire a3b3/111q 15, designated

-
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as having a high potential for severe fire growth, are given
in the following Figs 6—10. The statistical differences indi-
cate the relative importance of decreasing initial atmospheric
stability on wildfire growth for the same initial low-level
humidity.

(a) Experiments a2b3/t06q15 and a3b3/t08q11
compared to alb3/t01q15

Figure 2 shows the Taylor statistics based on averages over
the burning area for reference experiment a153/:01¢15 and
test experiment a2b3/106415 (tails of arrows). Except for u,
v, and V,, fields from experiment a2b3/1064 15 lie relatively
close to the reference point. The RMS differences are rela-
tively small (less than or equal to 0.5), and the correlation
coefficients between these fields and the reference field are
relatively large (approximately greater than 0.9). The stan-
dard deviations of fields B, Q, and V), are near 1.0, and the
standard deviations of fields w and V, show an overall reduc-
tion in the amplitude of the variations compared to that of
the reference (65 < 1). Field Q has the same amplitude of
variations compared to the reference (65 ~ 1), and are nearly
completely in phase (R > 0.99).

Figure 2 shows the fields from experiment a2b3/106415
(tails of arrows) that have changed most compared to the ref-
erence are u, v, and V,. The RMS difference of 1.07 for u
is due primarily to the poor correlation (R ~ 0.35) and not
the difference in the amplitude of variations (6 f ~20.9). The
RMS difference of 3.06 for V, is due to a poor and negative
correlation (R &~ —0.4) combined with a moderate difference
in the amplitude of variations (oy ~2.5). The RMS differ-
ence of 3.4 for v is due to a negative correlation (R ~ —0.9)
and a moderate difference in the amplitude of the variations
(0 ~2.5).

Figure 2 also shows the Taylor statistics of experiment
a3b3/1084q11 (heads of arrows) compared to the reference
experiment. Except for u, v, and V,, the RMS differences
for experiment a3b3/108g11 are greater than the RMS
differences for experiment a2b3/t06¢ 15 (the heads of the
arrows lie further away from the reference point than the
tails). The arrows are oriented such that the variances are
smaller in experiment a3b3 /108411 compared to experiment
a2b3/106q 15 (tails of arrows), and the correlations between
experiment a3b3/t08q11 (rated as having a high potential
for severe fire behavior) and the reference are even fur-
ther reduced compared to those of experiment a2b3/106415
(rated as having a moderate potential for severe fire behav-
ior) andAthe reference for fields w, B, Q, and V. For these
fields, E’ is greater than 0.6 and less than or equal to 0.9,
R 1s approximately greater than 0.6 and less than 0.8, and
G s ranges from 0.5 for V; to almost 1.0 for V.

Figure 2 shows that the fields from experiment a3b3/
108411 that have changed most significantly compared to
experiment a2b3/t06¢15 and the reference experiment are
u, v, and V,. For these fields, the RMS differences are
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Reference: a1b3/101q15
Test 1: a2b3/t06q15

CorrelOﬁO” Coeffic,‘ent

Test 2: a3b3/108q11

) 2.0 1.6 1.2 0.8 0.4 0.0 0.4 0.8 1.2 1.6 2.0 '
Standard Deviation (Normalized)

Fig. 2. Changes in normalized pattern statistics between experiments a253/106g15 and a3b3/¢08¢ 11. Statistics for experiment a2b3/t06q 15 are
plotted at the tails of the arrows, and the statistics for experiment a353/108411 are plotted at the heads of the arrows. The pattern RMS difference
and standard deviations are normalized by the standard deviation of each field from the reference experiment a1563/t01g15 before plotting.
The fields shown are: u, the x or east-west wind component; v, the y or north-south wind component, w, the z or vertical wind component; B,
the buoyancy; Q, the g, water vapor mixing ratio; and Vy, Vy, and V,, the x, y, and z vorticity components, respectively. For each field, the data
were sampled every 5 s between a 4 to 3600 second time period, at 15m above ground level, and averaged over the burning area. The dotted line

represents oy, a unit distance from the origin.

decreased compared to experiment a2b3/t06¢15 (the heads
of the arrows lie closer to the reference point than the
tails), the amplitudes of the variations are reduced compared
those of experiment a2b3/t06415, and the correlations are
either nearly zero (R =~ 0.09 for v), still positive but reduced
(R = 0.7 for u), or unchanged (R =~ —0.4 for V).

Figure 3 shows the Taylor statistics based on minimum
values within the fire domain for reference experiment
alb3/t01¢15 and test experiment a2b3/106415 (tails of
arrows). Most fields lie relatively close to the reference point.
Except for v and Q, E’ is approximately greater than 0.5 and
less than 0.8 and, other than v, fields have similar amplitudes
of variations compared to the reference (65 ~ 1). Standard
deviations range from 0.97 for V, to 1.3 for v. Except for v,
the correlation coefficients R are approximately greater than
0.71 (for V;) and less than 0.99 (for Q). Field Q has almost
the same phase and the same amplitude of variation as the
reference. Field v has the largest RMS difference (E " 1.3)
which is due to phase or pattern differences (R = 0.4) and to
a low amplitude of variation (G5 ~ 1.3).

Figure 3 also shows the Taylor statistics based on minimum
values within the fire domain for experiment a3563/108g11
(heads of arrows) compared to the reference. Except for
v, the RMS differences of experiment a3563/108g11 have
increased compared those of experiment a2b3 /106415 (the
arrows point away from the reference point), and range from
E'~0.5 for 0 to 1.2 for V,. Other than field v, the arrows are
oriented such that the variances are nearly equal or smaller
in experiment a3b3/108¢11 (rated a Haines Index 6) com-
pared to experiment a2b3/1064¢ 15 (rated a Haines Index 5),
and the correlations between experiment a353/¢t08¢11 and
the reference are even further reduced compared to those of
experiment a2b3/t064q 15 and the reference.

Figure 4 shows the Taylor statistics based on maxi-
mum values within the fire domain for reference experiment
alb3/t01¢g15 and test experiment a2b3/t06¢15 (tails of
arrows). Figure 4 shows that, except for Vy, all fields lie
relatively close to the reference point. E' is between 0.15 for
B and 1.19 for V, and, except for V;, the R is greater than
0.73. The standard deviations for fields other than u, V), and










































