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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 fiom 
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. 

(I) Introduction 

Fire practitioners hope that, in order to predict wildfire 
behavior, wildfire severity is dependent on a relatively small 
number of observable parameters defining the enviroments 
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. 

Observational studies (Brotak and Reifsnyder 1977; 
Haines f 988; 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 
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observations may be preferable for computing the Index, and 
for de tedning  the frequency of high Index values and sea- 
sonal variatiom ofthe Index for regions in the United States. It 
is not possible, however, to isolate the effects of near-sdace 
atmospheric stability andlor humidity on wildfire behavior 
with this approach. 

Using the Clark et al. (1996a, 1996b) coupled wildfire- 
atmosphere numerical prediction model, Coen and Clark 
(2000) simulated a fire line propagating over a small ridge 
in an enviroment 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 (3 m s-') at the surface, decreasing with height to 
1 km above the ground, and then constant (-3 m s-') aloft. 
The model atmosphere was statically stable below 500m, 
neutral above. In a preliminary simulation but for neutral 
atmospheric stabilitj., 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 andor 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 conesponding 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 inforrna- 
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, t) 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 (REVIS) 
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 aecount 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 exmination 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 lovrf-elevation Naines 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 85 kPa. 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 lofted 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 
(lefi column, Table 1) by a and b, and t and q which spec- 
ify A (temperature lapse) and B (moisture) values. In the 
fourth experiment, a3b3/t08q 11, the Haines Index is 6, but 
in this case both A and B are lower values that those of exper- 
iment a3b3/t 1 lq  15. The initial atmospheric conditions for 
experiment a3b3 / t08q 11 are not as dry or unstable as the 
conditions for experiment a3b3/t 1 lq 15. 

(3) Mode1 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 Hal1 199 1,1995) is coupled 
with the Canadian Forest Service Fire Behavior Prediction 
System or FBPS (Hirsch 1996). The Clark model is a three- 
dimensional, non-hydrostatic, numericaI 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 a!. (1996a, 19961.3). 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 et al. 
(1996a, 1996b). 

Clark et al.'s (1 996a, 1996b) simple ignition tracer param- 
eterization has been replaced. The forest fuel is divided into 
rectangular grids. To trace ignition in the current rnodel, four 
tracers, assigned to each rnodel 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 / t 1 lq  15, one level of 
mesh refinement with two-way interactive grid nesting was 
used in the simulations. An inner domain, 1.2 krn x 2.4 km 
in size, was nested within an outer domain, 6 km x 6 lux in 
size. The horizontal grid intervaIs were Ax = Ay = 150 m in 
the outer domain and Ax = Ay = 50 m in the inner domain. 
The near-surface vertical grid spacings were Az = 40 m 
in the outer domain and Az = 20m in the inner domain. 
The horizontal fuel grid intervals were Axhei = Ax/4 and 

Table 1. Description of the Haines Indexes for each numeri- Ayhl = Ay/4. The time intervals were At = 1 s in the outer - .  
cal experiment, where B is the difference between the dry bulb domain and ~t = 1/3 s in the inner domain+ Preliminary 
and dew point temperatures at 85 kPa,A is the temperature Iapse 

between 95 and 85 kPa, and the Haines Index = a  + b model runs showed that, for experiment a3b3/tlIq15, it 
was necessary to add a third and larger outer domain, 

Experiment A a B b Haines Large fire 18.9 km x 18.9 km in size, to ensure that the innermost 
("C> ("(3 Index potential domain was not contaminated by outer boundary distur- 

ulb3/tOlq15 1 1 15 3 4 LOW bances. Horizontal grid intervals were Ax = Ay = 450 m and 
aZb3/t06q15 6 2 15 3 5 Moderate At = 3 s in the outermost domain. In the following sections, 
a3b3/tllq15 11 3 15 3 6 High the fire domain is the innermost domain, i.e. the domain of 
a3b3/?08qll 8 3 1 1  3 6 High 

smallest grid and time resolution. 
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The exoeriments started with a spot fire of radius three Table 2. Description of the relative humidity IU-I, mixing ratio 

times the hypotenuse of a fuel cell, =5 3 m. Although a smaller q .9  temperature T, and dew-point temperature Td at Pressure 

grid size (e.g. less than 20 m) would better resolve fire-scale levels 100,95, and 85 kPa for each experiment 

features, particularly fire-scale vorticity dynamics, the com- 
puting times at this grid spacing would be impracticable 
for this first study. The 50m 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 (q,, 
g kg- I ) ,  temperature (T, "C), dew-point temperature (Td, OC) 
at the surface pressure P of 100 kPa and pressure levels 
95 kPa 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 g kg-', and the 
buoyancy frequency was 0.0 1 s-I. Above the tropopause 
to the top of the outer domain (approximately 13 h), the 
buoyancy frequency was 0.02 s-'. 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 3 m s-I. 

The model he1 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 4 kgm-2, and the initial dry mass of the 
forest canopy was 1 kg m-2, with a moist/dry ratio of 0.85. 
The burn rate of the dry ground fuel was 0.04 kg mP2 s-I 
(i.e. ground he1 burned off in 100 s once dry). The burn 
rate of the dry canopy fuel was 0.033 kg m-2 s-I (i.e. canopy 
fuel burned off in 30 s once dry). The combustion coeffi- 
cient of 17.0 x lo6 J kg-' was applied to each dry he1 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 

Experiment Pressure RH q, T Td 

@Pa) (%I I&-') ("C) ("(3 

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 lo4 J kg-', 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, zu, the z or vertical wind component; 
B, the buoyancy (as in Clark et al. 1996a, 1996b); Q,  the 
water vapor mixing ratio (same as q, in Table 2); V,, the x 
vorticity component; Vy , the y vorticity component; and V,, 
the z vorticity component; The three-dimensional vorticity 
field is defined as 

the curl of the three-dimensional velocity field G. 
The surface-only fields chosen for examination are: GI, 

CL, CS, the intensity, latent heating rate, and sensible heating 
rate, from the canopy burn; GI, 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); TK, the total 
kinetic energy; and PK, the total perturbation kinetic energy. 

The kinetic energy that results from model equations is 
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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 

where the primed quantities are deviations from the back- 
ground or environmental mean. Fields TK and IJK are the 
sum totals of A23 and P m ,  respectively, at each grid vol- 
ume within the fire domain. 

Each experiment was a 2 h simulation, and model field 
dBta were output every 4 s. Averages of each field over the 
buming 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 

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

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 

Fig. 1. Geometric relationship between the correlation coeficient R, 
the pattern RMS difference E', and the standard deviations af and or 
of the test and reference fields, respectively. 

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

E2 = E2 + E ' ~ .  (8) 
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 

which is recognized as the Law of Cosines, where of and or 
and Er are the lengths of the sides of a triangle, and R is the 
cos q5 where i$ (= cos-I 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 (200 1) 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. 

and the pattern RMS difference by (6) The results based on the Taylor diagram 

N A comparison between three experiments is made in each 

(7) 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 M S  
difference and the standard deviation are normalized by the 
F d a r d  deviation of the corresponding reference field (i.e. 
E' = E'fo;, Zf = af/a,, Zr = 1). The correlation coefficient 
is unchanged, and the final statistics yield a normalizedTaylor 
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 
a 1 b3/ t 0 1 q 15 is the reference experiment, and experiments 
a2b3ft06q15, a3b3ftO8q11, anda3b3ft l l q  15 are the tests. 
The pattern RMS difference and standard deviations are nor- 
malized by the standard deviation of each field from model 
fire a 1 b3ftOlq 15 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. 5 s, 2 min, 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 model fire a 1 b3/ t01q 15, desig- 
nated as having a low potential for severe fire growth, and 
model fire a2b3/t06q 15, designated as having a moderate 
potential for severe fire growth, are given in the following 
Figs 2-5 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 a3b3/ t08q 1 1, 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 a 1 b3/t01q 15 
and a2b3/ t06q 15 with model fire a3b3/ t 1 lq  15, designated 

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 a263/tOdq15 and a3b31t08ql l 
compared to alb3/t01ql5 

Figure 2 shows the Taylor statistics based on averages over 
the burning area for reference experiment a 1 b3 f tO 1 q 15 and 
test experiment a2b3 f t06q 15 (tails of arrows). Except for u, 
v, and V,, fields from experiment a2b3f t06q 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 By Q, and Vy are near 1 .O, 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 (Zf < I). Field Q has the same amplitude of 
variations compared to the reference (sf % I), and are nearly 
completely in phase (R > 0.99). 

Figure 2 shows the fields from experiment a2b3/t06q 15 
(tails of arrows) that have changed most compared to the ref- 
erence are u,  v, and Vx. 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 (Zf % 0.9). The 
RMS difference of 3.06 for Vx is due to a poor and negative 
correlation (R % -0.4) combined with a moderate difference 
in the amplitude of variations (Zf % 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 
(Sf % 2.5). 

Figure 2 also shows the Taylor statistics of experiment 
a3b3ft08q 1 1 (heads of arrows) compared to the reference 
experiment. Except for u,  v ,  and V', the RMS differences 
for experiment a3b3/tOSq 11 are greater than the RMS 
differences for experiment a2b3ft06q15 (the heads of the 
arrows lie fkther away from the reference point than the 
tails). The arrows are oriented such that the variances are 
smaller in experiment a3b3 / t08q 1 1 compared to experiment 
a2b3/tCKjg 15 (tails of arrows), and the correlations between 
experiment a3b3ft08q 1 1 (rated as having a high potential 
for severe fire behavior) and the reference are even fur- 
ther reduced compared to those of experiment a2b3/t06q 15 
(rated as having a moderate potential for severe fire behav- 
ior) and the reference for fields w, R, Q, and Vy . For these 
fields, 2' is greater than 0.6 and less than or equal to 0.9, 
R is approximately greater than 0.6 and less than 0.8, and 
Zf ranges from 0.5 for V, to almost 1.0 for Vy. 

Figure 2 shows that the fields from experiment a3b3/ 
t08q 1 1 that have changed most significantly compared to 
experiment a2b3/t06q 15 and the reference experiment are 
u, v, and V,. For these fields, the RMS differences are 
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Reference: a 1 b3/t0 1 q 1 5 

Fig. 2. Changes in normalized pattern statistics between experiments a2b3/t06q 15 and a3b3/t08q 1 I .  Statistics for experiment a2b3/t06q 15 are 
plotted at the tails of the arrows, and the statistics for experiment a3b3/t08q 11 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 alb3/tOlq15 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 q, water vapor mixing ratio; and V,, 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 15 m above ground level, and averaged over the burning area. The dotted line 
represents i?,., a unit distance from the origin. 

decreased compared to experiment a2b3/ t 06q 1 5 (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/ t06q 15, 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/tOlq15 and test experiment a2b3 ft06q15 (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 (Zf --" 1). Standard 
deviations range from 0.97 for Vy to 1.3 for v. Except for v,  
the correlation coefficients R are approximately greater than 
0.7 1 (for V,) and less than 0.99 (for Q). Field Q has almost 
the same phase and the same amplitude of variati~n 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 (Sf = 1.3). 

Figure 3 also shows theTaylor statistics based on minimum 
values within the fire domain for experiment a3b3/t08q 11 
(heads of arrows) compared to the reference. Except for 
v,  the RMS differences of experiment a3b3/t08q 1 1 have 
increased compared those of experiment a2b3 / t06q 15 (the 
yaws point away from the reference point), and range from 
E' % 0.5 for Q 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/t08q 1 1  (rated a Waines Index 6) com- 
pared to experiment a263/t06q 15 (rated a Haines Index 5),  
and the correlations between experiment a3b31t08q 1 1  and 
the reference are even further reduced compared to those of 
experiment a 2b3/ t06q 1 5 and the reference. 

Figure 4 shows the Taylor statistics based on maxi- 
mum values within the fire domain for reference experiment 
a lb3/t01q 15 and test experiment a2b3 / t06q 15 (tails of 
arrows). Figure 4 shows that, exceptJor Vy,  all fields lie 
relatively close to the reference point. E' is between 0.15 for 
B and 1.19 for r/y and, except for V,, the R is greater than 
0.73. The standard deviations for fields other than u ,  Vy ,  and 
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Ref erence: a 1 b3/t0 1 q 1 5 

Test 1 : a2b3/t06q 15 

0.0 0.4 0.8 1.2 1.6 2.0 
Stondord Deviation (Norrnolized) 

Fig. 3. Same as Fig. 2 except for minimum values in the fire domain. 

Ref entnce: a 1 b3/t0 1 q 1 5 

Test 1 : a2b3/t06q 15 . . 

Test 2: a3b3/t08q 1 1 

0.0 0.4 0.8 1.2 1.6 2.0 
Stondard Deviotion (~orrnolized) 

Fig. 4. Same as Fig. 2 except for maximum values in the fire domain. 

V' are close to 1 .O, and fields V,, V,, and v show an overall 
reduction in the amplitude of the variations compared to that 
of the reference (Zf < 1). 

Figure 4 also shows the Taylor statistics based on 
maximum values within the fire domain for experiment 

a3b3/t08q 1 1 (heads of arrows) compared to the reference. 
Figure 4 shows that, other than field w, the M S  differences 
are larger in experiment a3b3/t08q 1 1  compared to those in 
experiment a 2b3 / t 06q 15 (arrow heads are farther away from 
the reference point than the tails), and range from 2 * 0.4 for 
23 and w to 2 ;t. 1.4 for V,. Except for V,, the arrows are ori- 
ented such that the variances in experiment a3b3/t08q 1 1 are 
smaller than the variances in experiment a2b31t06q 15. The 
arrows for every field except w and V,  are oriented such that 
the correlation coefficients in experiment a3b3 / t08q 11 are 
reduced compared to the correlation coefficients for experi- 
ment a2b3 / t06q 15. The least significant change is in w (the 
smallest arrow), and the most significant change is in V, 
(the largest arrow). The Taylor statistics for w (where w 
data were sampled close to the surface) remain essentially 
unchanged. 

The Taylor statistics based on averages of surface-only 
variables over the burning area experiments a2b3/t06q 15 
(tails of arrows) and a3b3/t08qll (heads of arrows) are 
given in Fig. 5. Figure 5 shows that fields CI, CL, CS, GL, 
and GS from experiments a2b3/t06q 15 and a3b3/tO8q 11 
have the same amplitude of variations compared to the ref- 
erence (Zf ==: 1 )  and are nearly in phase (R % 1) .  The fields 
that have changed somewhat compared to the reference are 
GI and SR. SR is the longest arrow in the plot (E' changed 
from 0.3 in experiment a2b3/t06q15 to 0.5 in experiment 
a3b3/t08q 1 I ) ,  and the arrow is oriented such that the cor- 
relation coefficient and variance in amplitude are smaller in 
experiment a3b3/tO8q 1 1 (R '=: 0.89, ;if 0.9) compared to 
experiment a2b3/t06q 15 (R '=: 0.96, iff ==: 1.1). Comparable 
RMS differences for GI have increased only slightly. 

The Taylor statistics based on maximums of the same vari- 
ables as in Fig. 5 and for test experiments a2b3/t06q 15 and 
a3b3/t08q 1 1  were also plotted but are not shown. The RMS 
differences in experiment a3b3 / t08q 11 are larger than the 
RMS differences in experiment a2b31t06q 15 for all fields 
plotted, and range fi-om approximately 0.06 for CI to 0.8 
for SR. A11 arrows are oriented such that there is very lit- 
tle difference in the variance in amplitude for experiments 
a3b3lt08q 1 1  and a2b3/t06q 15 compared to the reference, 
and that the correlations of experiment a3b3/t08q 11 with 
the reference are reduced compared to those of experiment 
a2b3/t06q 15. The RMS differences, standard deviations, 
and correlation coefficients for fields GL, GS, and CIare very 
similar for experiments a2b3/t06q 15 and a3b31t08q 1 1. 
And as in Fig. 5, the fields from experiments a2b3/ t 06q 15 
and a3b3/t08q 11 that have changed somewhat compared to 
the reference are GI and SR, 

The Taylor statistics for fields TK and PIC for test experi- 
ments a2b31t06g 15 (tails of arrows) and a3b3/t08q 1 1 
(heads of arrows) are shown in Fig. 10 (upper plot). The 
RMS differences of experiment a3b3/t08q 1 1 are larger com- 
pared to experiment a263/t06q 15 (long arrow lengths and 
the heads of arrows lie fbrther away from the reference point 
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Stondord Deviotion (Normalized) 

Fig. 5. Changes in normalized pattern statistics between exper- 
iments a2b3/t06q 15 and a3b3/t08q 11. Statistics for experiment 
a2b3/t06q 15 are plotted at the tails of the arrows, and the statistics 
for experiment a3b3/t08q 11 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 
a lb3/t01q 15 before plotting. The fields shown are: CI, CL, CS, the 
intensity, latent heating rate, sensible heating rate, from the canopy burn; 
GI, GL, GS, the intensity, latent heating rate, sensible heating rate, from 
the surface fuel bum; and SR, the fire spread rate; For each field, the 
data were sampled every 5 s between a 4 to 3600 second time period, at 
0 m above ground level and averaged over the burning area. The dotted 
line represents Z,., a unit distance from the origin. 

than tails). The arrow for TK is oriented such that the vari- 
ance in amplitude for experiment a3 b3/ t 08q 1 1 is decreased 
compared to a2b3/t06q15 (Sf dropped to 1.4 from 1.9), 
the correlation is significantly reduced (R dropped to -0.07 
fi-om 0.89), and the RMS differences are increased some- 
what (2 changed to 1.8 from 1.1). Similarly the arrow for 
PK is oriented such that the variance in amplitude for exper- 
iment a3b3 / t08q 11 is also decreased compared to a2b3f 
t06q 15 ('df dropped to 1.1 from 1.4), the correlation is sig- 
nificantly reduced (R dropped to 0.36 from 0.99), and the 
RMS difference is increased (9 changed to 1.2 from 0.5). 

(b) Experiment a3b31tI lqI5 compared to experiments 
a2b31tOdq15 and alb3/tOIqI5 

Figure 6 highlights the differences between model fire 
a2b3ft06q15 (tails of arrows), rated a Haines Index 5, 

and mode1 fire a3b3/t 1 lg 15 (heads of arrows), rated a 
Haines Index 6, for Taylor statistics based on the averages 
over the burning area. The RRXS differences of experiment 
a3b3 f t 1 l q  15 are substantialb Iarger compared to exper- 
iment a263 jtO6q 15 (the heads of arrows lie hrther away 
from the reference point than tails), with especially dramatic 
changes in u and v, and then Vy and V, (very long arrow 
lengths). 2 for experiment a3b3ft 1 lq  15 ranges from 1.0 
for Q to approximately 30 fo_r v. The most dramatic increases 
occur in u and v, where E' in experiment a3b3/t 1 l q  15 
is changed by a factor of 10 compared to experiment 
a2b3ftO6q15. The variances in amplitude in experiment 
a 3b3/ t 1 1 q 15 are also increased greatly compared to the vari- 
ances in amplitude in experiment a2b3/t06q 15. The standard 
deviations range from 1.9 for Q to approximately 30 for u 
and v .  Except for Q,  the correlation between experiment 
a3b3/t 1 l q  15 and the reference is extremely poor (R < 0.4). 
The only field whose Taylor statistics change only moderately 
is Q (the shortest arrow length). In experiment a3b3/t 1 l q  15, 
the Q RMS difference is 1.0, the variance in amplitude is 
increased, and the correlation coefftcient remains nearly 1 .O. 

Figure 7 shows the Taylor statistics based on the minimums 
over the burning area for test experiments a2b3/t06q15 
(tails of arrows) and a3b3/ t 1 l q  15 (heads of arrows). The 
RMS differences for experiment a3b3/tl lq15 are greatly 
increased compared to experiment a2b3/t06q 15 (arrows 
point away from the reference point), with fields u and V,, 
and then u and B,  increasing the most (the longest arrows). 
The most dramatic increases occur in u and Vy,  where the 
RMS differences in experiment a3b3/t 1 l q  15 are changed 
by a factor of 10 compared to experiment a2b3/t06q15. 
The variances in amplitude are also much larger in experi- 
ment a3b3/tl lq15 compared to experiment a2b3/t06q15 
and the reference experiment alb3/t06q 15. For example, 
h 

a f  for Vy is approximately seven times greater in experiment 
a3b3/t 1 l q  15 compared to experiment a2b3/t06q 15. The 
correlation between experiment a3b3ft 1 l q  15 and the refer- 
ence is poor (R ==: 0.6 for w )  to extremely poor (R % -0.2 
for B),  and fields B and u show negative correlations. 3 for 
experiment a3b3ft 1 l q  15 ranges from 1 .O for Q to 7.8 for u , 
and the Sf ranges from 1.7 for Q to 7.7 for V' and u.  The field 
whose change is most moderate is Q (Sf ==: 1.7, R 0.9). 

Figure 8 shows the Taylor statistics based on the 
maximums over the burning area for test experiments 
a2b3 f t06q 15 (tails of arrows) and a3b3/t 1 l q  15 (heads of 
arrows). The RIClS differences for experiment a3b3/t 11q 15 
have dramatically increased compared to experiment a2b3f 
t06q 15 (the arrows are long and point away from the ref- 
erence point), with field Vy having the biggest increase. The 
variances are substantially larger in experiment a3b3/ t 1 l q  15 
compared to those in experiment a2b3ft06q 15. For experi- 
ment a363ft 1 1ql5, the standard deviations Sf range from 
1.0 for buoyancy B to 17.0 for Vy and, except for field 
V,,, 'df < 4.2. For every field other than Q, the correlation 



Mary Ann Jenkins 

Reference: a 1 b3/t01 q 15 

Corret~tion Coefficient Test I : aZb3/f06q 15 

Fig. 6.  Changes in normalized pattern statistics between experiments a3b3/t 1 lq 15 and a2b31t06q 15. The statistics for experiment a2b3/t06q 15 
are plotted at the tail of the arrows, and the statistics for experiment a3b3/t 1 lq 15 at the head of the arrows. The fields shown are the same as those 
in Fig. 2. 

Fig. 7. Same as Fig. 6 except for minimum values in the fire domain. 
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between experiment a3b3/t 1 l q 15 and the reference is posi- 
Reference: 01 b3/mlq15 tive but moderately ~ 0 r  ( R  e 0.6 for e) to poor ( R  x 0.2 for 

T ~ S +  1 : aZb3/fO6q 1s 
u, w,  and V,). The E' is greater than 0.9 for B and less than 

1.4 
or equal to 16.7 for V, and, except for field V, , E' < 3.7. The 

Test 2: a3b3/tll q15 field whose Taylor statistics change the least in experiment 
a3b3 / t l lq  15 is B (the shortest a m  length); the variance 

1.2 in amplitude is close to 1.0 and the correlation coefficient 

- is 0.6. 
0 1.0 The Taylor statistics based on averages of surhce-only 
X 

z variables over the burning area for test experiments a2b3/ 
- 
C) t06q 15 (tails of arrows) and a3b3/t 1 1q 15 (heads of arrows) 
g 0.8 
0 are given in Fig. 9. The RMS differences for experiment 
z 
V 

c a3b3 / t 1 lq  15 are significantly increased compared to exper- .- 
.d .g 0.6 iment a2b3/t06q 15 (arrows point away from the reference 
8 point) for all fields, and the most obvious changes in the Tay- 
1 .g5 lor statistics are for fzlds CI, GI, and SR. The longest arrow 

0.4 ... 
u7 

is for CI, where the E' * 0.03 (tail of arrow) is increased to 
7.3 (head of arrow), -df 1.0 (tail of arrow) is increased to 

0.2 0.99 7.0 (head of arrow), and R 7.0 (tail of arrow) drops to 0.1 
(head of arrow). The large and simultaneous change in the 

0.0 
Taylor statistics for SR, GI, and CI (very long arrows), means 

1.0 
0.0 0.2 0.4 0.6 0.8 1 .o 1.2 1.4 that model fire a3b3/ t 1 1 q 15 experienced an acceleration in 

Standard Deviation (Normalized x 10') fire-spread rate, accompanied by an increase in heat flux from 
Fig. 8. Same as Fig. 7 except for maximum values in the fire domain. the ground fuel and then canopy ignition (i.e. crowning). 

GI Reference: a1 b3/i01 q15 

~ o e f f i 4 , ~  Tesf 1 : a2b3/i06q15 

Stondord Deviation (~ormolized) 

Fig. 9. Same as Fig. 5 except for changes in normalized pattern statistics between experiments a2b3/t06q15 and a3b3/t 1 l q 1 5  Statistics for 
experiment a263/t06q 15 are plotted at the tails of the arrows, and the statistics for experiment a3b3/t 1 l q  15 are plotted at the heads of the arrows. 
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The Taylor statistics for the minimum of fire spread rate 
,,,,,,,,: a,,,,o,,,, SR in the fire domain for experiments a2b3/t06q15 and 

Test I: a2b3/t06q15 a3b3/t 1 lq  15 were also plotted, but are not shown. The arrow 
Test 2: a3b3/t08q 1 1 for SR was oriented such that the variance in amplitude for 

experiment a3b3/t 1 lq  15 was significantly increased corn- 
pared to a2b3/t%q 15 (sf * increased to 3.4 from 0.94), the 
correlation dropped to near zero (R changed to 0.16 from 
0.95), and the RMS differences increased by a factor of 10 
(2 changed to 3.4 from 0.3). 

The Taylor statistics for fields TK and PK for test exper- 
iments a2b3/t06q 15 (tails of arrows) and a3b3 / t 1 lq 15 
(heads of arrows) are shown in Fig. 10 (lower plot). The 
arrows for TK and PK are oriented such that the RMS differ- 

mg5 ence and variance in amplitude for experiment a3b3/ t 1 lq 15 
are dramatically increased (50-1 00 times greaterlcompared 
to a2b31t06q15. Field TK, for example, has E' increas- 

0-99 ing from 1.6 to 52.4, R dropping from 0.9 to 0.7, and ;i/ 
increasing ftom 1.9 to 133.0. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Stondord Deviation (Normalized) (7) Discussion of Taylor diagram results 

0.0 0.2 0.4 0.6 0.8 1 .O 1.2 
Stondord Deviotion (Normoiized x $03 

Fig. 10. The upper Taylor diagram shows changes in normalized pat- 
tern statistics between experiments a2b3/ tO6q 15 and a3b31t08q 1 1. 
Statistics for experiment a2b3/tOSq15 are plotted at the tails of the 
anows, and the statistics for experiment a3b3/t08q 1 1  are plotted at 
the heads of the arrows. The'lower Taylor diagram shows changes in 
normalized pattern statistics between experiments a2b3/tO6q 15 and 
a3b3/t 119 15. Statistics for experiment a2b3/t06q 15 are plotted at the 
tails of the arrows, and the statistics for experiment a3b3/tlIq 15 are 
pIotted at the heads of the arrows. The pattern RklS difference and stan- 
dard deviations are normalized by the standard deviation of each field 
from the reference experiment a 1 b3 / t0 1 q 15 before plotting. The fieids 
shown are: TK, the total kinetic energy, and PK, the perturbation kinetic 
energy. For each field, the data were sampled every 5 s between a 4 to 
3600 second time period, at 0 m above ground level. 

The Taylor statistics based on averages over the burning area 
for experiment a2b3/t06q 15 show that most fields do not 
change significantly (i.e. w,  B, Q,  Vy ,  and V, in Fig. 2) when 
the near-surface atmosphere stays dry and initial atmospheric 
stability is decreased. Although less than 1, the correla- 
tion coefficient for most fields is relatively high, and many 
fields that might be expected to become more variable with 
decreased atmospheric stability (i.e. w ,  u, and V, in Fig. 2) 
show an overall reduction in the amplitude of the variations 
(i.e. the tails of the arrows lie within the unit distance from 
the origin in Fig. 2). For field Q there appear to be no substan- 
tive statistical differences between experiment a 1 b3/tOlq 15, 
rated as a Haines Index 4, and experiment a2b3/t06ql5, 
rated as a Haines Index 5. 

The results indicate that a Haines Index 6 does not neces- 
sarily mean abrupt changes in fire behavior or growth. The 
same Taylor statistics for experiment a3b3/t08q 1 1 show a 
further overall reduction in the amplitude of the variations in 
most fields (i.e. the heads of the arrows lie closer to the ori- 
gin than the tails in Fig. 2), while the correlation coefficient 
for most fields drops. These results suggest the importance 
of low-level moisture. The Haines Index of 6 for experiment 
a3b3/t08q 11 is based on larger initial atmospheric instabil- 
ity, but slightly more humidity. Near-surface humidity may 
be opposing the effect of larger initial atmospheric instabil- 
ity on the growth of the fire, A few fields do not follow these 
trends (u,  V, and v) and have moderate statistical differences 
when initial atmospheric stability is decreased while mois- 
ture is increased, as illustrated by the direction, position, or 
length of arrows. 

The trends are slightly different for the Taylor statistics 
based on the minimum and maximum values within the 
fire domain for experiments a2b3/t06q 15 and a3b3/t08q 1 1 
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(Figs 3 and 4). The statistics for experiment a263Jt06q 15 
show that most fields do change somewhat when the low- 
level atmospheric stability is decreased, and that most show 
an expected increase in the amplitude of the variations (i.e. 
the tails of the arrows fie outside the unit distance from the 
origin) and drop in correlation. But again, even though exper- 
iment a3b3/t08q 11 has a higher Haines Index rating than 
experiments a 1 b31tOlq 15 and a2b3/t06y 15, the statistics 
show overall reductions in the amplitude of the variations 
(i.e. the heads of the arrows lie inside the unit distance from 
the origin). 

The spread rate SR and the intensity from the burning 
gound fuel GI are the most statistically varying surface-only 
fields in experiments a2b31t06g15 and a3b3/t08qll, as 
illustrated by the position and length of arrows in Fig. 5. But 
these fields show relatively insignificant statistical changes 
as the Haines Index for experiments a2b3/t06q15 and 
a3b3/t08q 11 is increased. 

The integrated field properties represented by TK and PK 
are perhaps best able to compare the Taylor statistics for each 
experiment. Experiments a2b31t06q 15 and a3b3/tO8q 11 
have notable statistical differences, as illustrated by the direc- 
tion, position, and length of arrows in Fig. 10 (upper plot). 
The Taylor statistics for experiment a2b3/t06q 15 show that 
PK and TK increase in amplitude of the variations (i.e. the 
tails of the arrows lie outside the unit distance from the origin) 
when initial atmospheric stability is decreased. Then, despite 
experiment a3b3/tOSq 1 1 having a higher Haines Index rat- 
ing than either experiment alb3/tOlq15 or a263/t06q15, 
the statistics show a reduction in the amplitude of the vari- 
ations (i-e. the heads of the arrows lie closer to the unit 
distance from the origin) with a further decrease in initial 
atmospheric stability and a slight increase in low-level humid- 
ity. Correlation coefficients decrease as the Haines Index 
increases. 

The overall impression from Figs 2-5 and Fig. 10 (upper 
plot) is that, when the model fire is specified by the Haines 
Index as a low risk (experiment a 1 b3/t01q 15) to moderate 
risk (experiment a2b3/t06q 15) to low-end high risk (exper- 
iment a3b3/t08q 11) fire, the amplitude of the variations in 
the model fields are not necessarily increased and the differ- 
ences in experimental results are due primarily to the larger 
phase differences or lower correlations between simulated 
fields. None of these rnodel fires exhibited severe or erratic 
fire behavior. The Taylor statistics suggest that for fires rated 
as a Haines Index 5 or lower, the low-level atmospheric sta- 
bility is important for severe fire risk within the first hour 
of simulation when humidity is low and the initial ambient 
conditions include low wind speeds (3 m s-') with no vertical 
wind shear, and no topography. For fires rated as Haines Index 
6, but at the lower end of the high risk fire rating, the Iow- 
level atmospheric stability is not important to severe fire risk 
within the first hour of simulation if the initial atmospheric 
moisture is not low enough. 

Experiment a3b3/ t 1 lq  15 is rated as a Haines Index 6. 
The initial near-surface atmosphere was very dry and highly 
unstable, and the Taylor statistics show that this rnodel fire 
is very different in strength and severity compared to the 
previous three. The amplitude of variations increased sub- 
stantially, in some cases 10-fold or more (i.e. u, v, V,, in 
Fig. 6; and Vy in Fig. 8) or even 50-100-fold (i.e. PK and 
TK in Fig. 10, lower plot). For the majority of fields the cor- 
relation decreased considerably, and in some cases the fields 
show negative (i-e. B in Fig. 6; u in Fig. 7; and SR in Fig. 8) 
or near-zero (u, v, V, , and V, in Fig. 6; V,, V,, and V, in 
Fig. 7; v ,  w ,  and Vy in Fig. 8; CI and GI in Fig. 9) correlation 
with the reference experiment a 1 b3/tO lq 15 and experiment 
a2b31t06q15. The statistics indicate severe fire behavior 
as described in section (2). There are dramatic and sudden 
changes in SR, GI, and CI, along with large variations in u ,  v, 
and Vy . 

The overall impression from Figs 6-9 and Fig. 10 (lower 
plot) is that, for fires rated as an Haines Index 6, atmo- 
spheric stability is the important factor for severe fire risk 
within the first hour of simulation, provided the near-surface 
atmosphere is unstable and dry enough. Only this fire experi- 
enced severe and erratic fire behavior as high rates of spread 
and acceleration of the fire front, substantially increased fire 
intensity from ground and canopy fuel, and crowning. 

The statistics also suggest that there is a considerable range 
of fire behavior for fires rated as a Haines Index 6, and that 
both low-level humidity and stability are important to the 
accuracy of this rating. And based on these findings, it is 
recommended that Index 6 be further divided, or refined. 

(8) Dynamic differences between experiments 

The Taylor plots in Section (6) indicate that the near-surface 
fields most sensitive to changes in initial low-level atmo- 
spheric stability and moisture are u, v, Vy and SR, GI, 
and CI. Section (7) concludes that there are major differ- 
ences between the evolution of fire a 3b3/ t 1 1 g 15 compared 
to the evolution of fires a3b3/t08q 11, a2b31tO6q15, and 
a 1 b31tOlq 15. This section therefore describes the impor- 
tant temporal and spatial differences between experiment 
a3b3/tl lq15 andexperimentsa3b3/t08q 1 17a2b3/t06q 15, 
and a 1 b31tOlq 15. The heat intensities GI and CI from the 
burning ground and canopy fuel, the fire spread rate SR, and 
near-surface horizontal winds are presented first. 

Figure 1 1 is a time series plot of average values of CI, GI, 
and SR over the burning area. The results show that all four 
model fires behave similarly until approximately 22 min into 
the simulations. At this time, the fire spread rate SR (lower 
plot) in experiment a3b3/t 1 lq 15 (dotted line) begins to 
decrease. At approximately 3 1 min into the simulation, exper- 
iment a3b31t 1 lg  15 shows a sudden and dramatic increase 
in CI (upper plot), GI (middle plot), and SR (lower plot) that 
lasts 6-7 min. It was with these results that the Taylor plot in 
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Fig. 11. A time series of average values over the burning area of 
CI (upper plot), GI  (middle plot), and SR (lower plot) for exper- 
iments a lb3/t01q 15 (solid line), a3b3/t 1 l q  15 (dotted line), and 
a3b3/tO&q 1 1 (dashed line). 

Fig. 9 was constructed. For these many minutes, model fire 
a 3 b3/ t 1 1 q 15 experienced extreme fire behavior: an acceler- 
ation in fire-spread rate, accompanied by a dramatic increase 
in heat flux from the ground fuel, and then canopy ignition 
(i.e. crowning). 

Figure 12 is a plot of the surface sensible heat flux and x-y 
wind vectors at 15 m above the s d c e  for fire a3b3/t 1 lq  15. 
For the first 22 rnin of each fire simulation, the near-surface 
winds are fairly zonal, slightly perturbed just ahead of the 
fire front. The initial circular spot fire grows elongated in 
the east-west direction (i.e. becomes cigar-shaped), as illus- 
trated in Fig. 12 (upper plot). This pattern persists for all 
model fires except a3b3/t 1 1q 15. Plots similar to Fig. 12 for 
experimentsalb3/t01q15,a2b3/t06q 15, anda3b31t08qll 
show that the near-surface winds remain fairly zonal through- 
out the 60 min simulations, and that there are no significant 
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Fig. 12. Fire evolution of the surface fuel ignition for experiment 
a3b3 / t 1 1 q 15. Shaded regions indicate fire fluxes (sensible heat flux 
in k~ m2). The initial spot fire radius is 53 m. Vectors denote local 
winds at 15 m above ground level. 

differences between, or changes in, fire size, shape, inten- 
sity, and spread-rate for these fires. Figure 12 (middle plot), 
however, shows the beginning of a reversal of the near- 
surface winds in experiment a3b3/tllq15 at 26min into 
the simulation. At approximately 30 min into the simulation, 
the near-surface winds ahead of fire a3b3/t 1 lq  15 are com- 
pletely reversed, blowing back towards the fire. In the next 
minute the winds pick up speed, and this increase lasts for the, 
next 6 or 7 min. These sudden changes in the wind field corre- 
spond in time with the sudden changes in SR, CI, and GI seen 
in Fig. 1 1. At 32 min into the simulation (Fig. 12, lower plot), 
the surface winds are strong and blowing west to east through- 
out the entire fire domain. Although the fire a 3 b3 / t l lq  15 
is decreased in perimeter, the ground fire flux reaches an 
intensity of 124 k~ m-2 at 32:24 (minutes:seconds). 

In order to understand why. model fire a3b3 / t 1 lq  15 
exhibited such behavior, the u,  v ,  B U ,  Q ,  and V,  fields 
are presented. Figures 13-1 9 attempt to convey the dynamic 
differences between each fire and what events lead to the 
6 min 'blow-up' of model fire a3b3/t 1 lq  15. The times cho- 
sen for display are 26:00,3 1 :36, and 32:40 (minutes:seconds), 
and the model fires chosen for display are alb3ltOlql5, 
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Fire Flux (itwatts rn-') 9.2 Moximum at X=575.0 m 

Fire Flux (kWatts me') 14.4 Maximum at Xz375.0 m 

Fig. 13. x-z cross-sections of buoyancy BU at y = 575.0 m and time 
26:OO (minutes:seconds) for experiments a 1 b3/ t01q 15, a3b3 / t 1 lq 15, 
and a3b3/t08q 11, and respective plots of fire flux (sensible heat flux). 
The x position of maximum fire flux values and the maximum and 
minimum BU values for each experiment are indicated. The vectors 
represent the winds in the x-z plane. The solid contour lines represent 
vertical motion in m s-I . 

a3b31t I Iq 15, and a3b3/t08q 11. Experiment a2b31t06q 15 
is not shown; the results indicate that the behavior of this fire 
was not substantively different from that of fire a 1 b31t01q 15 
or fire a3b31 tO8q 1 1. Vertical cross-sections of B U and Q 
are also presented, as an examination of the fields at upper 
levels indicate that B U and Q were significantly changed as 
the fire and wind field evolved. 

Figure 13 is a plot of buoyancy BU at 2600 (min- 
utes:seconds) into the simulations. The plots for experiments 
alb3/t01q15 (upper) and a3b3/ t08ql l  (lower) show pos- 
itive BU (dark grey shading) accompanying the burning 
areas and in the fire plume's upward moving air ahead of 
the fire front. Outside of the fire plume there is very weak 
compensating descent. The plot for experiment a3b3/ t 1 1 q 15 
(middle) shows that, except for in the burning areas and the 
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Fire Flux jkWoiis rn-') 15 7 Moximum ni X=375 0 m '*/" " 
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l o o /  1 

Fire Flux (kWatts rn-') 20.7 Maximum ot X=375.0 m 
1OOf I 

Fig. 14. Same as Fig. 13 except for time 3 1 :36 (minutes:seconds). 

fire's plume, there is fairly significant descent throughout the 
fire domain and that buoyancy in the upper atmosphere is 
decreased. The fire-atmosphere circulation has evolved so 
that the initial BU field is changed by cooler (and drier) 
upper-level air moving down to the surface ahead of the 
plume, and then along the surface towards the fire fi-ont. Fig- 
ure 13 (middle plot) shows negative BU at 0.7 to 0.9 km on 
the x axis ahead of the fire front and beneath the fue plume. 
Figure 14 is a plot of B U at 3 1 :36 (minutes:seconds) into 
the simulation. Figure 14 (middle plot) shows that B U has 
continued to decrease until BU is negative almost through- 
out the entire fire domain. Figures 13 and 14 show that strong 
descending air from above and near-surface overhtrning has 
pushed fire a3b3/t 1 l q  15 westward by at least 50 m in the 
last 5 min (indicated by the locations of the fire flux max- 
ima). These developments correspond to what was happening 
to CI, GI, and SIT( (Fig. 11) at this time. Negative BU just 
above the surface and ahead of the fire front has presumably 
eroded the strength of the vertical motion in the fire plume. 
Figuer 15 is a plot of B U at 32:40 (minutes:seconds) into the 
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Fig. 15. Same as Figs. 13 and 14 except for time 32:40 (minutes: 
seconds). 

simulation. Experiment a3b3/b 1 lq  15 'blows-up'at this time. 
Fire flux reaches a maximum of 148.8 k~ m-*, upper-level 
descent reaches a minimum of -8 rn s-', and the f i e  front 
is pushed another 50 m west since 3 1:36 (minutes:seconds). 
Again these developments correspond to what was happen- 
ing to CI, GI, and SR (Fig. 11) at this time. Compared to 
experiment a3b3/t 1 1q 15, experiments a 1 b3/t01q 15 and 
a3b3/t08q 11 behavior is not severe or erratic. The fairly 
benign plume behavior seen in Fig. 13 persists in Figs 14 and 
15, and for the rest of the 60 min simulation time. 

Figures 16, 17, and 18 are similar to Figs 13, 14, and 15 
except that the field being examined is Q, the water vapor 
mixing ratio. Figure 16 shows that the Q fields for exper- 
iments alb3/tOlq15, a3b3/t08qll, and a3b3/t 1 lq15 all 
have higher humidity at the surface, diminishing with height. 
Experiments a 1 b3/t01q 15 (upper plot) and a3b3/t08q 1 1 
(lower plot) show higher humidity (dark grey shading) 
accompanying the fire plume. Experiment a3b3/t 1 lq  15 
(middle plot) S ~ ~ X V S  that the atmosphere at upper levels is 
already much drier (e-g. minimum Q of 4.29 g kg-') than 

Pig. 16. Same as Fig. 13 except for water vapor mixing ratio Q. 

the initial ambient humidity field. The strong descent, wind 
reversal, and near-surface overturning out ahead of the fire 
described previously are responsible for bringing down and 
circulating much drier air (light grey shading) into the fire 
plume. Figure 16 (middle plot) shows lower humidity in the 
air moving along the surface towards the fire front, stop- 
ping just ahead of the fire front. Low Q values are seen at 
0.7-0.9 km on the x axis ahead of the fire front and beneath 
the fire plume. Figure 17 (middle plot) shows that Q has 
continued to decrease until very dry air (i.e. minimm Q of 
3.53 g kg-') exists almost throughout the entire fire domain. 
Figures 16 and 17 show that strong descending air from above 
and near-surface overturning has pushed fire a 3b3/ t 1 1 q 15 
and accompanying humidity westward. Low humidity just 
above the surface and ahead of the fire fkont has presumably 
eroded the buoyancy of the air ahead of the fire front. Plots 
in Fig. 18 look almost identical to those in Fig. 15 except that 
Q, not B U ,  is being presented. In experiment a3b3/t 1 lq 15, 
humidity and buoyancy are weak throughout most of the 
fire domain, and larger values (i.e. Q maximum 7.64 g kgw1 
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Fig. 17. Same as Fig. 14 except for water vapor mixing ratio Q. Fig. 18. Same as Fig. 15 except for water vapor mixing ratio Q. 

and B U maximum 14.2"K) are confined to the first 100 m 
above the fire. Again compared to experiment a3b3/t 11q 15, 
experiments a 1 b3/tOlq 15 and a3b3/ t08q 1 1 behavior is not 
severe or erratic and does not lead to substantive changes 
in the Q field. In particular, very little change is seen in Q 
in experiment a3b3/t08q 1 1. The fairly undisturbed Q fields 
seen in Fig. 16 (upper and lower plots) persist in Figs 17 and 
18, and for the rest of the 60 min simulation time. 

Figure 19 shows l/y, the y vorticity field, at approximately 
50 m above ground level, and 26:48 (minutes:seconds) into 
the simulations. It was at this time in the simulations that 
the largest positive Vy values developed. The large area of 
significant and positive Vy (dark grey shading) in Fig. 19 
(middle plot) indicates again strong descent and overturning 
out ahead of the fire front in the fire-atmosphere circulation 
of experiment a3b3/t 1 lg  15. The formation of this large fire- 
wind whirl is another indication that model fire a3b3/t 1 l q  15 
developed severe and erratic fire behavior. In contrast, Vy is 
weakly negative out ahead of the fire front in experiments 
a 1 b3/t01q 15 (upper plot) and a3b3/t08q 1 1 (lower plot). 

(9) Conclusions 

The purpose of the study is to determine the relative impor- 
tance of near-surface atmospheric moisture and stability to 
wildfire growth and evolution in a systematic and objective 
way. Four coupled wildfire-atmosphere model simulations 
are used to examine the sensitivity of wildfire behavior to 
lower-level environmental atmospheric stability and mois- 
ture. The sensitivity of each experimental fire to changes in 
these initial conditions is measured by the Taylor diagram, 
which is used to statistically quantify the differences between 
near-surface fields for each model fire. With the Taylor dia- 
gram it is possible to determine how much of the difference 
between model fields is due to a difference in phase and how 
much is due to a difference in the amplitude of the variations. 
The statistical differences between the four model wildfires 
do demonstrate the relative sensitivity during the first hour of 
fire simulation of dynamical and themodynamical fields to 
initial conditions. The Taylor statistics show that one model 
fire developed severe fire behavior during this time, and the 
other three did not. The one model fire to respond strongly 
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Y-vorticiiy ( 3 - ' )  Time[m:s]=26:48 circulation that evolved was not confined to the local area L in and around the fire, but affected the entire fire model 
"/'" "I domain. The strong descent above the fire, and wind rever- SFal b3MOZ t01a15 iM~n.Max)=j-0.25 x i 0-'. 0.15 x lo- ' )  55  5 m AGL 
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Fig. 19. x-y cross-section of Vy, the y vorticity component, at a 
height of approximately 50 m above ground Ievel and time 26:48 (min- 
utes:seconds) for experiments a 1 b3/t01q 15 (reference), a3b3/t 1 l q  15, 
and a3b3/t08q 1 I .  The vectors represent winds in the x-y plane. The 
heavy solid contour lines represent sensible heat flux in k ~ m - * .  
The thin solid contour lines represent vertical motion in m s". The 
maximum and minimum Vy values for each experiment are indicated. 

to the ambient initial conditions was rated as a Haines Index 
6 and had the greatest lower-level atmosphere instability and 
dryness. Based on the Taylor statistics, several fields were 
chosen for further examination to try to identify the events 
responsible for the one case of extreme fire behavior. 

The results suggest that, when the initial near-surface 
atmosphere is dry enough and unstable enough, a model 
fire can develop strong and large wildfire-ahnosphere cir- 
culations that can greatly affect the evolution of the model 
fire and that can dramatically change atmospheric conditions 
throughout the model domain. Sections (6) and (7) show that 
nearly all near-surface fields in the model fire that did develop 
severe fire behavior within the first hour of simulation were 
changed significantly compared to the respective fields in the 
other fires. Section 8 shows clearly that the fire-atmosphere 

sal and near-surface overturning out ahead of the fire were 
responsible for bringing down and circulating much drier 
and less buoyant air into the fire plume. The results suggest 
that the wildfire-atmosphere circulation was responsible for 
eroding the buoyancy and vertical motion of the air ahead 
of the fire front. The near-surfBce overturning pushed the 
fire westward by at least 100 m in 4:40 (minutes:seconds), 
and these developments lead to an acceleration in the fire- 
spread rate, accompanied by a dramatic increase in heat flux 
from the ground fuel, and then canopy ignition and crown- 
ing. Dramatic, sudden, and simultaneous increases in fire 
spread rate, intensity, wind speed, and circulation and vor- 
ticity make a notable difference to someone on the ground 
fighting a fire, and it is worth understanding what kind and 
'range of environmental conditions can initiate these model 
changes. 

Results from these four numerical simulations are not con- 
clusive. The output fiom a numerically simulated wildfire 
depends on the numerical model, fire behavior model, and 
fire spread-rate formula used. Model grid spacing greatly 
influences the results an4 as discussed in Section (4), certain 
features characteristic of fire severity, like the development 
of fire-scale vortices, are not well resolved with a model grid 
interval of 50 m. If a grid interval of 10 or 20 m was used, 
it is likely that the model results would show even more sig- 
nificant differences between the wind and vorticity fields for 
each of the experimental fires. Yet, despite the grid interval of 
50 m, the coupled fire-atmosphere model was able to simu- 
late large fire whirls in the fire-atmosphere circulation when 
the initial atmospheric conditions were appropriate. 

This is the first study to apply the Taylor diagram to anal- 
yse the differences between model variables from different 
numerical wildfue shulations. Useful Taylor statistics of 
several more fields (i.e. pressure perturbations, wind speeds, 
vertical wind shears, divergence in the wind fields) were 
determined, but not presented. Here the Taylor diagram was 
used to examine the surface properties of a relatively small 
number of fields for four numerical simulations. Future 
wildfire studies that need to illustrate the relative differ- 
ences between any number of model variables or different 
observational data sets, or between the results of one coupled- 
atmosphere numerical prediction model and another, or to test 
of the effect of model changes, may find the Taylor diagram 
useful. 

The study shows that coupled wildfire-atmosphere mod- 
eling produces results that agree qualitatively with what 
is observed in the field. Even though the results of this 
numerical modeling study are not quantitative, they are well 
validated by what the fire management community already 
knows from experience, and that is that a Haines Index greater 
than 5 is an indicator of high-risk fire potential. The analyses 
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clearly indicate that low-level atmospheric stability and mois- 
ture are impoitant for high-risk fire development when the 
ambient wind speeds are constant and low and there is no 
topography, but that there is a range of atmospheric stability 
and moisture conditions that is crucial to the development of 
severe or erratic fire behah~ior, and that this range is within 
the atmospheric conditions represented by a Haines Index 6. 
The results suggest that, for fires rated as a Haines Index 5 
or lower, ambient atmospheric instability is not important for 
severe fire risk within the first hour of fire simulation, even 
when the atmosphere is dry. The results also suggest that, for 
fires rated as a Haines Index 6, ambient atmospheric stability 
and moisture are important factors for severe fire risk only 
when near-surface humidity is low enough and instability 
high enough. 

The results have important consequences for the Haines 
Index. The fire management community needs accurate pre- 
dictors of fire severity, especially ones that focus on the 
high-risk range of fire behavior. This study is a first step in 
the process of developing a fire-weather index that predicts 
actual severe or erratic fire behavior. Here only a few coupled 
wildfire-atmosphere simulations that cover a large range of 
environmental conditions are presented. The reasons for this 
approach were practical (limited computer capacity and disk 
storage), and that this study was meant as a pilot study only. 
A future study will be therefore to perform many coupled 
wildfire-atmosphere simulations, using finer grid intervals, 
and over a small range ofenvironmental conditions. We aim to 
examine the types and relative magnitudes of severe or erratic 
fire behavior that fall into the range of atmospheric stability 
and humidity conditions that apply to a Haines Index 6. The 
information gained could and should be used to understood 
and refine or redefine the Haines Index so that it become a 
predictor of actual severe fire behavior. 
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