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Background Information

Between 1980 and 1989, some 10 000 wildfires burned over about 2.5 million
ha of forest Tand (Stocks 1990). Probably 95% of the area burned was the result
of less than 5% of the fires, largely by high-intensity crowning. The vast
majority of Canada's forests are especially prone to crown fire development.over
vast areas. Because the transition from a surface fire to a crown fire repre-
sents such a critical phase in wildfire suppression, a great deal of effort has
been expended by Forestry Canada fire researchers on identifying the conditions
required for crowning and formulating methods for predicting the subsequent fire
behaviour given the fact that a few fires escaping initial attack is inevitable.

The federal forestry service in Canada has been conducting experimental
forest fires for upwards to six decades now. The main purpose of these fires
has been the study of free-burning fire behaviour. The practical output of this
continuing research programme has been the development of the Canadian Forest
Fire Danger Rating System (Stocks et al. 1989). Beginning in 1931, some 20 000
2-minute point-source test fires (Wright 1932; Macleod 1948) were eventually
carried out at about 12 different locations in most of the major forest and fuel
types found across Canada (Paul 1969; Simard 1970). Although an additional 1600
such fires were undertaken in east-central British Columbia during 1966-68
(Russell and Pech 1968), the 2-minute test fire programme effectively ended in
1961. Since the early 60s, the tend has been to burn increasingly larger plots
in order to achieve equilibrium fire behaviour as opposed to investigating
ignition potential and initiating fire growth (Alexander and Quintilio 1990).

The first "official" experimental crown fire reported on in the literature
occurred on June 8, 1961, at the Petawawa Forest Experiment Station at Chalk
River, Ontario, on a 0.06 ha plot of red pine plantation (Van Wagner 1964).

Since that time, some 55 experimental crown fires have been conducted in several
different kinds of conifer forest with variable stocking levels and mean stand
heights of up to 20 m, in both eastern and western Canada (Van Wagner 1968,
1977a; Kiil 1975; Quintilio et al. 1977; Newstead and Alexander 1983; Stocks
1987a, 1987b, 1989; Weber et al. 1987; Alexander and De Groot 1988; Alexander

and Lanoville 1989; Alexander, Stocks and Lawson 1990). Plot sizes have ranged
up to 3.0 ha. Head fire spread rates and frontal intensities have varied from

~ 5 m/min (300 m/h) to 82 m/min (4920 m/h) and ~ 3000 kW/m to nearly 70 000 kW/m,
respectively. There have been only two major "escapes"; one for 73 ha (1981) and
the other for 1430 ha (1982) (Stocks 1987a; Alexander, Stocks and Lawson 1990).
There have of course been about 75 experimental surface fires as well (Van Wagner
1963; Lawson 1973). A concerted effort has also been made to investigate and doc-
ument the behaviour of major wildfires (Van Wagner 1965; Stocks and Walker 1973;
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Stocks 1975, 1988; Alexander et al. 1983; Alexander and Lanoville 1987; Stocks
and Flannigan 1987). The amount of laboratory-based fire research related to
crowning phenomena has been quite limited (e.g., Quintilio 1977). The crown
fire behaviour research undertaken by Forestry Canada now spans a period of 30
years. Two major accomplishments have thus far emerged from this work -- some
theoretical considerations about the conditions necessary for the start and
spread of crown fire and a semi-empirical system for quantitative prediction

of surface and crown fire behavior in major Canadian forest fuel types. The
experimental crown fires have also made it possible to evaluate a physical-based
model for predicting crown fire rate of spread developed by the U.S. Forest
Service (Albini and Stocks 1986). A review on the subject of crown fire inita-
tion and spread has recently been prepared, and is based to large extent on
Canadian experience (Alexander et al. 1990).

Van Wagner's Crown Fire Theory

Classification of Crown Fires

Although they may appear to spread independently, crown fires advance
through the crown fuel Tayer normally in direct conjunction with a surface fire.
Van Wagner (1977a) proposed that crown fires in conifer forests could be class-
ified according to their degree of dependence on the surface phase and the

criteria could be described by several semi-mathematical statements. The three
classes of crown fire are (after Merrill and Alexander 1987; Alexander 1988):

Passive crown fire.-- a fire in which trees "torch" individually but
rate of spread is controlled by the surface fire; basically not that
different from a high-intensity surface fire.

Active crown fire.-- a fire that advances with a well-defined wall of
flame extending from the ground surface to above the crown fuel Tayer
(i.e., the surface and crown phases must travel together as a linked

unit); most crown fires are of the active class.

Independent crown fire.-- a fire that advances in the crown fuel
Tayer only, running ahead and some what independent of the surface
phase (i.e., the surface fire of course lags some distance behind
the leading edge of the crowning phase).

High-intensity wildfires do in fact exhibit all three classes of crowning in
time and space.
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Figure 1. Two of the three crown fuel properties of a conifer forest identified
in Van Wagner's (1977a) crown fire theory.




3

The class of crown fire to be expected in a conifer forest on any given day,
according to Van Wagner (1977a), depends on three simple properties of the crown
fuel Tayer and two basic fire behavior characteristics:

initial surface fire intensity
foliar moisture content

®
®
® live crown base height
@ crown bulk density

®

rate of fire spread

The first three quantities determine whether a surface fire will ignite conifer-
ous foliage. The last two determine whether or not a continuous flame front can
be sustained within the crown fuel layer. A dichotomous key to a forest fire
classification scheme incorporating Van Wagner's (1977a) three classes of crown
fire and the corresponding theory has been prepared (Fig. 2). '

Criteria for the Imitiation of Crowning

Van Wagner (1977a) considered that the onset of crowning would occur in a
conifer forest stand when the surface fire intensity (IS) attained or exceeded
a certain "critical surface intensity for crown combustion" (IO) value. In other
words ;

if I8 E_IO, Crowning can occur or if IS < IO, a surface fire will result

Ladder or bridge fuels must presumably be present in sufficient quantity to
intensify the surface burning as well as to extend the height of flames. The

equation used to calculate [, is as follows:

IO = [0.010-LCBH(460 + 26-FMC)] 15 (1)

where I, is the critical surface intensity for crown combustion (kW/m), LCBH 1s
the Tive crown base height (m), and FMC is the foliar moisture content (% oven-
dry weight basis). A graphical representation of Equation 1 is presented in
Figure 3; sample interpretation: the surface fire intensity required to initiate
crowning in a conifer stand with a LCBH of 5.0 m and a 130% FMC 1is about 2660
kiW/m. Note that the surface fire intensity required for the intiation of crown-
ing increases with FMC and LCBH.

Criteria for Continuous Crowm Fire Spread

Obviously certain conifer stands are more prone or susceptible to sustained
crowning simply because their crown fuel characteristics (i.e., in addition to
Tow LCBH, fine fuels such as needles and small] twigs are in sufficient quantity
to support continuous horizontal fire spread in the tree crowns). Van Wagner
(1977a) theorized that the bulk density of the crown fuel layer must have a
Tower Timit below which active crowning would not be possible and suggested the
following relationship:

Ro = 3.0 (2)
ED

»

where R, is the critical minimum spread rate for an active crown fire (m/min)

and CBD is the crown bulk density (kg/m®). To compute R, in m/h, the coefficient
in Equation 2 becomes 180, rather than 3.0. A graphical representation of Equa-
tion 2 is presented in Figure 4; sample interpretation: assuming I > 1,, an
active crown fire would not be possible in a conifer stand with a CBD of 0.25
kg/m? until the rate of spread after crowning exceeded 12 m/min or 720 m/h.



Type of Forest Fire: A Summary Key

|. Surface Fire Intensity (Is) is predicted to be less than
10 kW/m. ‘

A. A firebrand has caused an ignition to occur..........

SELF-EXTINQUISHING FIRE; FAILS TO SPREAD.

B. Going fire............ GROUND or SUBSURFACE FIRE."

ll. Surface Fire Intensity (lIs) is predicted to be greater
than 10 kW/m but less or nearly equal to the Critical
Surface Intensity for Crown Combustion (/).

A. Isis substantially less than Ig ...... SURFACE FIRE.

B. Isisnearlyequaltolg...................... Developing
PASSIVE CROWN FIRE.

lll. Surface Fire Intensity (Is) is predicted to be equal to or
greater than the Critical Surface Intensity for Crown
Combustion (lp).

A. Rate of Fire Spread (R) is predicted to be less than
or nearly equal to the Critical Minimum Spread
Rate for Active Crown Fire (Rp).

1. Ris substantially less than Rg........ .. PASSIVE
CROWN FIRE.

2. RisnearlyequaltoRg.................... Developing
ACTIVE CROWN FIRE.

B. Rate of Fire Spread (R) is predicted to be equal to
or greater than the Critical Minimum Spread Rate
for Active Crown Fire (Ro).

1. Forward heat transfer through the crown fuel
layer relies upon surface fire phase ... ..
ACTIVE CROWN FIRE.

2. Energy requirements for the continued pro-
pagationthrough the crown fuel layer supplied

entirely by the crown fire phase................. ...
INDEPENDENT CROWN FIRE.

"Assuming there is a forest floor layer of significant depth and dryness.

Figure 2. A dichotomous key to a type of forest fire classification scheme based
in part on Van Wagner's (1977a) crown fire theory (from Alexander

1988).
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according to Van Wagner's (1977a) crown fire theory (from Alexander
1988).



Note that the minimum spread rate (R) required for crowning increases as the
bulk density of the crown fuel layer increases. Once a fire crowns, active
crowning will continue provided the rate of spread is fast enough (i.e.,

R >R_) to maintain a continuous flame front in the trunk space and crown fuel
Tayer~and thereby transfer enough heat to the unburned tree crowns in order
to maintain continuous ignition and flaming combustion (Fig. 5).

Development of a truely independent crown fire on flat topography most
certainly must require very strong winds. This is necessary in order to
achieve the direct flame contact and forward radiation heat transfer through
the crown foliage, that is required to continue the propagation in a horizontal
dimension, more or less independent of the surface fire energy output rate.
Slope steepness can no doubt compensate for reduced wind flow; for example, a
60% or 31° slope can result in about a 7 to 8.5 fold increase in rate of fire
spread (Fig. 6), and at least a corresponding increase in fire intensity comp-
ared to the same fuel and weather conditions on level terrain. Sustained
independent crown fire runs are undoubtedly a very rare event, if in fact they
occur at all, given the natural variation in wind velocity, fuels and terrain.
It's unlikely that the crown phase can advance ahead of the surface fire by
more than about 150 m (and generally considerably less) (Alexander et al. 1990).
However, these represent short bursts of limited duration. The concept of the
crowning phase of a forest fire racing ahead of the surface phase by several
metres or even kilometres for hours on end is a myth which has been perpetuated
by not only the media but to a certain extent in the technical and scientific
literature as well.
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Figure 5. Schematic diagram illustrating the four components of forward radi-
ation heat transfer in a fully-developed crown fire spreading through
an idealized conifer forest stand (from Van Wagner 1968): trunk space
flame radiates to (@) surface and @ crown fuels; flame above the
canopy radiates to crown fuels; and flame within the crown fuel
layer radiates @ throughout the layer.
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Figure 6. The effect of ground slope on increasing or decreasing the forward
spread rate of wildland fires according to to Canadian (Van Wagner
1977b) and Australian (McArthur 1962, 1967a; Luke and McArthur 1978:

Cheney 1981) sources.



The Canadian Forest Fire Behayior Prediction (FBP) System

Simply stated, the aim of forest fire behaviour research is to describe,
explain and predict fire behaviour for any kind of fuel complex/topographic
situation under any weather conditions., This is a daunting objective indeed.
Consider Jemison's (1939) statement:

Rates of spread vary in a bewildering way. It would be easy to
yield to the temptation to throw up our hands and say that it is
useless to try for anything but good guesses at the rate a given
fire will spread under given conditions of fuel, weather, and
topography. The sanner attitude is to keep digging away at the
effect of this or that factor on rate of spread in the belief
that in time the intricate puzzle will be solved by the creation
of something that can rightfully be called the science of rate
of spread.

ATthough a great deal of progress has been made in the last 50 years, the
development of a completely generalized, physical theory-based fire behaviour
model, with universal acceptance and applicability, remains a continuing res-
earch challenge. Scientifically, the choices of approach to fire behaviour
research are between (i) small-scale laboratory test fires coupled with mathe-
matical modelling and (ii) field observation of real forest fires. To date,
this has resulted in "two solitudes" to fire behaviour research as evident, for
example, by the fire behaviour prediction systems currently used in Canada and
the United States. A combination of both approaches will no doubt provide the
best progress in the future. Quite 1ikely the data from field experiments will
be useful in making the inputs for theoretical models more accurate.

The general consensus within Forestry Canada has been that a purely lab-
oratory/modelling approach to the development of quantitative models for predict-
ing fire behavior is too difficult and intractable. We have therefore opted to
observe and gather data from outdoor experimental fires and well-documented wild-
fires (which burned through several fuel types), analyzed statistically and back-
ed up by as much simple theory and Togic as deemed reasonable. The incorporation
of high-intensity wildfires in our empirical database (currently about 35) has
been particularily useful towards the extreme end of the fire behaviour scale
where experimental fires have been difficult to arrange.

The national fire danger rating system used in Canada consists of two major
sub-systems. The Canadian Forest Fire Weather Index (FWI) System provides rela-
tive numerical ratings of fire potential in a standard fuel type on level terrain,
based solely on weather observations. The other major sub-system, the FBP System,
alTows for the prediction of certain fire behavior characteristics in quantita-
tive terms for specific fuel types and topographic situations. In 1984, the rate
of spread (ROS) and elliptical fire growth components were released on an interim
basis for field testing and evaluation by various user groups in Canada (Alexander
et al. 1984; Lawson et al. 1985); simple quantitative models and guides to fire
behavior prediction had been available prior to this time (e.g., Lawson 1973;

Van Wagner 1973; B.C. Ministry of Forests 1983). At that time, surface-crown
fire thresholds were simply delineated on the basis of the Initial Spread Index
(ISI) component of the FWI System for fires burning on level ground, or in terms
of head fire ROS for fires spreading upslope. Eight of the 14 fuel types (in-
cludes-hardwood and mixedwood stands, slash and grass) were considered to be
susceptible to crowning (two fuel types have since been added). Verified after-
the-fact predictions of crown fire rate of spread have shown quite good agreement
between observed versus predicted values (Lawson et al. 1985; De Groot and

Alexander 1986; Lawson 1986; Stocks and Flannigan 1987; De Groot and Schisler
1989; Stocks 1988; Hirsch 1988, 1989a, 1989b; Alexander 1990).
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The first completion edition of the FBP System, which will be published in
1991 (Forestry Canada Fire Danger Group, in prep.), provides for the prediction
of fire behaviour in terms of spread rate (m/min), frontal intensity (kW/m), and
type of fire (surface, intermittent crown and continuous crown) of both point-
source ignitions, using a simple elliptical fire growth model (Alexander 1985)
with consideration for acceleration to a steady-state condition, and line source
ignitions; this includes spread distances and the elliptical fire shape, area
and perimeter length based on elapsed time since ignition, The degree of ground/
surface fuel consumption and crown fuel consumption is also an output; the former
item is determined by the Buildup Index (BUI) component of the FWI System. In
addition to the effects of slope, fine fuel moisture and wind (represented by
the ISI) on rate of spread, the effect of variable fuel consumption on the spread
rate has also been taken into account (Van Wagner 1989). Furthermore, a computa-
tional scheme for estimating FMC based on calendar date, geographical Tocation
(i.e., latitude and longitude) and elevation has been developed in order to take
the FMC into account when predicting crowning tendency and crown fire spread
rates; the development of this scheme was based on previous FMC studies conduct-
ed by Forestry Canada fire researchers and others (e.g, Van Wagner 1967; Chros-
ciewicz 1986).

Van Wagner's (1977a) IO concept has now been incorporated into the FBP Sys-
tem (Van Wagner 1989) which“has meant that representative LCBH values have now
been assigned to those fuel types judged to be capable of crowning, although
there is provision for varying the LCBH for the red pine plantation fuel type
based on stand height or stand height and tree spacing (Fig. 7). Representative
crown fuel loads have also been added in order to compute the frontal intensity
of crown fires. Some judgements have had to be made about the degree of crown
fuel involvement in relation to expected level of fire behaviour, however. Be-
cause of the empirical nature of the basic ISI-spread rate relationships embod-
ied in the FBP System, it's not possible yet to directly incorporate the R
concept as -the criteria for determining the type of crown fire to be expec%ed.
The importance of the ISI-head fire ROS relationships (Fig. 8) cannot be over-
emphasized and the same can be said for the ground/surface fuel consumption-BUI
relationships. Together, they permit an estimate of I to be made, thereby’
enabling an assessment of crowning potential provided ®the FMC and LCBH are
known or can be approximated.

The FBP System is unique in that it is based on the most extensive crown
fire data set in existence. As a matter of interest, a plot of crown fire
spread rates in conifer forests obtained from experimental fires and wildfires
showed a relatively strong correlation (r? = 0.68) with wind velocity although
there was considerable scatter due to fuel type differences and fuel moisture
levels (from Alexander et al. 1990):

R = -8.28 + 1.814-W (3)
where R is the crown fire rate of spread (m/min) and W is the 10-m open wind
speed ¢ (km/h). Equation 3 does include observations of wildfires. spreading at
nearly 110 m/min or 6600 m/h with winds of almost 50 km/h. A comparison of pre-
dicted values with observations from wildfires in Australian pine plantations
of comparable height shows remarkably good agreement (e.g., Anon. 1981; Geddes
and Pfeiffer 1981). However, the above relation would result in a considerable
underprediction of the 12.5 km/h spread rate of the 1983 Mount Muirhead Fire in
southeastern SA (Keeves and Douglas 1983) based on a wind of 83 km/ii recorded
at Mt. Burr just 10 minutes prior to ignition (Anon. 1984, p. 108).
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red pine plantations in eastern Ontario at seven different spacings
(from Alexander 1988).
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Initial Spread Index (ISI)

Schematic diagram illustrating the generalized relationship between
the ISI component of the Canadian Forest Fire Weather Index System
and head fire rate of spread on level ground for conifer forests as
embodied in the Canadian Forest Fire Behavior Prediction System.
Typically, the Tower section of the S-shaped curve represents sur-
face fires, the upper flattening section represents fully-developed
crown fires, and the relatively steep intermediate section a transi-
tion zone characterized by very high-intensity surface fires with
significant torching and intermittent crown fires. Separate coeffi-
cients (a, b, ¢) in the regression equation are generally required
for a specific fuel type based on an analysis of experimental fires
conducted at low to moderal ISI levels and a few well-documented
wildfires at very high to extreme ISI values.
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Examples of Potential AppTication

Case No. 1: Pinus radiata

Cheney (1971) has indicated that "Experiments in Australia have shown that
there is Tittle difference between the behaviour of eucalypt and pine fires
except in the very high to extreme category when spotting becomes an important
factor in the spread of eucalypt fires." There is collaborative evidence for
this statement (Luke 1962; Douglas 1964; McArthur 1965, 1967b; Cheney 1968).
Cheney (1975, 1985) and his co-workers (Loane and Gould 1986; Gould 1987) have
continued to base their estimates of head fire rate of spread in radiata pine
on McArthur's (1967a, 1973) Forest Fire Danger Meter. This fire behaviour guide-
Tine is deemed to be most relevant to intermediate to middle-aged plantations
which have been prunned and thinned and carry ground and surface fuel loads of
10 to 15 t/ha.

On the basis of the above information, it's possible to estimate the Tikel]i-
hood of crowning according to the Forest Fire Danger Index (FFDI) given the know-
ledge of stand conditions and terrain. In the following tabulation a FMC of
130% has been used based on existing data from ACT and SA (A.M. Giil and D.N.
Fife, pers. comms.) and a Keetch-Byram Drought Index (metric scale) of 100+
whic? would ensure 100% fuel consumption (McArthur 1966: McArthur and Cheney
1966):

Threshold LCBH {m) for Crowning
FFDI Level ground  10% or 67 sTope

10 2.5 3.3
12 2.8 3.7
14 3.1 4.1
16 3.4 4.5
20 4.0 5.2
24 4.5 5.9

The mechanical effect of slope on fire spread rates applied to the above was
according to the established relationship used throughout Australia as given 1in
Figure 6.

Case No. 2: Pinus elliottii

According to information contained in Byrne (1980), a 10 y.o, slash pine
plantation might average 10 m, have a LCBH of around 5 m, and a surface fuel load
of 11-12 t/ha. The weight of needle foliage would be about 17 t/ha (S.M. Hunt,
unpubl.). For a FMC of 117.5% (S.M. Hunt, unpubl.), such a stand would require
a surface fire intensity of 2330 kW/m to induce crowning. Assuming complete
surface fuel consumption, this translates into a head fire spread rate of 6.75
m/min or 405 m/h. Incidentally, the spread rate required for a fully developed
crown fire, based on a CBD of 0.34 kg/m® is only 8.8 m/min or 528 m/h,

McArthur (1971) developed a guide for predicting head fire rate of spread
in slash pine plantations with surface fuel Toads of about 22,5 t/ha. Assuming
a litter moisture content of 6%, crowning would be expected to occur in stand
described above when the 10-m open winds exceed 18 km/h. Furthermore, if we
assume that the spread rate will double after crowning, there's every indication
that a fully-developed crown fire can be sustained within the tree crowns pro-
vided the threshold wind speed is maintained or exceeded.
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Case No. 3: Pinus pinaster

The operations headquarters for the Department of Conservation and Land
Management (CALM) in Western Australia is located at Como within a 63 y.o.
maritime pine plantation exhibiting the following mean stand and fuel charact-
eristics in May 1990 (N.D. Burrows, pers. comm.):

Tree density: 107 stems/ha
Dbhob: 60.1 cm
Tree height: 25.2 m
Crown width: 6.2 m
LCBH: 14.6 m
Surface fuel load: 3.1 t/ha

The foliage weight for the stand is estimated to be approximately 1.3 t/ha using
the tree biomass equations of Turton and Keay (1970). It should be noted that
the plantation area is prescribed burned annually as a fire hazard abatement
measure. Assuming a FMC of 150% (N.D. Burrows, pers. comm.), the critical sur-
face intensity for crown combustion (I,) for this stand is calculated to be

16 060 ki/m which would require a surface fire spread rate of 173 m/min or

10 361 m/hl Furthermore, for a CBD of only 0.012 kg/m® the development of an
active crown fire would require a spread rate in excess of 250 m/min or 15 000
m/h!  What sort of burning conditions would be required to achieve this Tevel

of fire behaviour? According to the CALM "Red Book" (Sneeuwjagt and Peet 1985),
even with surface and profile moisture contents of 3% and <25%, respectively,
and open winds of 35-40 km/h, the maximum predicted rate of spread would only

be 165 m/min or 9920 m/h. This represents the extreme limit of tabulated values
in the WA fire behaviour guide, although for the pine fuel types, the maximum
rates of soread in the associated data base would be less than 1000 m/h (J.A.
Beck, unpubl.).

CONCLUSIONS

Is the Canadian research on crown fire behaviour applicable to Australia's
exotic pine plantations? The simply answer is "yes" given the structural simi-
larity with many of the conifer forest types found in Canada, although the spe-
cifics are not directly transferable (i.e., the FBP System would not be appro-
priate because it was designed for a different range of weather and fuel moisture
conditions), but certainly many of the basic principles are believed to be worth
considering. In fact, their relevancy is currently being explored as part of
a Ph.D. thesis project by the author at the Australian National University in
cooperation with the CSIRO Division of Forestry & Forest Products, and with the
assistance of the various state forestry organizations which is gratefully ack-
nowledged. Particular attention is being placed on the initiation of crowning
(i.e., identifying the surface-crown fire thresholds) as opposed to predicting
crown fire rate of spread. This appears to be a major knowledge gap in all
existing wildfire behaviour guides (e.g., Burrows 1984; Anon. 1988, p. 38).
There is of course the direct application to analyzing strategies for the crea-
tion and maintenance of "crown fire-free zones". In closing, it's worth empha-
sizing that the prediction of surface fire behaviour is, in fact, probably much
more difficult than the prediction of crown fire potential, given the infinite
number of possible forest floor and understory fuel complexes. As a result, any
model predictions for the start and spread of crowning forest fires will utimate-
1y be dependent, at Teast in part, on the predicted surface fire behaviour char-
acteristics.
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