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ABSTRACT

Jarrah (Euc. marginata Sm.) forms a dry sclerophyll

forest in the south-west of Western Australia. 1In spite
of the inherent fire resistance of thls species the com-
bination of hot, dry summers and inflammable fuels has
resulted in many severe and damaging fires in this
commercially important forest.

Fire control in jarrah relies heavily on large annual
programmes of controlled burning as well as on efficient
fire suppression. Experience with these operations showed
the need for more detailed information on fire behaviour
and for a reliable means of predicting it.

A review of literature and other fire danger systems
guggested that rate of forward spread would be sultable
for planning fire operations, and that moisture content,
fuel quantity and wind velocity would be controlling
influences. Information on these variables was gathered
in two series of trials: one measuring rates of drying
for jarrah leaf litter, and the other measuring experimental
fires 1it in the forest.

Practical difficulties in day to day measurement of
moisture content made it necessary to select a proxy
variable. This lay to hand in fire hazard, a standardized
gcale used daily during the fire season for forecasting
the inflammability of forest fuels, and as a general fire

warning to the public in Western Australia since 1934.
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There were, however, several weak points in the fire
hazard system which had to be overcome before it met the
requirements for a fire danger rating. The prediction of
fire hazard required the use of specially prepared pine
hazard rods. Three rods are kept on a mesh screen, nine
inches above the ground, and weighed at two-hourly intervals
during the day. This made it impractical for small forest
centres with a restricted staff, Furthermore, the hazard
rods do not follow closely moisture changes in leaf litter
after rain. Belng placed nine inches above the ground,
they generally dry much faster.

It was necessary, in the experimental work described
here, to make two major additions to the fire hazard system.
The first was to provide a means of predicting fire hazard
during normal dry summer weather from measurements of air
temperature and relative humidity. The second was to provide
a more realistic adjustment for effects of recent rain.

The first requirement was met by a separate study
(Hatch, 1969). The second requirement was met by using
rainfall correction factors which depended on (i) amount
of last rain, (ii) days since rain, and (iii) average daily
temperature in the drying period.

Rate of forward spread of headfire was used to express
the degree of fire danger. Fire hazard was linked with
wind velocity and fuel quantity to predict rate of forward

spread. Short-cut graphic analysés were used to define

4
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the effect of each variable on rate of spread. Finally
all three variables were put together in five tables,
which made up the fire danger rating now used in jarrah
forest.

Part of the fire danger rating was laterexpanded to
show the height of crown scorching from different spread
rates, and the deslrable spacing for fires in lighting
of controlled burning. This information formed the basis
of the controlled burning guide now used in Jarrah forest.

Further analyses were undertaken with multiple
regression methods to test the strength of wind, fuel
quantity and moisture content in controlling rate of spread.
Fucl welght proved a weak variable and would have been better
expressed by fuel depth or cover. Moisture content of the
litter profile seemed better replaced by surface leaves and
weather variables. Wind was an overriding control over
gpread rate within the limits of this datsa.

Following the experimental work a management plan was
drawn up for using this fire danger rating and controlled
burning guide in planning fire operations. For controlled
burning anticipated rates of spread were used to prescribe

correct conditions for lighting and grid patterns for placing

the ot fires 1lit to burn out the area. For fire suppresiion,

anticipated rates of spread formed a basis for day-to-day
disposition of fire suppression forces and aided the planning

of fire attack strategy.
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Chapter 1

INTRODUCTI ON

The Fire Control Problem

Due to climate and fuels, the jarrah (Euc. marginata Sm.)

forest has presented major difficulties in fire control since
the West Australien Forests Department was established by the
State Government in 1918. This forest covers approximately
3,000,000 acres, broken up for management purposes into
divisional areas of 200,000 to 500,000 acres.

Fires in the jarrah usually occur during the summer
months of every fire season, but the records of most
divisional headquarters over the years show outbreaks on the
scale of the Plavin's fire of 1950 which burnt over 20,000
acres in the Dwellingup division, the Bell fire of 1959
and the Boorara fire of 1969 in the Harvey and Walpole areas,
which caused comparable economic losses, (Anon. 1969).

The greatest fire disaster in the State's history, the
Dwellingup fires of 1961, burnt over 350,000 acres of prime
Jarrah forest, practically obliterated three small townships,
the main one being the mill town of Dwellingup itself, and
caused demage estimated at $2,000,000 (Rodger, 1961). Forest
damage alone was approximately $700,000 (Peet and Williameon,
1968) . The 1960-61 fire season was the most severe on record
in Western Austrelia, and brought a series of outbreaks
throughout the south-west of the State as well as the

Dwellingup disaster.
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Because of its durability, strength and finishing
qualities Jjarrah is a valued commerciel timber, used
extensively in building, also for sleepers, poles, piles
and fence posts, because of its resistance to decay, and
to a lesser degree in furniture and veneers. The export
market for Jjarrsah is also important.

The proximity of the northern Jarrah forest to the
Perth metropolitan area, where the population has now
reached 600,000,gives the State forests an additional value
for water catchments and recreation.

Fires in the Jjarrah ignite from a variety of causes,
1ncludiné lightning strikes, associated with summer tunder-
storms which often develop during severe fire weather.
During the Dwellingup fires lightning strikes caused the
almost simultanecus ignition of 23 fires scattered over a
wide area. Since lightning will always be with us, it seems
impossible to exclude fire fram the jarrah forest altogether.

Fire control problems in jarrah forest have received
considerable attention from West Australian foresters, and
early studies on fire weather produced a system for fore-—
casting or measuring fire hazard (Wallace, 1936). This is
still used as a basis for planning fire control in jarrah
forest. In addition to maintaining a large fire detection
and suppression organisation, the W.A. Forests Department
administers fire control within a two-mile radius of State

forest boundaries under the Bushfires Act of 1954,
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Experience in past years showed, however, that local
co-operation, boundary control and an efficient detection
and suppression organisation were not in themselves sguffi-
cient to exercise effective fire control. Consequently in
1953 these precautions were supplemented by an extensive
annual programme of preventive controlled burning. This
programme was increased in 41961 after the Dwellingup fires,
and most of the Jjarrah forest is now burnt periodically,
the programme (including aerial burning) covering sbout
750,000 acres annuallye.

The term "controlled burning" implies that fire is applied
to the forest at a specified intensity compatible with an
acceptable level of forest damage. Desplite an inherent
fire resistance small jarrah trees are damaged by intense
fire, and it is essential that controlled burning be properly
planned. To apply fire at predetermined intensities calls
for the fullest possible information on fire behaviour, as
well as the presentation of this information in a form
suitable for field use.

Experience gained in extensive controlled burning
programmes, as well as with improved fire suppression
techniques, has thus demonstrated a need for intensive
studies of fire behaviour in jarrah forest.

Furthermore, the growing awareness of conservation
as an issue in Western Australia makes a sound knowledge

of fire behaviour more important than ever. In the climate
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of public opinion now developing, large-scale controlled
burning will only be an acceptable departmental policy if
assurances can be given that the flora and fauna of the
forest will be preserved at the same time.. Neglect of
fire behaviour studies could open up opportunities for
criticism of ecological management of the Jjarrah forest.
Foresters must not only forestall such criticism but be
equipped with facts and figures to answer it.

The fire behaviour studies here descrived were, however,
primarily aimed at improving the techniques for fire suppress-
ion and controlled burning. They were carried out by the
author as part of the fire research programme of the W.A.
Forests Department.

Fire behaviour studies in Jarrah forest were started
by A.G. McArthur* in 1958 and continued by the author between
1961 and 1965. The data collected by McArthur contributed
to his controlled burning guide published in 1962 and his
fire danger meter (1964-66), both of which are excellent
examples of the practical utilization of fire behaviour
information.

In 1964 a fire danger rating with an associated con~
trolled burning guide was compiled for the northern jarrah
forest (Peet, 1965). The controlled burning guide is used
for planning and executing an annual controlled burning
programme approximating 750,000 acres, and latterly has been
linked to an advanced lighting technique involving the use
of aircraft (Packham end Peet, 1967).

*Protection Officer. Forest Research Institute, Canberra.
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The fire behaviour studies reported here have made
a tanglble contribution to management technigues for the
Jarrah forest. Their purpose was to provide an obJjective
estimate of fire behaviour on which to plan controlled
buming or fire suppression on any given day. From a
management point of view most of the work has been pro-
ductive and effective. It remains to set out what the
investigations were, and how the data was analysed and

put together in an expression of fire behaviour.

Outline of the Thesis
The research was centred at Dwellingup, a small town-
ship about 60 miles south-east of Perth. In the early
years (1961-6L4) computer facilities were not readily avail-
able for this work, and the staff consisted of three men

with limited experience of fire measurement and limited

| equipment. It was soon apparent that both the experimental

techniques and analyses would have to be simple, and the
data presented in an easily understood form suitable for
field use.

It was decided to follow the techniques developed by
McArthur for measuring forest fire behawlour. IHe recorded
the performance of numerous experimental fires in the
forest, then equated their intensities to changes in forest
and weather variables. This was a simple technique which
could be handled with the available facilities. One more



experiment was added to measure rates of drying of Jarrah
leaf litter after rain.

Chapters 1 and 2 of thils thesgis describe the jarrah
forest, the fire problem and the fuels. The question of
what to measure to express fire behaviour is discussed in
Chapter 3, and the experimental techniques in Chapter 4.
Chapter 5 deals with the concept of fire hazard as a first
step in the fire danger rating, and expresses fluctuations
in moisture content of leaf litter on the fire hazard scale.

The fire danger rating is developed in Chapter 6, in
which wind velocity and fuel quantity are added to fire
hazard to predict changes in fire behaviour. These results
are evaluated in Chapter 7 with further analyses using
multiple regression techniques, and suggestions are made
for future work. Chapter 8 sets out the controlled burning
guide and how it 1is used.

A management plan incorporating both the controlled
burning gulde and the fire danger rating has been d rawn up
for use in planning day-to-day fire operations, and is con-
sidered an indispensable instrument of fire control in the

jarrah forest to-day.
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Chapter 2

THE JARRAH FOREST
Location

The jarrah forest lles in the south-west region of
Western Australia, located in the area shown in Figure 1.

The northern jarrah forest forms a narrow belt extending
from Mundaring in the North to Kirup in the South. This belt
is approximately 120 miles in length and 20 to 30 miles in
width. The main part of the commercial forest is found on the
plateau of the Darling Scarp. The Scarp forms the western
boundary of the commercial forest, following the Darling Fault,
although a poor class of Jarrah is also found on the coastal
plain. To the east, rainfall tapers off and the jarrah forest

grades into Wandoo, (Euc. redunca Sch., var elata Benth.).

The southern jarrah forest lies in the lower south-west
region near the coast and forms a belt extending from Kirup
to the south of Manjimup. The prime forest belt is approxi-
mately 60 miles in length and 20 miles in width and grades

into poor forest types along the coast and in the eastern areas.

Climate
The climate of the Jjarrah forest is a Mediterranean type
with hot, dry summers and cool wet winters (Gentilli, 1956).
The average rainfall isohyets for the south-west region
are shown in Figure 2, and indicate that the main commercial
forest lies within a 1limit of 30 inches a year. Certain
areas along the Darling Scarp receive in excess of 50 inches

a year.
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The long, hot dry summers experienced in the northern
jarrah forest are illustrated by the monthly average for
maximum temperature and rainfall at Dwellingup shown in
Graph 4. This climateuhoderates as the lower west and
south coasts are approached, and in general the fire season
in the southern forest i1s less severe (Hatch, unpublished
data, 1961 to 1969).

A crose~Section of meteorological data for the jarrah
forest is given in Appendix 1, which 1lists climatic averages
for Perth, Dwellingup, Donnybrook and Manjimup. The averages
suggest that rainfall increases and temperature decreases
from Perth southwards to Manjimup, except for the Dwellingup
area which has an unusually high rainfall.

The major part of these fire behaviour studles was
conducted in the northern jarrah forest surrounding Dwellingup
(Figure 1). Rainfall in the Dwellingup forest area is illus-
trated by Teble 1. This shows the marked decrease in annual
rainfall to the east and west of the Darling Scarp, while
the Mediterranean character of the climate is evident in the

monthly distribution, (Appendix 1).
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i' TABLE 1
| (a) Annual Rainfall (inches) for Stations East and West

of Dwellingup

Station Helght Distance Annual Period of
above from rainfall measurement
Beloe W. coast ins.
Miles !
]
|
Mandurah 15 0 34.52 . 1911 to 1940
Pinjarra 28 14 36,74 1 1911 to 1940
Dwellingup 890 26 51 .42 . 1927 to 1953
Duncan's Mill* 1000% L1 31,96 1934 to 1943
Marradong* 1000%* u7 29.75 1911 to 1940
Wandering 1111 61 26.95 1911 to 1940
Narrogin 1114 69 20,93 1911 to 1940

* approximate values only.

No direct evaporative data is available for the Jarrah

forest, but Appendix 1 shows monthly values calc&iated from
Prescott's Formula (Hatch, 1964).

From the calculated P/E ratio it can be seen that
effective rainfall in the aversge year occurs in the seven-

month period between April and October.

Topography and Soils
The topography on the plateau of the Darling Scarp for

the most part is gently undulating. The plateau has suffered
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1ittle dissection by erosion, and steep slopes are usually
confined to the valleys of major watercourses and to the
western edge of the plateau along the Darling Scarpe.

The rocks of the Darling plateau are mainly pre-Cambrain
granites, and often gneissic in structure (Julson, 1934).
These granites are seamed by baslc dykes, usually of epidiorite.
Rock outcrops are rare because the whole plateau is covered
by a mantle of laterite, which may be massive or lateritic
gravel. The evidence suggests that the laterite cap was
formed during the late Miocene or Pliocene period and that
subsequent dissection occurred during the Pleistocene period.

The surface solls are generally well drained; they
consist of more than 50 per cent lateritic ironstone gravel
in a sand matrix, while at depth kaolinitic clay is encoun-
tered. These topographic and soil features create generally
more uniform and rapid rates for the drying of litter beds
than are found in the southern forest.

The soils of the Dwellingup area were described by
Hatch (1955) and the geology of the nearby Gleneagle district
by Holland (41949).

Forest Type
The study area of 200,000 acres of jarrah forest near
Dwellingup (Figure 1) was a typical cross-section of the
northern jarrah forest, from the Darling Scarp to drier

eastern forest. This cross-section was fairly representative
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of forest types between Mundaring and Kirup which tend to
show fairly uniform changes in a west-to-east direction
through the forested belt.

General Description

The jarrah forest is a dry schlerophyll type. It is
normally associated with a sparse scrub cover and undulating
topography.

Jarrah (Buc. marginata Sm.) is usually found in

association with marri (Buc. calophylla; Lindl.) which

comprises about 10 to 15 per cent of the forest stocking.
On moister sites jarrah is found with West Australian

blackbutt (Euc. patens, Benth.), bullich (Euc. megacarpa,

F.V.M.) and flooded gum (Euc. rudis, Endl.). On the

Darling Scarp wandoo (Euc. redunca, Sch., var. elata, Benth.)

is found; and in the dry eastern forest Jjarrah grades into

both wandoo and powderbark (Euc. accedens, W.V. Fitz.).

With the exception of bullich, wandoo and powderbark,
most of the indigenous eucalypts in the Jjarrah forest are
rough-barked.

The understorey species usually include casuarina

(C. fraseriana, Miq.F.), bull banksia (B. grandis, Wield)

and persoonia (P. longifolia, R.Br.)

The litter of both casuarina and bull banksia burns

readily, and the crowne of casuarinas are highly inflammable.

Jarrah itself is a stringy-barked tree with persistent
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fibrous park extending to the smaller branches. This bark
is inflammable guring summer (Peet and McCormick, 1965),
and girth decrements of up to 2 inches have been measured
on pole—sized trees after intense fires (Peet, unpublished
data, 196U)-

The mature jarrah tree in gooi-quality forest is
usually 99 to 130 feet high, but prime ones may reach 150
peet (Loneragan, 1961) .

As with most eucalypts, 1ateral shade 1s greater than
vertical shade, end the crown 18 composed of heavy branches
with a thin, leaf canopy. These crown characteristics
assist in creating falrly rapid drying conditions for the
underlying beds of leaf litter.

Crown cover varies between 4O and 70 per cent of the
forest floor, which can have quite marked effects on the
rate of litter accumulation.

Jarrah has the oility to develop epicormic shoots, &
characteristic that enables it to recover from defoliating
fires and is thus an important feature of its jnherent fire
resistance.

Evidence suggests that jarrah forms annual growth rings
(Loneragan, 1961; Podger and Peet 1964) and that the main
part of this annual growth is 1aid down in two surges, one
in spring and a second in autumn.

Loneragan (1961) suggeated that new leaves in the

jarrah crown are developed annmually, commencing in Deaember




Stand Structure

barke.

and maturing by March.
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The surges in annual growth, and the period of leaf re~
Placement, are considerations in minimising damage from con-

trolled burning (Peet, 196L).

The Jarrah forest near Dwellingup includes a range of
slze classes from large over-mature trees to saplings. Table
2 presents the distribution of girth classes for jarrah trees
on 220 one-acre plots randomly located in the study area.
Numbers of trees per acre are averages from these plots, and

have been listed in size classes for girth breast height over

TABLE 2

Dwellingup Study Area

Number of jarrah trees per acre in G.B.H.0.B. Bize classes

dbhceﬂy G.B.H.0.B. size classes | Number of trees per acre 4%%&0
23 1" to 3! 239.100 591
39 3'1" to 4t 6.700 /7
49 4L'1" to 5° 3.700 7
‘ 58 5'1" to 6 2,500 6
68 6'1" to 7' 2.000 5
78 7'1" to 8' 1.500 7
§7 8'1" to 9 0.900 2
Q1 - I# 9'1" to 12' 1,000 Z
124" to 15" 0,200
15'4" to 18" 0,020
over 18" 0.005
Total | 257.625
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It will be seen from Table 2 that although the forest
in the study area includes a wide range of girth classes, by
far the greatest number of trees per acre lies in the small-

pole and sapling sizes.

Scrub Types

Scrub is recognised as an important fuel component of
fire behaviour in jarrah forest, and one whose effect varies
with species, age, density and height.

McCormick (1966) showed density and moisture content of
scrub foliage to be important for regulating rates of burning
of scrub species. Foliar moisture content varied seasonally
and diurnally, suggesting that imflammability of foliage may
not be constant. In addition, this work demonstrated that
scrub in Jjarrah forest should usually be considered as
additive fuel - one which burns after pre-heating and ignition
from fires in litter.

This evidence suggested the need for detalled fire
behaviour experiments to study the effect of s crub foliage
as fuel. Before commencing this work it was consid ered
desirable to provide quantitative estimates of scrub species
and their density, so that the more important ones could be
selected for study.

The assessment described here ettempted to define scrub
species and density in the experimental area near Dwellingup.
It was designed to provide a broad definition of these species

in the main forest areas; particular site differences were
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therefore minimised as much as possible.

Three factors of environment were considered in the
design of the assessmente.

Site differences were minimised by confining the plots
to upper slopes or ridge tops. Observation suggested that
moister sites in gullies or flats supported rather different
scrub types than the drier slopese. These moister sites would
confuse the results unless treated separately, and did not
represent a major part of the experimental area.

Table 1 shows averages of annual rainfell in this area
to decrease from the Darling Scarp eastwards. Canopy cover
of the forest also lessened in the east, although influenced
by past cutting for sawmilling. In view of these changes a
decision was made to subjectively divide the experimental
area into three strata, each eight miles in width on an east-
to-west axis and 20 miles in length. Stratum 1 lay in the
high rainfall area on the Darling Scarp, and Stratum 2 in the
drier eastern forest. Stratum 2 covered the forest belt
between these two extremes.

Scrub type in each stratum was described from 50 system-
atically located plots, spread as evenly as possible over the
area on a 1.5 miles grid. These plots provided 2000 square
feet of assessed forest floor in each area stratum.

The area strate were an attempt to provide some cantrol

over decreases in annual rainfall. This concept agreed with

a theory by Byram and Keetch (1968) that the density of
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vegetation could be considered a reflection of annual
rainfall.

Past fire history was the third factor of the environ-
ment considered in the design of this assessment. Research
in Canada and South Africa (e.g., Dixon 1965) suggested fire
fw£quency and intensity to be variables affecting the
structure and type of scrub. This was supported by field
observations in jarrah forest, where it appeared that members
of the family Leguminosa&, in particular, were affected in
their regeneration by past fire intensity.

Part of the experimental area was burnt by the Dwellingup
fires of January 1961 (Rodger 1961, Peet and Williamson 1968).
After these fires a map of forest crown damage was prepared
from aerial photos. This map showed three main classes of
crown damage: defoliation, fully scorched, and lesser damage
which left the upper crowns green. To these three classes
was added a fourth, controlled burning with limited crown
scorch above 20 feet in height. These four classes were used
to represent the intensity of past fires, ranging from very
intense, which caused defoliation, (Peet and Williamson 1968),
to the mild ones used for controlled burning, (Peet, McCormick
and Rowell, 1968).

The damage classes were compared by assessing five or
8iXx plots in each for Strata 1 and 2. Stratum 3 was deleted
from this study because of very little defoliation or full
scorching had occurred in this area. For Stratum 1, 200

8quare feet of assessed area was compared in each class and
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forr Stratum 2, 240 square feet was compared.
Each plot consisted of 10 sampling units spaced at
1 chain intervals along a 10 chain line (Figure 3). One
sempling unit covered four-square-feet of forest floor.
Figure 3.
Diagram of a Scrub Assessment Plot

Scale 1 inch = 2 chains

& o o i & n four-square-fee

“ - - “Sampling unit
Within each sampling unit species were identified samnd
mapped for area coverage by ocular estimate. (Figure L)
Figure 4
Example of a Mapped Sampling Unit
Scale 1 inch = 1 foot

L«snopda(u-v\

{b“hﬂdm Dq\,{ar\dr&

nivea
TdWLH_sto& Rawe
virminea. q\“OU“C'l

The 10 sampling units in each plothvere combined to
provide 0 square feet of forest floor where species and
their area coverages were recorded. Finally the plots within
an area stratum or crown damage class were combined to provide
&n area of forest floor where scrub species and their area
coverages were listed individually. This detailed analysis

for the area stratum is shown in Appendix 2.
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Table 3 presents a summary of results from the area
stratum by listing the number of species, the number of times
they were observed, and the area covered by scrub in the 2000
square feet of assessed area.
Table 3
Summary of Scrub Coverage in each of the
Three Strata
o Stratum 1 Stratum 2 Stratum 3
No. | No. No. |[Area No. | No. No. |Area No.| No. No. | Area
FamJd Specd Obs.|covered | Fam.| Specqy Obs.|covered | Fam{ Spec  Obs.|covered
sq.ft. sq.ft. 8q.ft.
27 107 783 630 31 105 |1058 982 3 J 112 1120 970
There were between 105 and 112 species, suggesting
roughly equal numbers in each stratum. These species were
observed more frequently in Strata 2 and 3 than in Stratum 1

. and covered a greater part of the a ssessed area.

There was no apparent relationship between decreasing
annual rainfall and a lowering of scrub density; in fact,
scrub density seemed to increase in Strata 2 and 3.

For Stratum 1, with the highest rainfall, identified
species covered 31.5 per cent of the assessed area, 49 per
cent in Stratum 2, and L48.5 per cent in Stratum 3, where
annual rainfall was lowest. To these must be added areas of
Bcrub which were not identified due to lack of flowers or fruits
These covered L.7 per cent of the assessed area in Stratum 1,

51 per cent in Stratum 2, and 7.4 per cent in Stratum 3.
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The total percentages for Strata 2 and 3 were similar and
higher than the less dense scrub in Stratum 1.

The l1list of species in Appendix 2 shows some species to
occur more frequently and cover greater areas than others.
This assessment set out to define the most common and dense
species for future fuel studies.

From Appendix 2 a list was made of those species observed
on more than 10 plots in a stratum, and the area covered by
each was recorded. This 1list defined the most common species
in each stratum, and they covered between 69 and 92 per cent
of the total scrub area in the three strata. This suggested
that they were the most important ones for fuel studies..

Some of the common species covered a considerably
greater area of forest floor than others. A further sub-
division was employed to define the former.

Species covering more than 20 square feet of the
assessed area in each stratum, and observed on more than
10 plots are listed in Table 4. They were divided subjectively
under two headings: inflammable types and less inflammable
types. This division was based on field observations of
flare in the various scrub species during experimental fires,
and an assessment from that of their inflammability.

The species listed under "Inflammable Types" in Table 4
are those which should receive priority in further fuel studies
Their inflemmability will depend on the ge of foliage, which
affects degree of curing. This is quite evident in

X&nthorrhoea foliage, which burns readily once several years
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of dead needles have accumulated.

TABLE L

Species covering more than 20 square feet

of Forest Floor

gtratum Inflammable Types Less Inflammable Types
gtratum 1 Xanthorrhoea preissii Endl. Acacla strigosa Link.
Loxocarya flexuosa (R.Br.)Benth. Hibbertia amplexicaulis Steud.
Xanthorrhoea gracilis Endl. Bossiaea ornata (Lindl.)Benth.
Dryandra nivea R.Br. Adenanthos barbigera Lindl.
stratum 2 Xanthorrhoea gracilis Hibbertia amplexicaulis
Xanthorrhoea preissii Hibbertia montana Steud.
Dryandra nivea - Scaevola striata R.Bre.
Acacia pulchella R.Br. Bossiaea ornata
Pterdium aquilinum Lasiopetatum floribundum Benth
' Macrozamia reidlei (Gaud)
Ce.A. Gard
Acacla strigosa
Acacla drummondii Lindl.
Trachymene compressa
Stratum 3 Loxocarya flexuosa Macrozamia reidlei

Hibbertia hypericoides (D.C)
Benth.

Patersonia occidentalis R.Br.
Hibbertia montans
Brachyachne prostrata
Bossiaea ornata
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Loxocarya flexuosa, R.Bre has a fine foliage which

seems to burn at faster rates than either Dryandra nivea

R.Br. or Hakea lissocarpa, R.Bre.

Acacia pulchella R.Br. often grows in dense clumps after

gevere fires and can produce intense flames.

Assessment results for the four crown damage classes
are summarized in Table 5. Defoliation was delsted from
Stratum 2 because this damage class was lacking in the ares.

TABLE 5
Summary of Scrub Coverage in Four Classes

of Past Fire Intensity

!:ratum

Defoliation Fully Browned Lesser Damage Control Burn

No.|No. No.|Area |No. No{ No.| Arca | No. Nod No.|l Area | Noo|NO4 Noo|Are
Fam|Sp.| Obs|cov. | Fam Spq Obs|cov. | Fam Spd4 Obs|qov. | Fam|Sp4 Obs|cov

8q.ft 8q.ft sq.fﬁ 8Q.
so. 1 |19 (45 |73 | 81 20|u8| 83| 77 |15 |50|88 | 52 |19 |L2 76 | B
Yo. 2 20 |59 136 [158 | 22 |64 137 [113 | 22 |50 96 | 7¢<
Total

Lo 107 219 | 235 27 fi1L4 [225 [165 | 41 |92 172 |12(

There were no pronounced differences in number of species
between the four damage classes, except perhaps for controlled
burning, where slightly fewer were recorded. The number of
observations, and particularly the area covered by scrub, did
appear to increase with rising fire intensity. The area
covered rose from a 120 square feet total for controlled

burning to 235 square feet for full scorch, and & similar

trend seemed likely into defoliation. This trend could be
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expected from the observations of Harris and Wallace (1959)
that the opening of the forest canopy by utilization and
intense fire was important in increasing the density of
scrub.

Rising fire intensity appears to have increased the
suitaebility of sites for scrub growth rather than to have
affected the number of species 1n the scrub layer. Furthepr
investigation rewealed that some species were better adapted
to make use of the environment created by intense fires than
others. Members of the Leguminosae covered 38 per cent of
the total scrub area in defoliation, 4O per cent in full
scorching, 33 per cent in lesser damage, and only 21 per
cent in controlled burning. The main species favoured by

rising fire intensities were Acacis strigosa Link., Acacia

pulchella R. Br., and Bossiasea aquifolium, Benth.

These species usually regenerate in dense clumps after
a severe fire and could well be added to the list of specles
receiving priority for fuel studies, except perhaps Acacia
strigosa, which is not generally considered highly inflammable.

Fire History
Historicael records suggest that periodic fires have
been a part of the environment of the jarrah forest since
long before the coming of white man.
Early navigators saw fires along the coast of Western
Australia, and some of their reported observations are listed

below, (Table 6).
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TABLE 6

Fire Reports from Early Explorers of Western Australia.

Explorer Date Latitude Report

Pelsart June 1629 24°s Smoke at distance
Vlaming Dec-Jan 1696-97 25 to 32° Fires

Jonck March 1658 30%o0 2508 Fires at four

points, one

burning through
the night

Volkerfen February 1658 30° L0's Several fires

(References, Battye Library, Perth)

With the advent of British colonization, many more
reports of fires became available to the researcher. In
the summer of 1801-1802 R. Brown described fires burning I

close to the south coast of Western Australia. The Perth

Gazette and Western Australian Journal reported native fires
on 22nd February, 1833. In 1845 the Swan River News
published a report by G.J. Webb describing native fires in
the Perth area. In 1846 J.L. Stokes described the use of

fire by natives for hunting.

In a recent review of West Australian fire history
Harris and Wallace (1959), concluded that fires had been
part of the environment prior to European settlement. |

These authors point out that the aborigines were ‘

acquainted with the use of fire, and moved continuously
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over the forest area in search of food. Under these
conditions it is inconceivable that accidental fires
did not occur, apart from fires 1it for hunting, to
which must be added the perennial risk of fires from
lightning strikes.

These early fires were probably periodic, and un-
doubtedly covered large areas, but is is doubtful whe ther
they ever achieved the intensity of fires which followed
forest and land utilization.

With the beginning of European settlement in Western
Australia, in 1829, the exploitation of the forests resul-
ted in the accumulation of masses of felling debris. These
fuel accumulations supported conflagrations vwhich increased
in intensity as utilization progressed.

Early records indicate that utilization and fire resg-
ulted in marked changes in the stand structure. The virgin
forest was open, with a sparse scrub cover. Utilization
caused gaps in the canopy, resulting in a heavier growth of
scrub and understorey species. The increase in ground fuel
supported fires which reached up into canopy, causing severe
crown damage. The damaging of tree crowns resulted in de-
creased competition for the site, and thus the density of
scrub cover increased. |

The intense fires that followed utilization led to
Beévere, widespread forest d amage in the ninety years preced-
ing the passing of the Forests Act by the State Parliament
in 1918. since then the W.A. Forests Department has pro-
gressively overcome the problem of establishing fire control




in the Jarrah forest, at a considerable cost in expenditure
and effart.

Early foresters in this State were alarmed by the extent
of fire damage 1n the Jjarrah forest, and attempted to imple-
ment a policy which almost entirely excluded fire from the
main part of forest areas. Policy at that time required
light advance and top disposal burns, before and after a
trade operation, after which the area was protected to permit
regeneration to develop. These areas were protected by
surrounding them with a bufnt firebreak and maintaining an
efficient suppression force.

After 15 to 20 years of this protection policy had
elapsed, the accumulation of fuel on the forest floor was
such that even heavy expenditure on men and equipment failed
to contain fires under severe summer weather conditions.
With the realization that total exclusion of fire was no .
longer a practical objective, a policy of area controlled
burning was introduced into the jarrah forest in 1952,

This policy has resulted in periodic burning over the
main part of the forest area at a prescribed fire intensity.
These light periodic fires are applied to all areas excepting

those requiring protection for pegeneration purposes or for

research.
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Chapter 3
FACTORS AFFECTING FIRE DANGER

The principal obJective for the studies reported in
this thesis was the development of a fire danger rating
for jarrah forest.

Davis (1959) defined fire danger and fire danger
ratings in the following statement.

Fire danger is the resultant of both
constant and variable fire danger
factors, which affect the inception,
spread, and difficulty of control of
fires and the damage they cause. Fire
danger rating is a fire control mansge-
ment system that integrates the effect
of selected fire danger factors into
one or more qualitative or numerical
indices of current protection needs.

This definition posed too large an objective for an
initial attempt at a fire danger rating for Jarrah forest.
However, 1t was considered feasible to provide a simple
basis for estimating one measure of fire behaviour, such sas
rate of spread. This would provide a valuable guide for
planning fire control operations.

Nature of the Fire Danger Vgriables

Fons (1946) provided an example of one approach to the
analysis of fire behaviour, using direct variables. He
explained this concept by the theory of liquid flow, i.e.

In the theory of liquid flow it is
generally accepted that when a gas
or liquid moves over a solid a thin
film of liquid forms on the surface.
This becomes thinner as the velocity
of the fluld increases, and the
thinner the £ilm the more rapid will

be the transfer of heat to the solid
by convection, conduction and radiation.
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This theory, and experimental work, led Fons to list
several variables as having a direct effect on the propa-
gation process of a fire. These included: Film conductance,
a heat transfer factor for radiation, ignition temperature,
fuel particle spacing, surface to volume ratio of the fuel,
specific heat, density of the fuel and fuel temperature.

Instrumentation and facilities for measurement of
direct variables posed fairly complex problems for this
research section. These requirements were described by
Fons (1946) and by Fons and Pong (1961). They involve
measuring fire behaviour in regularized fuel beds within
strictly controlled environments such as that produced in a
wind tunnel. These requirements were not financially
feasible here.

Another factor mitigating against the use of direct
variables was the difficulty of measuring them under forest
conditions, nor were they readily understood by practising
foresters or the public. For these reasons the direct
variable agpproach was not pursued in these studies.

Davis (1959) provided an example of a second approach
to the measurement of fire behaviour; the use of indirect
variables. Here, variables such as wind velocity, fuel
quantity, fuel type and fuel moisture content were used
to express rates of energy release from forest fires.

In the past, indirect variables have been more commonly
used for fire behaviour studies. They are generally quite
well understood by foresters and the public, and thelr




28

measurement in the forest can often be achleved with
fairly simple experimental techniques. For these reasons
they were adopted for this study.

The use of indirect variables d4id, however, introduce
errorg of measurement into the data. By definition these
variables tend to be substitutive rather than directly
additive within an expression of fire behaviour. Also 1t
seemed likely that interaction between the individual
variables would occur.

McArthur (1962) used indirect varisbles in a fairly
simple experimental technique which measured fire behaviour
in the forest. This technique inveclved measuring the per-
formance of individusl fires and forest and weather variables
which created changes in these fires.

Past researchers have compiled lengthy lists of forest
and weather variables which affect fire behaviour, e.g. Davis,
(1959) . Measurement of some of these, e.g. air stability,
required fairly complex instrumentation, beyond the facilities
available for this project.

It was decided to edopt McArthur's experimental
technique, but to limit the measurements to variables which
could be handled with the available equipment.

A review of fire danger ratings (McArthur, 1962,

Nelson, 1964) suggested fuel quantity, its moisture content
and wind velocity to be controlling influences on fire
behaviour. Each could be measured with McArthur's experi-

mentel technique.
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The expression of fire behaviour for the fire danger
rating required some consideration. After discusslons with
field foresters and a review of the McArthur and U.S.A.
systems, 1t was decided to adopt rate of forward spread of
headfire as the measure of fire danger. This expression of
fire behaviour is extremely useful for planning both con-
trolled burning and fire suppression (Peet, 1967) .

The literature review which follows sought answers to
the question of whether fuel quantity, fuel moisture content
and wind velocity would exert major controlling influences

over rate of forward spread.

Literature Review

Fuel Quantity

Byram (1957) considered fire behaviour as an energy
phenomenon, with fuel constituting a fundamental control.
He listed four aspects of fuel which affect the rate of
energy release from a fire. These were: the combustion
period, critical burn = out time, available fuel energy and
total fuel energy.

As rate of spread is a resultant of fire energy, it is
apparent that fuel would provide a controlling influence
over it., All four of the fuel variables influencing fire
energy are affected by moisture content. It was likely,
therefore, that total fuel quantities would have little
meaning unless considered in terms of moisture content or

the amount of fuel available for burning.
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The amount of forest fuel available for burning varies
not only with moisture content but alsowith stand charac-
teristics. These variations were pointed out by Davis (1959),

who stated: |

Any forest stand, whether hardwood
or softwood, even or uneven aged,
constantly undergoes cyclic periods
of change. The amount, character,
arrangement and inflammability of
forest fuels are a direct result
of species composition, age and
condition of the forest stand.
Since a forest contains many types
of fuel, a systematic approach is
necessary for their identification
and analysis.

In Chapter 2 an attempt was made to classify scrub
fuels on a systematic basis. Here it was deemed necessary
to place litter sampling on a similar basis.

The necessity for a systematic method of sampling was
shown by Byram (1957), who described variations in the size
and arrangement of fuels as having a major effect on rate of
combustion for woody fuels. This observation was supported
by Curry and Fons (1939), Jemison (1944), and Anderson and
Rothermel (1965). All these researchers agreed that fuel
particle size and the porosity of fuel beds were important
determinants of rate of spread.

McArthur (1967) showed rate of spread to be directly
proportional to the quantity of eucalypt litter available
for burning. These quantities were obtained with quadrat

samples from the forest floor. This seamed a satlsfactory

and simple technique to adopt for the experimental fire in
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jarrah forest.

Thomas (1967) demonstrated the depth of fuel beds
to be important for regulating the mechanism of fire
propagation; hence its rate of spread. Litter depth,
related to its weight, also provides a useful measure of
density. It was decided therefore to include estimates
of 1litter depth at each fire site.

Fons, Clements, Elliot and George (1962) showed rate
of spread to vary with the wood species used for crib fires.
These effects were thought to be associated with different
0il and resin contents. These observations found support
in results quoted by Pompe and Vines (1967), for eucalypt
leaves. Here)heat yield decreased after distillation of the
volatile olls from the leaves.

The theory was tested for jarrah forest by comparing
burning rates of jarrah leaf litter with that of banksia
litter (Peet, unpublished data, 1963). The results were
sufficiently conclusive to warrant the identification of
litter type at each experimental fire site.

The review of literature suggested recording litter
weight, depth and type at each experimental fire site. This
was implemented with methods explained in the next chapter.

Research had indicated that fuel quantity would be an
important variasble for including in a fire danger rating,
not solely for its effect on rate of spread but also for its

effect on fire intensity.
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The influence of fuel on fire intensity was demonstrated
by Byram (1959) in this formula:
I = HWNer
Where I = Fire intensity in B.T.U. (British Thermal

Units) per second per foot of fire front.

H = Heat yleld, in B.T.U. per pound of fuel.

W = Weight, in pounds of available fuel per
square foot of forest floor.

r = Bate of forward spread of headfire 1in feet
per second.

This relationship has proved to be important for esti-
mating damage to the forest from fire, and particularly for
specifying acceptable conditions for controlled burning (Peet,
McGormick and Rowell, 1968).

As mentioned earlier, rate of forward spread was selected
in this study to express fire danger. Fuel amount would form
part of the calculation of fire danger. It would be a simple
procedure, therefore, to transform estimates of fire danger
into estimates of fire intensity.

Wind Velocity

A review of the relevant literature left little doubt
that wind velocity would exert a controlling influence over
rate of forward spread.

Its importance was explained by Davis (1959):

Air movement is one of the major fire
behaviour factors. Wind directly affects

the burning rate of forest fuel by influencing
the rate of oxygen supply to that fuel. Also,
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strong winds increase the rate of
fire spread by tilting the flames
forward so that the unburned fuel
receives energy by radiation and
convection at an increased rate.
These two mechanisms are especially
important in causing smaller fires
to build up their intensity.

This statement left little doubt that wind velocity
would constitute an important component of the fire danger
rating. However, its measurement and function required
further investigation.

Fons (1964) used the direct variable, film conductance
to explain the relationship between wind velocity and rate
of forward spread. Film conductance is a measure of heat
transfer through fuel. Its effect was explained by Fons
in terms of a temperature ratio coefficient. This coefficient
defined the temperature gradient between fuel near the flames
and that ahead of the flames. Wind velocity changed this
coefficient by bending the flames forward so increasing
the rate of preheating for umburned fuel.

These results suggested that flame angle, which is in-
fluenced by wind velocity, would affect rate of forward
spread. It was decided to record both wind Vvelocity and
flame angle during the experimental fires.

Fons's experiments indicated rate of forward spread
in crib fires to be proportional to wind velocity reised
to the power of 1.0 for velocities under 5 miles per hour,

and to the power of 1.5 for velocities between 5 and at
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least 12 miles per hour. These powers suggested a curved
relationship, resembling
y =28 + b

Similar curved relationships between wind velocity anmd
rate of forward spread were put forward by Davis (1959),

Luke (1961), and were supported by the more detailed obser-
vations made by McArthur (1962).

If these curved relationships are correct, comparatively
small increases in wind velocity could produce large increases
in rates of spread. It was important, therefore, to adopt
a reasonably accurate method for measuring wind velocity.

Many difficulties arose in deciding on a suitable
method of measurement.

Instrumentation for recording wind velocity proved
reasonably straightforward. Sensitive cup anemometers, of
similar design to those recommended by the Bureau of Meteor-
ology, has been tested on experimental fire work by McArthur.
It was decided that the same instrument would be used for
this study.

The actual position of measurement was less easily
solved, From a fire operations viewpoint, measurements
within the forest were unlikely to be readily available to
foresters. The most suitable sites for these purposes would
be fire detection towers, which are maenned each day during
the fire season.

There were difficulties in obtaining wind velocities
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at the towers which truly represented wind at particular
experimental fire sites. These difficultlies were demons-
trated by Simard (1969). The ratio between tower wind
velocity and wind velocity in the forest tended to change
as the actual velocity increased, and to change between
sltes due to topographic effects.

For the experiments it was considered essential to
measure wind flow over the fire area, in order to derive
relationships between wind velocity and rate of spread.
These measurements should be taken at a constant height
above ground level (Simard, 1969).

It was decided to adopt McArthur's standards. Wind
velocity would be recorded fram wind run over two-minute
periods, at ancmometers placed four feet above the forest
floor. These anemometers would be located one and two
chains up-wind of the fire's edge.

As mentioned above, wind recordings in the forest are
not wholly satisfactory for general fire control purposes;
because of practical difficulties in obtaining these measure-
ments. Hence further experiments were programmed to study
ratios between tower winds and those at four feet above the
forest floor.

Moisture Content of Litter

The moisture content of fuel is one of the most impor-
tant variables affecting ease of ignition snd rates of com-
bustion for woody fuels (Byram, 1959) . Comprehensive exper-

imental evidence has been produced to show that fuel energy,
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hence fire intensity, will decrease as moisture content
increases (Byram, 1959, Pompe and Vines, 1966).

Both ease of ignition and fire intensity are fundamental
controls over rate aof spread.

The effect of moisture on fuel availability, and the
resultant effect on fire intensity, has already been dis-~
cussed.

These results suggested that moisture content of fuel
would exert a controlling influence over rate of spread.

It was decided to include measurements of this variable in
eXperiments for the fire danger rating.

Two problems of measurement and estimation immediately
presented themselves:

Firstly, the measurement technique to be used for
sampling of experiments.

Secondly, the development of systems for estimating
molsture content during day to day fire operations.

For the experimental work it was decided to restrict
sampling to the litter layer in the forest. Many other fuels
such as scrub and bark contribute to fire behaviour in the
Jarrah forest. Each requires separate consideration for
moisture determinations, and sampling of the whole fuel
complex was considered too comprehensive for the existing
facilities.

For litter fuels the sampling positions had to be con-

Bldered quite carefully.
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McArthur (41962) showed the necessity of separating
moisture content of surface leaves in the litter profile
from moisture contents deep within the profile. Surface
leaf moisture content fluctuated markedly with changes in
temperature and relative humidity, (Van Wagner, 1970).

These changes could be quite independent of the lower litter
layer, especially where these were still damp from recent
rain.

This concept was well supported by field observations.
Saturated litter beds invariably started by drying at the
surface, and this drying gradually progressed into the
litter profile. As drying progressed, more fuel became
available for burning.

This drying process was recognized in part by Gisborne
(1928), sStickel (1933), and Wright (1932), who defined zones
of iﬁglammability for forest fueles. These zones represented
risk of successful ignitiom.

Gisborne (1928), provided further evidence of the need
to separate moisture sampling within the litter layer. He
showed that fine fuels came quickly into equilibrium with
relative humidity, while heavier components such as logs
took weeks to dry from the saturated state.

Using these research findings as a basis, it was deci-
ded to sample moisture content of the surface leaves separa-
tely from moisture content of the whole litter profile.

Sampling within the litter profile posed the next
Question,
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Ashcroft (1967), showed the quantity of litter
avallable for burning to be directly related to the
average moisture content for the litter profile.

In turn, the quantity of litter available for burning
directly affects the rate of spread (McArthur, 1967). It
was decided therefore that a second sampling would be under-
taken, to express the average moisture content of the litter
profile.

Suitable methods for estimating moisture contents of
litter for fire operations purposes were not easily resolved.
Standard methods of sampling and oven-drying were too slow
and otherwise impractical for daily use by field foresters.
It was necessary to investigate easily measured weather
variables which could be used insteead.

Again the problem fell into two parts: variables for
estimating the moisture content of surface leaves, and
variables for estimating the moisture content within litter
profiles.

For surface leaves evidence has already been presented
to show that they fluctuate with temperature and relative
humidity. However, this relationship was not necessarily
clearcut. King and Linton (1963) attempted to show relation~
ships between moisture content equilibriums of eucalypt
leaves and relative humidity. They found considerable
digpersions sbout the mean values, depending on initial
moistﬁre content and on the geometric positioning of fuel

on the forest floore.




39

Wallace (1936) developed a relationship between the
moisture content of pine rods and the estimates of fuel
inflammability in Jjarrah forest. Molsture fluctuations
of the rods were expressed on a scale of O to 10, known as
fire hazard scal€e.

Hatch (1969) developed relationships between tempera-
ture, relative humidity and fire hazard. The fire hazard
scale has been used for fire weather forecasting in Western
Australia since 1934.

For these experiments it was decided to measure air
temperature and relative humidity at each experimental fire.
Attempts would then be made to relate the moisture content
of surface leaves to these measurements. Finally a relation-
ship between fire hazard and surface leaf moisture content
would be sought.

The use of a fire hazard scale held considerable advan-
tege for this fire danger rating. It is generally understood
and accepted by both field foresters and t he public. Under
the regulations of the Bushfires Act for Western Australia
it has remained as the method of expressing fire weather.

Wright (1932) provided a guide to the weather variables
likely to affect the moisture content of litter profiles.

He related the amount of moisture absorbed by litter to
&mount of rain, moisture content before rain and to the
duration of rain.

While the amount of rain was an obvious choice for
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inclusion in estimates of profile moisture content, the
drying process after rain and the variables affecting
this process required further investigation.

McArthur (1962) used the amount of rain and the number
of days since rain to estimate the degree of dryness in
beds of eucalypt litter. This was expressed in terms of
fuel availability. Later McArthur (1966) incorporated the
Byram-Keetch drought index into this estimate.

Byram and Keetch (1968) developed a drought index to
express the dryness of heavier fuel components such as duff
and branch wood. Rates of drying for these fuels are much
slower than for fine types such as surface leaves. The

variables used for this drought index were amount of rain,

days since rain, and maximum temperature on each day after
raine.

For estimating averages of the profile moisture content
it was decided to establish separate experiments. flere the
moisture content of litter samples would be related to amount
of last rain, days since rain and to air temperature in the

drying period.
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Conclusions

In previous resecarch two approaches were made to
measurement of fire behaviour: use of direct variables
and, secondly, use of indirect variables.

Practical considerations of cost of instrumentation,
and then gpplication of results, mitigated against adopting
the direct variable approach.

It was decided that indirect variables would be used
for this fire behaviour study, and they would be measured
under forest conditions using McArthur's experimental fire
technique. This technique, as will be explained in the
next chapter, allowed for the measurement of several indirect
variables while the fire was burning.

At the time this research programme started there was
some urgency to develop fire danger tables. It was accord-
ingly decided to simplify the experiments as much as possible.
Fire danger would be expressed in terms of rate of forward
spread of headfire. The effect of fuel quantity, its moisture
content and wind velocity on rate of forward spread would be
studied.

The relevant literature was reviewed to ensure that
these three independent variables would exert a controlling
influence over rate of spread. Results were sufficiently
conclusive to suggest that they would, although they could
not provide a full explanation.

Methods of measuring each of the three variables were
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investigated.

Litter quantities would be recorded by quadrat
sampling of the forest floor. Litter depth and type were
important and should also be recorded.

It was decided to measure wind velocity at one height,
four feet above the forest floor. This would be recorded
with a sensitive cup anemometer placed one to two chain
up-wind from the fire's edge.

It scemed desirable to separate sampling for moisture
content of litter into two parts. PFirstly, surface leaves
and, secondly, an average for the whole litter profile.

While sampling and oven-drying of litter moisture was
suitable for the experiments, it was not a practical solution
for estimations by fleld foresters. For this reason weather
variables would also be measured, with the objective of
later equating fluctuations in moisture content with them.

A review of the literature suggested a relationship
between air temperature and relative humidity with the
moisture content of surface leaves. Rainfall, the number of
deys since rain and temperature in the drying period would

also be recorded for estimating average moisture content of

the litter profile.
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Chapter 4
EXPERIMENTAL METHODS

Most of the data used in the development of the fire
danger rating for Jjarrsh forest were collected from two
gseries of field experiments. These were, firstly a litter
drying trial and, secondly, experimental fires. Since these
experiments formed the basis of much of the analyses which
follow, it is necessary to consider their design in some

detaile.

Litter Drying Trial

The purpose of this drying trial was to measure rates
of drying for jarrah leaf litter on successive days after
rain.

The trial plot lay in a jarrah pole stand of medium
density, on a gently sloping lateritic soil surface. The
litter bed covered the forest floor completely, was two to
three inches deep, and weighed about 3.5 tons per acre. A
weather station was established nearby, cansisting of a
Stevenson screen, thermohygrograph, wet end dry bulb thermo-
meters and a rain gauge.

The weather station was designed to collect information
on rainfall, temperature and relative humidity, while the
1i tter bed was drying. This information would be used to

equate the progress of drying with changes in the three

variables.
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The thermohygrograph was fitted with a seven-day
chart, (Casella, model T9 154), which covered a temperature
range of 10 to 110 degrees Fahrenheit (F) and a range for
relative humidity from O to 100 per cent. The manufacturer's
specifications for accuracy were + 1 degree for temperature
and + 3 per cent for relative humidities between 20 and 80
per cent. The temperature and relative humidity traces
were checked each time the trial was sampled, from the wet
and dry bulb thermometers.

To avoid interception of rain by the overhead forest
canopy, the rain gauge was placed in an open area near the

trial.

Litter samples were collected from the trial after rain
and thereafter until the profile was dry. The first sampling
after rain was done as soon as possible after rain ceased.
The sampling thereafter was done twice dally, at 9.a.mes and
3 peme

The trial area was 100 feet square. This area was
subdivided into 10-foot squares with numbered posts. The

grid of posts provided reference for randomly locating

X

positions for sampling within the trial. These positions
were fixed with four random numbers, two to indicate the
square and two more for the sampling position in the square.
The numbers identified axes within the grid and within the
square,

Five samples of the litter profile were collected




AT

L5

each time. The best method of collecting a sample was to
use a sharpened six~inch square made from thing steel plate.
This was pushed through the litter to the soll surface. The
sample was lifted whole from within the square as a vertical
section of the litter profile from surface leaves to duff.

Each sample of litter welghed about 50 grammes. They
were sealed in tins with adhesive tape to prevent loss of
moisture through the lids.

The moisture content was calculated from the difference
between air-dry and oven-dry weights. The samples were
oven-dried at 105 degrees €entigrade for periods from six to
twentyfour hours, depending on the dampness of the sample.
When a constant weight was reached the moisture content was
calculated with this formula:

Moisture Content (per cent) = A.D.We. - 0O.D.W. % 100
O.D .w.

Where A.D.W. air dry weight of the sample
O0.D.W. = oven dry weight of the sample

Drying trends for the litter bed were extracted at the
end of each week. Daily drops or rises in moisture content
were plotted from the average of samples collected at S.a.m.
and 3 p.m.

Averages of daily temperature and relative humidity
were taken from the thermohygrograph trace. These were the
averages of recordings at 10 a.m., 12 noon, 2 p.m. and 4 p.m.

The reason for using averages for temperature and

relative humidity was to avoid basing drying trends on peaks
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in the day's weather. Rather than using maximum or
minimum velues, it was thought that an average through the
day might provide a better representation of drying condi-
tions.

The significance of day-to-day changes in moisture
content had to be considered in relation to the standard
error imposed by the sampling technique. These errors were
quite high in some cases, and tended to rise with increases
in average moisture content. The percentage standard error

for @ach sampling was worked out and the range shown 1n

Table 7. These ranges were listed for moisture content classet

of LO per cent, up to 120 per cent, and thereafter for 120

to 200 per cent.

TABLE 7
Standard Errors from Sampling the Drying Trial

Range of Moisture Range of Percentage
Content (per cent) Standard Error
0 to 4O 51 to 31.0
41 to 80 9.5 to 2543
81 to 120 10,8 to 14.9

124 to 200 5.1 to 53.8
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Experimental Fires

Information on fire behaviour was gathered with a
series of experimental fires 1lit in Jarrah forest during
spring, summer and autumn. The technique for measuring
these fires had been developed by McArthur (personal
communication, 1961).

This technique involved describing the forest by tree
species and sizes; scrub by species, height and percentage
cover over the forest floor; and litter by weight, depth
and type.

A field weather station was established one to two
chains up-wind from the point of lighting. Wind, temperature,
relative humidity and moisture content of the litter were
measured during the course of the fire.

The fire's perimeter was marked at two and four-minute }
intervals, while flame characteristics such as height, length i
and depth were described at the same time. *

After the fire the tags marking the firc's perimeter
were surveyed. This survey formed the basis for a plan
showing rates of spread. It was followed by ocular estimates

of forest damage and protection value of the burn.

Before Lighting

Sites for the experimental fires were selected on ridges
and sl opes of normal undulating jarrah forest. Those con-

8idered atypical of the main forest, such as dense scrub or
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steep topography, were avoided. The reason for this was
to minimise variations in site which were not readlily
defined in the experimental record.

Forest type was described by tree species and by ocular
estimates of density and size. These descriptions were kept
simple: e.g., a dense Jjarrah pole stand or a mature stand of
jarrah and marri, medium in density.

Aspect was used to describe topography. Again descrip-
tions were simple: e.g., ridge top or west facing slope.

Scrub cover was delineated by ocular estimates of the
species present, percentage cover over the forest ¥loor and
height. Weights of scrub foliage were not measured at this
time because of difficulties with the experimental technique
and limited manpowere.

Litter was described by type and ocular estimates of
depth. These depths were separated into loose surface litter
and the underlying duff. An additional oculaer estimate was
made of the percentage of forest floor covered by litter.
Litter type referred to the tree species from which it ori-
ginated.

These observations set down the site characteristics
at each fire area. The information was recorded on a stan-
dard form, an example of which is shown in Appendix 3.
During the Fire
VWieather Station
The fire was started at the base of a wooden peg marked

with the fire's identification number. Thie peg was the
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base point for the survey which took place the next day.

A weather station was established one to two chains
up-wind from the peg, the distance depending on the fire's
intensity. The intention was to locate the statlon as close
as possible to the fire so as to measure wind flow over the
fire area.

The weather station had a sensitive cup anemometer
(casella, three-cup, model 1530) fixed on a tripod four feet
above the forest floor, an Assman psychrometer (Casella, fan
type, model 3689), and large airtight tins for holding
moisture samplese.

The most suitable size of tin was 3.5 inches in diameter
and five inches high. This held a 50-gramme sample of litter.
The Assmsn covered a temperature range from 20 to 120

degrees. The manufacturer's specification for accuracy was
+ 1 per cent of relative humidity. The starting speed for the
anemometer was three feet per second.

After lighting, wind velocity in the forest was recorded
at two-minute intervals from the run of the anemometer. The
experimental fires were usually measured for a 32-minute
period, and the average wind velocity calculated from the mean
of 16, two-minute readingse.

Air temperature and relative humidity at four feet
above the forest floor were measured at 30-minute intervals
with the Assman psychrometer. These measurement. times

roughly corresponded with the start and finish of a fire.
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Averages of the two measurements expressed these varigbles

for each fire.

Moisture Content.

Samples for estimating the moisture content of the
litter bed were collected at 30-minute intervals. Two
samples were collected each time, a tin of surface leaves
and another of the profile.

The profile samples were taken through the litter bed
in the same manner as described for the drying trial.

Surface leaves were collected from the top inch of the
profile.

Sites for collecting moisture samples were mottled
shade zones near the fire's edge. Mottled shade, approxi-
mating 50 per cent shade, was assumed to represent an average
between bright sunlight and dense shade. These two situations
produce differences in moisture content, particularly in i
surface leaves, (McArthur, 1968).

The selection of mottled shade was by no means a

complete control, as the amount of shade previous to sampling

varied with the sun's diurnsl traverse. It was only poesible
to pick sites where canopy was sufficiently dense to indicate

that mottled shade had covered the site for one hour previously. |
The collection of only two samples of surface leaves
end two of profile at each fire naturally intrcduced fairly

high sampling errors. This restriction was imposed by

linited facilities for oven-drying.
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The magnitude of these errors was illustrated in

cable B.

b

Standard error of the mean moisture content of

oth gurface leaves and profile was worked out for a number

of rires. The range of percentage standard error was listed

{n classes of average moisture content.

TABLE 8

standard Errors for Surface and Profille

Yoisture Samples Collected at Experimental

Fires

Range of percentage

$4. ¢ Type of Sample | Range of Average
Mois ture Content % standard error
4 Surface leaves 5.0 to 15.0 9.3 to 14.8
b ! & 1541 to 25.0 15.8 to 3L4.4.
b Profile 10.0 to 25.0 291 .4 to 24.6
b ! 25.1 to 40.0 27.3 to 38.9

LOo.1 to 55.0

L6.4 to 53.3

Litter Quantity.

Litter samples were collected at 10-minute intervals

in front of the headfire.

A thin, steel quadrat with a sharpened edge was pushed

through the litter layer to the soil surface. The litter

within it was gathered into a bag.

leaves, duff and twigs up to 0.5 inch in diameter. Larger

%ood was excluded on the ground that it burnt away behind

the main fire front, hence did not contribute to the flash

The sample included all
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gustaining rate of fire spread.

fuel

A representative 1itter sample was collected with each
qugdrat. This was taken through the litter profile and
a]ongSide the quadrat. The moisture content of this sample
wog used to eXpress litter weight on an oven-dry weight basls.
~hese welghts were derived in tons per acre. The formula was?

Equivalent oven dry weight = 100 x A.D.W.
100 + x

Were A.D.We

Air dry weight of sample

~C Moisture content of the sample.

During the course of these studies two sizes of quadrat
were tried, for reasons which will be explained later.
mable 9 lists the range of standard errors for average litter
weights obtained with a four-square-feet size of quadrat and
a one-foot-square onc.
TAELE 9
Standard Errors for Quadrats of Litter Quantity.

(Range from 5 fire sites)

‘.zber of Size of Range of Range of Range of
v-pdrats Quadrat Average Standard Percentage
weights Zrror Standard
- tons/ac. tons/ac. Error
> L square | L0 to 7.7 | 0.3 to 1.3 | 7.5 to 17.0
feet
Z |1 square | 2.7 tol1.0 | 01 to 1.3 | 2.7 to 18.4
i foot
10 | u 5.7 to11.0 | 0.3 to 0.8 [ 5.7 to 13.1]
! |
: |
o J i 0.2 to 0.5 | Lt to 9.1
20 11
_— B ) " 0.2 to 0.2 3.0 to L.3
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ucnsurement of the Flre.

after 1lighting, the edge of the headfire was marked at
intervals of two minutes, and the whole fire perimeter at
sntervals of four minutes. The edge was marked by dropping
nuubered metal tags at strategic points along it, which
¢hoved changes in the fire's perimeter as 1t increased in
gizcC.

pifficulties in accurately marking the fire's edge rose
at the intensity of the flames increased. For flames up to
two feet high, the men could generally place the tags within
0.5 fcet of the actual edge. As the flames increased it was
sweessary to throw the tags to the edge, hence their placement
became less accurate.

Due to manpower limitations it was sometimes difficult
to place sufficient tags around the perimeter to mark it
fully. This happened especially in the faster-spreading,
intense fires. Generally the fires were marked by placing
one tag on the headfire every two minutes, and on alternate
Birkings another four tags around the whole perimeter.

Ocular estimates were made every four minutes for
8verage flame height, length, depth and angle of the headfire.
At these times f1ame height of the flankfire and backfire
®86 estimated in the same way .

The estimation of flame height, depth and length is
1luetrateq 1n Figure 5. Flame height was the vertical

Uetance above ground, length the actual length of the flame,
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and depth the width of the flames across the ground.

Figure 5
v o Estimation of Headfire Flames

i T .

' Heqht o\\‘\-\ o
— Wdt+h —>

Flame angle was estimated from variations to the
vertical above ground level, which was 90°. Flanes
tending forward ahead of the burnt area were positive,
and those bending into the burnt area were negative.
“he procedure for these estimations is illustrated in

Figure 6.

Figure 6

Estimation of Flame Angle
Q0

+60

- +4S

5o Direction of
ol Fire Spread

During each four-minute observation ocular estimates
®¢re made of smoke colour and volume. These were recorded
In simple terms: e.g. a white, thin smoke, or brown, dense |

&oke ,

Thege mcasurements and observations of fire behaviour,
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¢ rest and weather variasbles were recorded on standard
o

ort forms.
one of the fires, are showvn in Appendix 3.

rep Examples of these, (Forms 1 and 2), filled

y4n for

s .

* !ptcr the Fire *
e The position of each tag marking the fire's perimeter
yed by bearing and distance from the base pege.

was SUrve
the bearings and 4 100-foot tape for

A cozpass Wwas used for

the distanceés.
The surveyed points were plotted on graph paper, and

this plot was used to construct the fire plan. An example
of this plan is shown in Figure 7.

The plan was drafted by handdrawn lines which joined
joints along the perimeter at each marking. When completed,
the plan showed the fire's perimeter at each four-minute
{nterval, and the position of the headfire in the intermediary

two-minute intervals.
The fire plan was analysed to calculate rates of spread

for hecadfire, flankfire and backfire. These rates were

expressed in feet per minute.

The headfire rates were measured along the central axis

of the fire, as were backfire rates (Figure 8). The averages |
I
I

were means of the two axes and of four-minute measurements

(refer Figure 7).
Rate of spread for flankfire was calculated by averaging

two measurements on either side of the central axXise. Thesge

¥"Cre taken along axes at 60° to the central one (Figure 8).
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When fires assume an ovoid shape the maximum rate of
sread for the flankfire moves forward with the headfire

(;cct. 1967) . If the measurements had been taken at right
xgles to the central axis, they would, after a period, be

peflecting backfire spread rather than flankfire.

Figure 8

Axes for Measuring Rate of Spread of
an Experimental Fire.

Unfortunately these specifications for measuring rates

¢? spread could not always be followed. The direction of

e headfire changed sometimes, with variations in topography,

fuel, or a wind directional shift. In such cases the
€irection of the headfire axis, and the others, were moved
sccordingly as the fire changed direction.

As mentioned above flame characteristics were recorded
8t four-minute intervals. These were averaged to describe
flazc height, depth and angle for each fire.

Ocular estimates were made of scpeoch height of tree
€rowne, in the direction of the headfire. Quadrat samples
®»tre teken next to the previous samplings, to measure the

9i4ality of litter consumed by the fire. This quantity was

L

difference between the fuel weight before the fire and
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after the fire.
The nature of the fuel bed after the fire was further

aescrived by an ocular estimate of the percentage of scrub
re-aining unburnt.
The purpose in recording scorch heights and condition
of the scrub was to s eparate fires of suitable intensity
for controlled burning from others either too mild or intense.
An Abney Level was used to measure slopes in the
étrection of the headfire, flankfires and backfire.

Records of the survey and other observations were kept

en & standard report form, (Form 3, Appendix 3).

Review of Experimental Methods.

During this study certain flaws were revealed in the

experimental technique. Investigations into the methods

tave led to revised techniques which are in use today.

LYeasurement of Moisture Content

The moisture content of litter proved a most difficult
veriable to measure with any degree of accuracy. Tables 7
and 8 indicate the large number of samples necessary to
sctieve a significant drop in percentage standard error.
“his could not be achieved with limited facilities.

The percentage errd@ tended to increase with rises in
#rofile moisture content. This seemed logical, since fuel
beds ape rarely even in depth, usually changing with

écPl‘essions in the soil surface. An uneven depth of litter

bffects pate of drying, particularly moisture content of
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the lower duff. In the first few days after rain var-
jations in litter depth created a large range of moisture
contents, even within a comparatively gmall area of forest like
the drying trial.

et Averages of litter quantity during the experimental
fires ranged from four to six tons per acre. It was shown

that litter depth affected the upper limit of profile

moisture content at which fires would spread. In deep beds
fires burnt over profile moisture contents of 160 per cent,

whereas in thin ones 50 per cent was sufficient to extinguish

A —

them. These differences revealed the importance of relating
3 sampling errors in moisture content to the depth of litter.
//// Large variations in moisture content and problems in
sampling are inevitable in the destructive sampling of
1itter beds. These were recognised by Van Wagner (1970),

who used baskets of litter placed in the forest in as natural

a position as possible, as a substitute. This method was

tried for jarrah litter, and provided much closer relation-

 ——— e

ships between fluctuations in moisture content and changes
in weather (Sneeuwjagt, 1970).

lieasurement of Scrub

A fairly detailed assessment which measured the cover
of scrub on the forest floor, and defined soue€ important
scrub species for fuel studies was described in Chapter 2.
The intention was that this information would be linked to

experimental fires to form an expression for scrub foliage

as fuel.
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pue to difficulties with the experimental technique
et ganpower shortages it was not feasible to obtain a
t and quantitative measure for amount of scrub foliage
ore cach fire. Recently this experimental problem was

1134
h a technique based on point sampling (Levy and

eveIC 02 wit
gadcn, 1936) . The adaptation of this techngiue to measure
porud 88 fuel was described by Sneeuwjagt (1971).

The method involves passing a metal rod vertically
p.rough the foliasge. The number of contacts of foliage on
¢+ rod was counted in two-foot height classes. The number
ef contacts, expressed as a percentage of number of rods,
;jrovides a measure of scrub density on the forest floor, also
etanges in density with height. b

Species and density provided a basis for classifying
$:rid fuels on individual fire sites. It remained to link
dsnrity to weight of foliage.

For each scrub type foliar weights were measured in
tso-foot height classes. These weights were separated into
living and desd material, also into sizes. After each fire
e size gng type of foliage consumed was recorded, giving a
€irect ueasure of foliage weight, its type and distribution
¢oisuned by the fire.

=Zfsurement of Litter Quantity

bome investigations were made into improvement of
$2221ing for litter quantity. Four-sguare-feet quadrats

we . A :
"t compared with one-foot-square; also the number of
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5 required for a reliable estimate recelved attention.

guadrat size was in question because of practical

_  - with the larger, four-feet-square. The sharpened
’

e-e of the square was pushed through the litter with the
(22

f cutting out exactly four-square-feet of litter.

ozsective ©
~actice the edge was often ragged, sticks and stones

¢ P
o=
3:¢wun1ng a clean cut. The smaller quadrat was easier to

wse and gave better control over the size of sample.

Use of a sub-sample for estimating moisture content

1zz-edintely introduced a source of error. into the calculation

er 1itter weights. The accuracy of this calculation depended
¢s the sub-sample répresenting the quadrat as a whole, which
w21 difficult to achieve with thick, damp litter.

The bulk of litter in a four-foot-square prevented
oven-drying the whole. The:-smaller gquadrat was manageable,
x=2 all the litter could be oven-dried, thus eliminating
ce source of error.

Table 9 summarized tests with the two sizes of quadrat.
For five samples the larger quadrat provided a smaller range
in percentage standard error, but this advantage disappeared
oace 10 or more of the smaller quadrats were taken,

Following this investigation it was decided to abandon
litier sampling at 10-minute intervals in front of the
htadfire in favour of more detailed measurements prior to
lighting. Now, 20 samples are collected at each fire site,

Using randomly placed one-foot-square gquadrats.
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Chapter 5

FIRE HAZARD

Introduction

Three major factors affecting fire danger in the jarrah
gcrcst 8re fuel quantity, wind velocity and the moisture
content of 1itter. Moisture content, however, is difficult
ge ceasure in the forest and these difficulties make it quite
gg;ractical for operational use. It was necessary therefore
tc find a proxy for moisture content which could be predicted
es zeasured quite readily, and would be easily understood.
fire hazard was the proxy variable chosen.

Pire hazard has been used for forecasting day to day
exanges in the inflammability of forest fuels in Western
Asttralia since 1934 (Wallace, 1936). Estimates of the days
Lazard are included in daily fire weather forecasts issued by
L2 Bureau of Meteorologye.

The degree of hazard each day is spoken of in terms of
zorzal summer weather: that is to say, if it is above or
ttlow what is regarded as an average summer day (Stoate and
Kerding, 1946). If hotter, drier weather than average is
¢xjected the days hazard will be called High, §evere summer
©r Dangerous in that order of severity. If below the average
¥t days hazard will be either Moderate, Low or Nil. Other
Y-ings veing equal, the higher hazard rises the greater is
the Possibility of a fire starting from an ignition sgent

L 3%

the more rapid will be its spread (Wallace and Gloe, 1938) .
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The original scale for fire hazard was buillt by

" iing changes in the inflammability of forest fuels to
b
arges
rudiata D. Don) hazard rods. Estimates of changes in
===
“,_q.;.-,ability were provided by nine experienced forestry

n the moisture content of 0O.5-inch diameter pine

geicers (Wallace, 1936). It was found that moisture content

& the rods followed almost identically the average of hazard

eslicates by the forestry officers. The estimates were
e vided into seven classes of hazard ranging from Nil to
BENS sa~serous on a scale of O to 1@ (Table 10).

S TABLE 10

Classes of Fire Hazard

Pire Hazard Descriptive Class
0 to 1.0 Nil

1.1 " 4.0 Low

L. " 6.0 Moderate

6.1 " 7.0 Average Sumnmer

7.1 " 8,0 High Summer

8.1 " 9,0 Severe Summer

9.1 "0.0 Dangerous

The relationship that was worked out between fire
2azurd ang moisture content of the rods is shown in Graph 2.

-,
it refers to peak conditions for the day when hazard is

|
€.28t ang consequently moisture content 1s lowest. Three

s ez
' “V¢s were drawn, to be used consecutively during the fire
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seo80D B85 the surface of the rods weathered (Hatch, 1969).
There were however, several weak points in the fire
pazard system which had to be overcome before it could be

xz,.;¢;;-porated into the fire danger rating. It required the
cse of specially prepared hazard rods - three rods on a
s-reen nine inches above the ground, which had to be weighed
every two hours during the day. This made it impractical
ger forest statlons with restricted staff. Purthermore, the
pazard rods do not follow closely moisture changes in leaf
Jitter after rain. Being placed nine inches above the
ground they generally dry much faster than a litter bed.

It was necessary, in the experimental work described
qere, to make two major additions to the fire hazard system.
¢ first was to provide a means for predicting fire hazard
é:ring normal dry summer weather from measurements of weather
varlables such as temperature and relative humidity. The
8ccond was to provide a more realistic adjustment for effects
e’ recent rain.

Hateh (1969) introduced a new concept into the forecasting
¢’ fire hazarg by showing that it could be predicted from
B2xizun temperature and minimun relative humidity each day,
Ffoviding rain effects were absent. The inclusion of moisture
tentent for rods improved the prediction but temperature and
Pletive humidity alone accounted for 80 per cent of the

Yeriation in hazard.

Hatch'g system was much easier to apply to numerous

€ .5 i
S'res throughout the forest than was Wallace's original
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ard rod concept. Very few forest centres are equipped
pat

{th hazard rods. While this limitation was not very
.

ortant for general forecasting of fire weather, it was
157

& g_njor 4a
pazand which proved a necessary first step for reliable

jrficulty in making the local adjustments of fire

caiculations of fire danger. All forest stations were,
oc. the other hand, equipped to measure air temperature and
pcistive humidity as well as rainfall.

For the fire danger rating Hatch's work was used to
£33 ress day to day fluctuations in hazard during dry sumner
e-sther. Experiments were established to provide realiagtic
si:ustoents to hazard for the effect of recent rain. This
vz aimed at providing a means for calculating fire hazard

gsing only wet and dry bulb thermometers and a rain gauge.

Basic Fire Hazard and the ioisture
Content of Surface Litter

During dry summer weather the moisture content of(hazard
tode ranges between five and twenty per cent of o_v'en—dry
weight. iilithin this range there was found to besigl}'?;nges in
8.rlace litter.

King and Linton (1963) reported: There is a roughly
€=jsrable trend between the moisture behaviour of hazard
Fols and that of a bed of eucalypt leaves.

The evidence suggested that this relationship was true

*q

& 8surface leaves in a profile of jarrah litter (Peet,

~%<blished data, 1963).

L ————— e pp———————— g A T T T
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~pree wire-mesh baskets, each one foot square and
&

ynches deeps were Tilled with jarrah leaf litter.
roe

o
S8e of aeration in the baskets these samples represented
id 1

rgce 1eaves rather than a natural litter profile in the
=T

”rfﬁta
ne b askets eand a set of hazard rods were kept on the

‘—ound under a screen which represented 50 per cent shade.

gach dBY both were weighed at 10 a.m., 12 noon, 2 Dpe.le and

Lpese An average for moisture content of the baske ts was

;:czted ggainst moisture content of the rods at each weigh-

S Finally a relationship between rods and leaves was

esawn up from 75 observations, which covered a range of moisturc

content for the rods between five and 20 per cent. The
selationship was linear, i.ee
y = 0.020 + 1.134 ¢ @

where ¥y Moisture content of jarrah leaves, Der cent

x HMoisture content of hazard rods, per cent.

Regression 1 was gsignificant at the 95 per cent level of
canfidence. The value of "a" (constant) and "b" (coefricient)
eicgested that for all practical purposes the relationship
could be assumed to be a direct one: i.c., the regression
line passes through zero and the slope is 1.0. This
indicated that hazard rods and surface leaves in the same
ticro-climate will fluctuate in moisture content during
the day in a similar manner.

There was, however one important proviso; the results

were only applicable to dry summer weather. The experiment
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continued on wet days 2nd the baskets =nd rods
ais

to a ary place.
jon 1 end Graph 2 provided the tzsis for

';.
.'w.,ch

gcheBS
aing the relationship between fire hazar< and moisture

¢ of leaf 1itter. These 1two relatiorns=ips are shown

‘g:‘.‘Cﬂ
gs Tadle 41, which lists fire hazard with ezzivalent
tgture contents for hazard rods and leaf L1itter. This

PR
gable jed to the conclusion that differences between the

tso WETE of little practical importance . T~= tables and

sraphs showed that -

4., There was a 1inear relationship between moisture

content of hazard rods and molsture content of surface

jeaves (Regression 1) . Between moisture content of hazard

rods and fire hazard the relationship was curved (Graph 2).

It follows that the relationship between moisture content

of leaf litter and fire hazard is also curved.

41. For any one hazard the greatest difference between rods

and leaves was in the order of 2.6 per cent (Table 12),

introducing a discrepancy of 1.0 in the Nil hazard range

(Graph 2)

141 . The magnitude of differences in moisture content de-

creased as fire hazard rose.

1V. on this basis variations petween rods and lecaves seemed

of minor practical importance in estimating fire hazard for

forecasting purpose€s. This was supported by measurement

errors in sampling surface leaves in the forest, which were

usually much higher than 2.6 per cent (Chapter )
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TABLE 11

values of Fire Hazard Related to Ncisziare
Ccontent of Hazard Rods and Jer>s=

Leaves
Fire Hazard Moisture Content Voizuxe content
of Hazard Rods of Fz=rah Leaves
per cent e~ cent

Led 10 11 14

1.5 15 ‘.7 0

0 19 .6
Although the original fire kzzzrd ~oncept was a

subjective measure of maximum inflzzzg=iiity based on

weather forecasts and moisture cczient &7 pine rods,
there is a close relationship witz guriece 1itter. Fire

hazard proved a useful variable fcr -z Jire danger rating

» day during the

-
———

(1]

because forecasts of hazard are izie =

gsummer by the Bureau of Meteorolegsy, &=t it js a familiar

term to foresters and the public. Tris was the basis for

deciding that Graph 2 could be uzel iz tne fire danger

rating to express fire hazard, z-Z trz: Tire hazard would

reflect the moisture content of z:rfzcz lcaveéb. To avoid
confusion with rainfall effecte, 21z zcasure of fire

hazard was called basic fire hazzr4,
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prediction of Basic Fire Hazard from

Measurements of Temperature and

Relative Humidity.

gach morning during summer the Bureau of Meteroology

es 8 rorecast of fire hazard for the jarrah and karri

Lot

gerent regions. These forecasts gre based on the moisture

coatent of hazard rods and a consideration of weather

ce and Gloe, 1938) .

(valle
orecasts are regional, and are made early

gince these T

iz, the morning, they do not completely meet the requirements

& fire operations. They are not applicable where local

yariations in rainfall occur; and, moreover, fore operations
|

often require estimates of hazard during the day. 1t was

secessary to establish procedures through which fire hazard

could be measured for any forest centre at any time of the

day. This was done with Hatch's (1969) relationship between i
|

fire hazard, maximum temperature and minimum relative humidity

esch day. His regression was’
y = 0.109x,, = 0,046, = 0539 @ |

Fire hazard.

-
=
(¢}
@
<
]

b o

Meximum temperature in degrees F. i

X, = Minimum relative humidity per cent.

Rain-affected data was rejected from this study. The

regression was significant at the 99.9 per cent level of

confidence for 197 degrees of freedom. It accounted for

&1 per cent of the variation in the data.

ST UL TURETTe—— p—
P P - e — R T TR R
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It i8 arguable that little comparability exists

gseecn peak and instantaneous values of temperature and
»e

n]ﬁti
nrc hazard (o]

ve humidity. This objection had tobe met before
ould be predicted at various times during

e daye
Regression 41 showed daily fluctuations 1n moisture
ecatent hazerd rods and surface leaves to be similar.
aseucing these fluctuations are controlled by temperature
and relative humidity, it is reasonable to expect that

ney act the same way in regulating instantaneous or peak
Ya.UCB .

This hypothesis was tested by plotting instantaneous
velues of surface leaf moisture content with relative
tuzidities measured at the same time (Graph 3, Apperdix L) .
~ne date was gathered during experimental fires. The
relationship approximated to a linear one and could be
expressed by:

¥ = 0.10 + 0425 x ®

#here y = Moisture content of surface leaves, per cent.

> = Relative Humidity, per cent.

Similarly, a plot of air temperatures measured at the
teaue time indicated a linear relationship with moisture
content. These results suggested that instantaneous measure-
pents of temperature and relative humidity were linearly

related to moisture content in a similar manner to the peak
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'”urcments used by Hatch.

}{atch's formula, in tabular form, formed the first
b gt D the production of fire danger rating (Table A,
]

sgpendix 6)
geans TOT calculating fire hazard at forest centres not

For fire operations this table provided =

u:‘.ny equipped with hazard rods. In addition, it can
pe uocd to predict fire hazard at any tlme during the day.
gince this method ignores overnight conditions it forms a
ssatitute rather than a replacement for fire hazard cal-

¢.lated by the normal hazard rod system (Hatch, 1969).

Adjustments for Rainfall and
Subsequent Drying.

It was declded that rainfall effects on fire hazard
sauld be expressed through changes in profile moisture
extent for a 3.5 tons per acre litter bed. This was the
fuel amount in the litter drying trial.

Saturated litter profiles celleeted dry first at the
®-rface, and this drying gradually extends deeper into the
Frofile. This process alters in dry fuels where only the
#rface 1s wetted by light rain, but the data was not
&Ificient to separate the two conditions.

Rainfall factors were calculated on the supposition
Lt littep beds were saturated and drying from the surface.

The rainfall correction factors adjusted basic fire

ta

terd to an expression of the average moisture content for

L.e
¢ litter broflle. As the drying process starts at the top,




"

rface leaves would be drier than the underlying
g & '
rs. Basic fire hazard would have to be reduced for the
Jayei®ce
b jetive dampness of the lower litter.
Al

jt was decided that the format for the rainfall factors

a1d be multipliers ranging between O and 1.0: a factor
9o

¢ 0 mcant the profile was saturated and 1.0 that it was

comzletely dry. Between O and 1.0 the depth of drying
ga:1d be progressively greater as the factor approached 1.0.
pasic fire hazard would be adjusted in this formula:

B.F.He X R.C.F.

A.F.H.

where A.F.H. Adjusted fire hazard.

B.F.H. Basic fire hazard.

R.C.F. Rainfall correction factor.

The data for rainfall correction factors came from the
iitter drying trial (Chapter U4).

Three criteria were necessary to calculate the rainfall
¢errection factors. These were: The profile moisture con-
tent immediately after rain, rates of drying each day there-
after (including effect of average daily temperature on this
rete), and, thirdly, moisture content equilibriums after rain

¢fTects had disappeared.

The amount of drying before rain effects had disappeared

= X

Y86 the difference between moisture content immediately after

R

T 70T

FECEE

P in and the moisture content at equilibrium. The rate of

TR

<. A

"5'1’18 on succesgsive days after rain specified the magnitude
er

the rainf'al]l factor between these limits.

|
|
|
|
.|
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gach of the three criteria was studied in partial

Lob e

|

ricents. Once the function of each was defined, they
$35

1 cozbined to calculate rainfall factors.
ot

b—"‘""lc Voisture Content After Rain

gsezples of the litter profile were collected as soon

ad Pwsible after rain stopped. The time between cessation
of rain and sampling was not always constant; e.g., when
relin ceased at night. Generally the samples were collected
wwo to 8ix hours after rain stopped.

The average moisture content of the samples was plotted
eits the amount of rain. The graphical distribution of these

gcints was used to eye-fit a curve expressing the relation-

ety (refer Graph 4). The curve was epproximated by this

ferzula:
y = 103 logx - 25.0 ) |
where y = Profile moisture content, per cent. :|
x = Amount of last rain in points. I

Graph 4 shows a considerable dispersion of points about
Lis curve. This dispersion may have been accentuated by
W.ie effect of initial moisture content which was not con-
sldered in the analysis.

King and Linton (41963) showed initial moisture content
W be i{mportant forr egulating the response of litter to
wetting, '

LA

Had the data for this experiment been less limited,
& variable would have been considered.
|
|
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elationShiP of the type shown on Graph L4 seemed

AT
ster consulting King and Linton's (1963)

““Pgable .
Initial T

tes of moisture absorption for eucalypt
)ctf 11

1y jeaves 8
The relationship between

tter were high, but decreased to a slow rate when

pproached saturation.

profile moisture content

nt of rain ghould be expressed by a similar type

gnd apcd

aves are dry the rate of absorption of

of curve. when le

goisture is highest.
creases until at saturation more rain m

This rate decreases as molisture
content in erely
produces free water in the litter bed.

3 wright (1967) showed the period of rain to be impor-
Jé tant for regulating moisture content of 1itter. Unfor-

tunately instrumentation was insufficient to include this |
variable in the data.

To define rain effects on profile moisture content, ;

the curve in Graph L4, was divided into seven classes. An

average moisture content for each class was taken from ;

|
the Graph. These initisl moisture contents after rain a

were listed in Table 12.
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TABLE 12
1 Averages of Pfofile Moisture Content Immediately after
{ Rain
l Amount of Rain Profile Moisture Content
Points per cent
i 5 to 10 85
11 to 20 100
i 21 to 50 120
‘ 51 to 100 175
' 101 to 150 195
151 to 200 215
greater than 200 230

| Subsequent Drying After Rain

The measurement of rates of drying for jarrah litter
beds formed the next problem for this investigation.

Byram and Keetch (1968) showed drying of litter to be
a cumulative process with time, its rate varying with
maximum temperature.

Pech (1969) showed that fluctuations in daily weather
were more important for regulating the moisture content of
slash fuels than the number of drying days since rain.

These results suggested both time and rate to be the
criteria requiring definition for the drying processe.

 King and Linton (1963) formed the opinion that relative
humidity was a controlling influence on rate of drying.
Hatch (1969) showed fire hazard to be affected by meximum
temperature and minimum relative humidity, and suggested

that they each had an independent effect.

S .y ——— V'—‘vaq‘—‘—“(.
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It wés decided that average daily temperature would

: eclected to interpret rates of drying. Average dally
1

uzper

2 o8 and 4 p.m. Temperature was selected rather than

é ¥o¥° .

sclative humidity because it tends to fluctuate less during

gne day and would provide a better expression of a daily

gverage. Also, during normal summer weather there 1is

cs.8lly reasonable correlation between temperature and
sclotive humidity.
Four classes of average daily temperature were esta-

¢lished, each covering a 10 degree F. range. The lowest

trying trends on successive days after rain would be deter-
gined for each temperature class.

Graph 5 shows an actual drying trend from the litter
erying trisl, after 200 points of rain and on days with
sverage daily temperatures between 61 and 70 degrees F.

Several drying trends were examined before deciding
o2 8 curve form to express rate of drying on successive

days after rain, i.e.
1

a+bx

y =

This hypothesis led to the acceptance of the curve

_.;i. _ forn. Rates of drying will be at a maximum while moisture
f&: . content is high, but the rate will decrease progressively

88 zolsture content approaches equilibrium. This process

ature was the mean of measurements at 10 a.m. 12 noon,

ese 61 to 70 degrees F. and the highest 91 to 100 degrees F.
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ed by the curves in Graph 6.

mhe curves in Graph 6 were used to calculate rainfall
cor,-cction factors. There were a number of graphed points
Lo yndicate the form of curves for the 61 to 70 and 71 to
8 deg;eee.? classes. However, data for the higher
gegperature classes was sparse, and these curves were
gxtrapolated for compiling rainfall correction factors.

The form of the curve for the 61 to 70 degrees F.

gezperature class approximated:

y = - ®

0.01)4- + 0.009 x

where ¥y = Drop in profile moisture content per cent

Number of drying days since rain.

¥
1

Table 13 was compiled from Graph 6 and shows daily
rops in profile moisture content on succeeding days after
rain. This Table formed the basis for calculating the
eagnitude of rainfall corrections between saturation and

¢guilibrium.

111ibirum of Profile Moisture Content

The last requirement for calculating rainfall correc-
tions was an estimate of equilibrium moisture content once
Taln effects had vanished.

The data were profile moisture contents and tempera-
Yures recorded at 100 experimental fires. In each sample
We durf was dry with no apparenttg}fects. However, it was

el possible to keep the fuel depth constant, and it ranged




Graph 6

60 \ Drying after 200 Points of Rain
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. 2.0 to 4.0 tons per acre.
§ - The moisture samples were divided into temperature
¢1288CB of five degrees F. and average percentages were
“lculated for each. This broad analysis was considered
sicquate for defining equilibrium of moisture content in

zperature classes as wide as 10 ~ degrees.

graph 7 (Appendix L) plotted average moisture contents
gor each temperature class. There was a discernible trend,
asd a curve was eye-fitted to express the relationship.
™e¢ expression for this curve was:
y = 1.39x1o“x(%1—7)x+7.u 6

where y = Equilibrium of profile moisture content,

per cent

Mid-point of average daily temperature

8
n

class, degrees F.

This relationship showed the equilibrium moisture
¢ontents to rise quite sharply when temperatures fell below
61 degrees F. This led to the belief that very little
&rying takes place in jarrah litter when air temperatures
&re below 61 degrees F.

A drying day was defined as one with average daily

tezperature exceeding 61 degrees F. with no rain after 9 a.m.

Graph 7 was used to extract equilibrium of profile

8ol sture content for five classes of average dally temperature.

These ape listed in Tablell.
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TABIE 14
Bquilibrium Moisture Contents for Classes of
Average Dally Temperature

Equilibrium of

rage Daily
Averag Profile Moisture

Temperature
degrees F Content per cent
64 to 70 12
71 to 80 g
84 to 90 8
91 to 100 7

The assumption that equilibrium moisture content
varied solely with temperature had one obvious flaw, the
esfect of response time. The influence of response time

and changes in relative humidity was pointed out by King

a:d Linton (1963).

Ceslculation of Rainfall Correction Factors

The three criteria necessary to calculate rainfall
correction factors were now defined. The calculation was
gade in two steps.

Step 1

Rain-affected fuel was that with a moisture content
between saturation (Table 12) and equilibirum (Table 1U4).
The amount of drying required was the difference between
L.ese moisture contents. These amounts were listed in
fuinfall and average daily temperature classes.

Step 2

Each daily rainfall factor was the cumulative drying
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' "r cent (Table 13) divided by the amount of drying
,ipred, PET cent.

An example of the calculation of rainfall correction

gectors yp given in Table 15.
Table 15 sets out the calculation of rainfall factors

ger over 200 points of rain and average daily temperaturg

petscen 61 and 70 degrees F. The initial moisture content

ess 230 per cent and the equilibrium was 12 per cent.
TABLE 15

A Calculation of Rainfall Correction Factor for
over 200 points of rain

61 to 70 degrees F

Yo, of Drying Rate Calculation Rainfall
érying days per day, table 7 . Correction
(M.C. per cent) Factor
1 50 50 = 216 0.23
2 34 84 = 216 0.39
3 2l 109 + 216 0.50
L 19 128 + 216 0.59
5 16 14 <« 216 0,66
6 14 148 + 216 0.73
7 12 170 = 216 0.78
6 11 181 <+ 216 0.83
9 S 190 + 216 0.87
10 8 198 =« 216 0.91
11 7 205 + 216 0495
12 6 214 « 216 0.97
13 5 216 = 216 1.00
Totel 13 216
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jred was 230 per cent minus 12,
Table 15 lists rainfall correction
ying of 216 per

centy 8 close€ approximation to the amount required.
s $3044

The 5ame procedure as that shown in Table 15 was used
jculate rainfall correction factors for all seven

jasses (Table 12).
jre danger rating (Appendix 6).

go c8
r.UfBll c
~able B of the T

The completed 1ist formed

~he fire danger rating was now provided with

for calculating basic fire hazard,

L content of surface 1eaves, and for calculating

adjusted fire

t.ecard representing profile moi

s per-acre litter.

i Adjusted Fire Hazard and Profile

- :_._ .'
= NMoisture content

In the last sections of this chapter several partial

experiments were put together to form adju

1t was important that this concept be properly tested to

ensure that, in fact, adjusted fire haz

variable for profile moisture contente.

Since the fire hazard scale is 1imited to 0 to 10,

changes in it express e magnitude of fluctuations in

_}i} profile moisture contents rath
.. .& of actual valuese. 1t remained to € stablish the I‘elati Othip
ﬁz' between adjusted fire hazard and profile moisture content,
e
. ’
) S
. .

facilities

which represented moisture

sture content in a three-tons-

gted fire hazard.

ard was @ good PproxXy

er than a direct representation
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A 80 give gound reasons for accepting fire hazard as a
[

proxy variable. |{ |
This study was undertaken with data from 130 experimental |

mese fires burnt in litter beds between 2.0 and 4.0 Y

girese.

tons per acre, the closest approximation that could be

schieved to 3.5 tons per acre. The a verage profile moisture

contents recorded at these fires ranged between 8 and 52

por centoe.

Adjusted fire hazard was calculated for each fire from

weather data at Dwellingup. This station lay within 10
to 15 miles of most of the fire sites. The following data

w6 used: air temperature, relative humidity, rainfall,

arying period. The method of using this data in the fire

s zber of drying days and average daily temperature in the ;\V .
l
danger rating will be explained later.
|

The measurements of adjusted fire hazard and profile I K

|

soisture content were graphed together. The distribution |
o points suggested a curved relationship. .
|

The data was divided into two groups of fire hazar& i

ad linear regressions were fitted to each. The two groups

of fire hazard were 1.7 to 4.0 and 4.1 to 8.6. The division

between them was the point where the exponential curved

relationship appeared to rise sharply, (Graph 8) . An
ey -fitted curve was drawn over the two linear regressions I

0 express the relationship.
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! The linear regressions were:
?; Adjusted Fire Hazard 1.7 to 4.0
y = B88.57 - 18.26x (7 :“'.
?{ n = 17 é
3; r = =-0.849 (sig. at 99 per cent) |
?E Adjusted Fire Hazard 4.1 to 8.6
y = 18.93 - 1.23 x %
n = 113
? r = -0.340 (sig. at 99 per cent)
- where y = profile moisture content, per cent
~ = adjusted fire hazard.
if The dispersion of points about the curve decreased
2 as fire hazard rose. Dispersions were in the order of
+ 10 per cent of moisture content for hazards between 1.7
i end 3.0, + 5 per cent between 3.0 and 6.0 and + 3 per cent
',é- between 6.0 and 8.6. Moisture contents of the litter 'Jb
'EA; profile tended to be more uneven at the lower hazards, _m
;;; presumably due to differences in depth, hence rates of yT
- drying. | |
T T?
B Wil
b
. |
|
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DISCUSSION OF RESULTS

mgoncept of Fire Hazard
The objective for this study was to develop an

expression of fire hazard which reflected moisture changes

4n 8 gtandard litter profile. Was this objective achieved?

s the logic of basic fire hazard and rainfall factors

And 1
o; en to
Besic hazard and rainfall factors represent a separation

question?

¢ coisture trends in surface litter from trends in the
grofile. The need for this separation was supported in the
fcr=at of the newly developed Canadian forest fire weather
tndex (Canadian Forest Service, 1970) . This index separates
fuel inflammability into three components: fine fuels, duff
and drought effect. Each component was measured separately -
with weather variables in much the same way as adjusted fire
tazerd. Finally the three components were combined for the
Cansdian index into a measure of inflammability.

Initially, fire hazard in the West Australian investi-
getion represented changes in the moisture content of hazard
rods. Experiments indicated that its relationship with jarrah
leaf 1itter was similar (Table 12). In this context fire
Lazerd covered a range of moisture content from five to 20
J£r cent. At 20 per cent the fire hazard was rated Nil,
Bcaning negligible risk of ignition; at five per cent the
firc hazard was rated Dangerous and fuels were extremely dry.

**1e relationship is quite valid for surface leaves in a

PR e & o e m——— R . Thn . e R e e SR e e "'._".".."."""‘
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(e’ profile, where ignition is difficult to sustain at

b B

gpture contents exceeding 20 per cent. It is not valid
80

gor 81 average of 8 3.5 tons-per—-acre profile where ignition

18 ,ustained for moisture contents up to 50 per cent (@Graph .1

e)-

in Graph 8 a direct relationship was established

petucen adjusted fire hazard and profile moisture contents |

g to 50 per cent. At 50 per cent the fire hazard was 17,
or spproaching Nil. -.

To maintain the fire hazard concept the range of
soisture content covered by the scale must alter with type ‘ L]
end depth of fuel. it

For the jarrah litter beds considered here moisture

-,~--_. coatents up to 50 represent a small part of the whole, which

extends to ewer 200 per cent at saturation (Table 12).

Noisture contents above 50 are not of much significance i

in this fire hazard concept; they represent inc reasing

degrees of wetness in a generally non-inflammable fuel. ,‘l-,'
ey are, however, important in defining stages of drying, l

¢specially when moistures are passing from a Nil hazard to ||it

® Low one.

In the adjusted fire hazard scale moisture contents !
| T Petween 50 and 230 per cent were assumed to cover the fire ||

& Bazard range between O and 1.7.

The step-by-step build-up of adjusted fire hazard '|_|

*e6 Bimilar to Van Wagner's (1970) construction of a durft
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|
i.ture code for the Canadian forest fire weather index. i!
E 2

= sott systems used similar concepts, 1.e. differences |
) .

petucen moi
txponential expression for drying in between. g
(4 |

sture contents after rain and equilibrium, and

in these analyses actual measurements of the weather
esriobles WETE used for the various rlationships. 1In
-actice forecasts of fire hazard are used in many cases

5 o
for planning of day to day fire control. The use ofk/fore—

csst rather than actual measurements must add erros to

estizations of fire hazard.

vynic Fire Hazard

Basic fire hazard was used to express the moisture

stent of surface leaves. The relationshlp between maximum

S tezperature, minimum relative humidity and hazard was the
_7._:'-'- saze for both hazard rods and surface leaves (Table 41).
: ; Hatch (1969) showed that the estimate of fire hazard

could be improved by adding a measure of overnight conditions, W

Qe norning moisture content of hazard rods. Similarly it

B could be expected that the estimation of basic fire hazard

_ ®ould improve with the addition of some measure of overnight _'
:u‘ i
-"',_._1 ®epther, Sneeuwjagt (1970) showed that the number of hours ,
l“ i

L.at relative humidity remained above 70 per cent was a

€ood indicator of overnight moisture increases. The minimum

Zolsture content on that day depended on the initial moisture

Content ip early morning. In turn, initial moisture content
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gulat'ed by overnight relative humidity. These

ats showed that the concept for basic fire hazard
e

could pe impT
the day and a measure of the overnight weather which

oved by including initial moisture content

(-3
‘ffccted it.

The inclusion of additional weathervariables into
pasic Tire hazard could also be profitable. The fine fuel

goisture code for the Canadian index incorporates wind as
wcll 88 relative humidity, for example .

The basic fire hazard relationship refers to surface
leaves unaffected by rain, and a range of moisture content
petween 5 and 20 per cent. Like the profile, surface
leaves may be saturated to moisture contents over 200 per
cent. The same situation exists, however: these are all
¥:1 hazards, and the difference between moisture contents
serely express the dampness of already non-inflammable fuel .
As such, they all fall wit‘.hin the Nil fire hazard.

Response time to changes in temperature and relative
kazidity may well affect the accuracy of prediction for
basic fire hazard. These times could create discrepancies

bdetween predicted and actual moisture, and require further

investigation.

Eeinfall Correction Fgctors

The rainfall correction factors were intended to
reduce basic fire hazard to an expression of profile moisture

tontent for a 3.5 tons per acre litter bed.
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The pasis for this concept is fairly well supported by
r..cnt theory
) showed that wet layers including free water dry at

on how layers of wet material dry. Perry et. al

(1983
s constan
gecrecBBEB the layer dries at a diminishing rate, the rate

t rate llke a pool of water. As the wet surface

peite controlled by ambient vapour pressure deficit and
artected DY wind. As the moisture content falls still lower,

arying is controlled by internal diffusion, and the moisture

;ndicnt governing this diffusion rate 1s affected by

tecpcrature and humidity.

Ir temperature and relative humidity are naturally well
correlated in day-to-day weather, temperature could €Xpress
arying rates quite satisfactorily. In this study there was
so3e graphicel evidence of d rying differences between average
dsily temperatures, but the data was insufficient for a
scaningful statistical appraisal. While evidence is
s:rficient to suggest that temperature is a controlling
irfluence on drying, its measurement requires investigation,
&nd also the question of whether averages through the day
sre sufficient.

Van Wagner (1970) summarized a considerable volume of
¢vidence showing that drying was exponential with time.
Sizilar relationships were used in this study, the rate
ehanging with average dally temperature.

Van Wagner used noon measurements of temperature

relative humidity and a third variable day length to
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e 8BUTE rates of drying. These variables provided close
correlation between predicted and actual drying rates, and
gave 8 valuable basis for further work on the drying process.

Like average daily temperature, there was inconclusive
evidence that noon measurements were sufficient to express
the daily effect of either temperature or relative humidity.
pirstly to geparate these variables, then specify the best
way to measure them in the mass of daily weather variables
affecting drying was extremely complex. Rather than persue
this approach, future studies could be better directed
tonards searching for a suitable integratory'-nett radiation
perhaps.

Van iWagner's treatment of rain effects posed other
irteresting comparisons. Light rains were separated from
keavy ones on the basis of different wetting. The effect
of rain was influenced by the initial moisture content as
sel)l as amount. This concept was a considerable advance on
the profile moisture relationships after rain used here,
and suggested a sound basis for expanding this section of
the study.

The work of Sneeuwjagt and Van Wagner provided some
Yeluable suggestions on how basic fire hazard and rainfall

correction factors could be re-modelled. This remains for

future investigations.
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Chapter 6

mHE FIRE DANGER RATING FOR JARRAH FOREST

one of the first considerations for compiling the
gire danger rating was to select a sultable variable
to express fire behaviour. This variable would reflect
gire danger and, as such, it should be sensitive to
changes in weather and fuel as well as providing a good
pasis for planning fire controle.

Fire danger ratings with widespread use in U.S.A.
Canada and Australia incorporate some expression of
rate of fire spread as a variable of fire danger. The
fatynal Fire Danger Rating for the U.S.A. incorporates
& spread index on a O to 100 scale, (U.S. Forest Service,
41966) . The Canadian system incorporates a spread phase
in calculating a forest fire-weather index, (Cansdian
Porest Service, 1970). In Australia, McArthur's forest
fire danger meter uses a 0 to 100 scale on which changes
in flame height, spotting distance and rate of spread
are described.

Rate of forward spread of headfire has proved useful
for planning fire suppression and controlled burning,
(Peet, 1965 1967) and the evidence suggested it would be
sufficiently ,sensitive to changes in weather and fuels to

be a useful measure of fire danger. Means for predicting
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forward spread required detailed consideration.

The U.S8.A., Canadian and Australian fire danger
systems use weather variables to predict moisture
content for litter fuels. The rapld fluctuations for fire
fuels were expressed by weather variables such as air
temperature, relative humidity and past rainfall. The
slower seasonal drying of heavy fuels was approximated
by drought indexes which show cumulative drying effects.
For a fire danger rating these estimates of fuel molsture
were joined with wind velocity to express fluctuations
in spread index. The Australian system incorporated
gdditional adjustments for changes in fuel quantity.

l?he treatment of weather and fuel variables was
slmilar for all three fire danger systems. The varisbles
were added to fire danger in a step by step process
without evident allowance for interaction between them.
Secondly, fairly complex predictions of fuel moisture
were loaded with wind velocity for a fire danger rating.
This format seemed & good pattern for the jarrah fire
danger rating.

McArthur (41967) listed seven variables which a ffect
rate of forward spread in eucalypt forests. These were:
moisture content of the fuel, wind veloclty, quantity of
fuel, fuel slze and arrangement, slope, atmospheric
instability and spotting. Each had to be considered for
inclugion in the fire danger rating. It was evident




- M

some would be useful; others would be rejected because
of difficulties in measurement or in defining their
effect in a Jarrah forest environment.

Facilities for measuring weather at most forest
centres in the Jarrah forest were limited to third order
weather stations, (Bureau of Meteorology, 1954). Atmos-
pheric instability was rejected because it could not be
measured easily. Fuel size and arrangement was thought
to be unsuitable because of difficulties.in measuring
changes under forest conditions. Spotting potential was
not understood well enough for prediction purposes.

- The three variables remaining in McArthur's list
were used to predict fire danger for the U.S.A., Canadian
abd Australian systems. Moisture content, wind velocity
and fuel quantity are generally well understood by
foresters and simple systems for estimating them could be
devised.

It was decided the Jarrah rating would be constructed
from the same three varisbles. This was considered a
compromise between the number needed for accurate predictions
of spread, the number that could be extracted from sparse
data, and what could be measured each.day. Fire hazard
¥ould be joined with wind velocity to predict rates of
®pread in a standard three tons per acre litter. Afterwards

8djustments to spread would be made for different 1litter
qnl.ntities.




The general acceptance of fuel moisture, wind velocity
and fuel quantity into fire Iil(mqeﬁ systems suggested they
should combine as overriding controls in most forest
fire situations. It was accepted certain conditions
codld affect this control, such as intensive atmospheric
instability or s teep slopes.

Data for the jarrah fire danger rating was provided
by 130 experimental fires 1it in the spring and summer
months of three fire seasons. A further 70 autumn firest
were used for checking the prediction taltles. Theywere
all in jarrah forest near Dwellingup.

The range of weather and fuel conditions for the
spring and summer fires were:

Air temperature 60 to 95 degrees F.
Relative humidity 10 to 75 per cent.

Litter quantity 0.5 to 5.5 tons per acre
Wind velocity at 4 feet 0.3 to 7.0 miles per hour.
Profile moisture content 6 to 50 per cent.

Litter quantity was the only varisble controlled to
any extent; through selection of the fire sites. The
others depended on day to day changes sowere not necessarily
combined at the top or bottom extremes of the ranges.

The range of spread rates measured during these fires,
end aggociated fuel and weather, is shown in Table 16.
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Table 16

Extremes of Forward Spread

Fuel and Weather for Experimental Fires

Rate of

Forward Spread 0.1 to 5.6
ft./min.

Litter Quantity
tons/acre : 2.0 to 3.0

Temp. degrees F. 69 to 87

Relative Humidi ty
per cent 62 to 24

Profile Moisture
Content per cent 50 to 5

«Peho 0.5 to 3.0

ﬁind at 4 feet

Development of the Fire Danger ﬁating.
This section sets out the analyses and steps employed
to put the fire danger rating together.
The method of amalysis for the fire data Yas guided
by the short-cut graphic m thod outlined by Ezekiel and
Fox (1963). The maln reasons for adopting this approach
were a lack of computer facilities at the time of the study,

in 1964, and the need to start with basic concepts for
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function of each variable. The graphic approach proved
useful fér determining the best function for each
variable in this data.

Some of the graphs used in these analyses lie in
the appendix, others are in the text. To maintain
continuity of presentation each relationship will be
described by formulae which approximate the curves shown
in the graphs. These formulae are approximations because
in most cases, the curves were eye-fitted. Formulae
were fitted to the curves using the successive approximation
method outlined by Jensen (1964).

The graphic approach used here basically followed
these steps. All rates of spread were plotted against
one of the variables, wind velocity for example. Thereafter
a section of the graph was extracted where fuel quantity
remained reasonably constant between individqual fires.
This section was used to test the effect of fire hazard
on the wind-spread relationship.

This procedure aimed to test the effect of an
independent variable on rate of spread by keeping the
other two variesbles as constant as was feasible. In the
stratum of data créated this way graphic analysis was
e¢mployed to discover the function of the tested veriable.

The limited amount of data usually meant a paucity
°f observations in an individual stratum. Relationships

%ere eye-ritted for this reason and to ensure sensible
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curves were used. The form of the curve was blased by

the findings of other researchers especially where the ///

scatter of points meant several different types of curve"

could be eye-fitted equally well.

Fire Hazard and Rate of Spread

Controls were imposed over wind velocity and fuel
quantity in the fire data in order to extract a number
of spread rates revealing the influence of fire hazard.

A group of fire data was extracted by imposing these
controls: wind velocity at four-feet was restricted to
2.0 to 2.5 miles per hour and litter quantities to 2.0
to 3.5 tons per acre. One additional control was used,
profile moisture contents had to be less then 16 per cent.

The a dditionel molsture control was imposed because
the main discrepancies between fire haxard and molsture
content took place when rainfall corrections were made,
i.e. the lower litter layer was dampe. Rain-affected data
was rejected by l1imiting the range of profile moisture
contente.

There were 25 fires in the gratum of data created
by these controls. For each fire, bagic fire hazard was
calculated from daily maximum temperature and minimum
relative humidity recorded at Dwellingup. Graph 9 shows
basic fire hazard for each fire plotted with its average

raete of forward gpread.

_
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There was no clear-cut relationship between fire
hazard and forward spread, but a curved one was fitted
to the rising trend of points after consulting the
findings of other researchers, principally Fons (1946).

This curve was approximated by the formula:

y = 0+ 0.043x% (9)
Where y = Rate of forward spread in feet per minute
X = Basic fire hazard.

Wind Velocity and Rate of Spread

A similar method was used to study the effect of
wind velocity on forward spread. For the variable a
number of strata were graphed to establish the form of
the relationship with forward spread and, secondly, one
of these graphs was selected to represent wind effects
in the fire danger rating.

A group of 60 fires was extracted by specifying a
rrofile moisture content less than 16 per cent. This
was done to avoid rain effects for the reasons previously
mentioned.

Litter quantity was used to divide these 60 fires
into three strata, fires where quantity was limited to
1.0 to 1.5 tons per acre, those between 1.5 and 2.0 and
®nother stratum with gquantities between 4.0 and 4.5 tons

per acre,

Within each stratum the fires were divided into wind
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classes of 0.5 miles per hour to reduce the scatter of
points. Rates of epread were plotted in each wind
claess and curved relationships were eye-fitted, (Graphs
10, 11 and 12, Appendix 5).

For each graph the curve seemed similar, a function
of 1} or ' for wind, e.g. Graph 12 could be approximated
by the formula y = 0.800 + 0.021X' This type of curve
was accepted after studying the wind-spread relationships
put forward by Fons (1946) and McArthur (1962).

For the fire danger rating, a wind-spread relationship
was derived by extracting another 30 fires from the data,
all with fuel quantities between 3.0 and 3.5 tons per acre.
The d ata was treated the same way, fires were divided into
wind classes of 0.5 miles per hour. Rates of forward
gpread in each class were avereged and a curve eye-fitted
to the points (Greph 13). It was decided this curve would
be expressed with an xt function for wind even though the
calculated values rose rather steeper than the eye-fitted
ones for velocities above 4.5 miles per hour. Since these
were extrapolated on the graph anyway the discrepancy was

accepted for this descriptive purpose. The formula was:

y = 0.80000 + 0.00317x (Ao
Where y = Rate of forward spread in feet per minute
X = Mid-peint of wind class in miles per hour.

Graph 13 was used to.express a wind-spread relationship

Tor the fire danger rating. It represented wind effects in
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a 3.0 to 3.5 tons per acre litter, the standard welght

] selected for the danger rating. Since this curve was }'.“
similar to those expressing wind effects in the other 'iﬁ

l three litter quantities tested here it seemed reasonable i

i to extrapolate this wind-spread function to them without

the risk of incurring major errors in prediction.

Fire Hazard and Wind Velocity

i In the fire data contributing to Graph {3 the range
aof’ basic fire hazard was quite small, i.e. 521 to 5.7.

L RO

The average of 5.3 was used to link this wind-spread
relationghip with fire hazard.

Graph 9, showing the relationship between fire
hazard and spread, was used to draw a nest of curves

around Graph 13. These curves represented wind-spread

oy AR N e

relationships for each hazard class between Nil and ;
Dangerous. The spacing of the curves was worked out from J
Graph 9, each space representing the difference in spread I
rate between a hazard of 5.3 and hazard at the start of
each class, e.g. Average Summer 6.1. These hazard spacings | {
were shown in Table 17 which lists distances in terms of

Torward spread for curves above and below the standard

one in Graph 13.
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Table 17

Adjustments Bo Rate of Spread for Basic Fire Hazards

Above and Below 5.3

Flire Hazard Forward Spread Difference from
Hazard Class from Graph 9 Fire Hazard 5.3
ft./min. ft./min.

1.1 Low 0.2 -1.,0

Lot Malerate 0.8 -0

53 1.2 o

6 o1 Average S 1.6 +0.4

Tet High S 2.2 +1.0

8.1 Severe S 3.0 +1 .8

9.1 Dangerous L.0 +2.8

Graph 14 shows the nest of wind-spread curves used
for calculating the fire danger rating. To aid in
calculation of the rating these curves were expressed in
a table as progressive multipliers of forward spread
(Tgble 18).

This example, from the curve for Average Summer, sghows
how the multipliers were used. Referring to Table 18,
forward spread in 0.01 to 0.50 wind class is multipliead
by 1.09 for spread in the 0.51 to 1.00 miles per hour class
and that is multiplied by 1.10 for forward spread in the
1.01 to 1.50 class and so on up to the 6.51 to 7.00 class.
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Table 18

Progressive Multipliers for Wind Velocity Clasgsges

Fire Hazard| 0.0 05 1.01 .A.mé 2.01| 2.51| 3,01 351 | 4,01 | 4.51 501 | 5.51 6,01 6451
OWM AMM Ammo MMMO mmmo ummo ummo #wmo #wwo mmmo mwmo mwmo mwmo Mmmo
Ri1 1.15 [1.16 117 | 1.18 1.19( 1.20 123 | 1,25 aévmm 131 | 134 |1.35 135
| Low 1.15 [1.16 [ 1.17 1.48 | 1.19| 1.20 1.2311.25 | 1.28 1.31 | 1.3y 1.351.35
# Moderate 1.12 [1.43 144 1.145 | 1.16 1.17 11.18 1,20 1.25]1.30 | 1.32 1.35/1.35
Average § 1.09 (1.10 | 1.12 113 | 1444 1.15 |1.47 [ 1.20 1.25 ] 1.28 [ 1,30 A.WN\ A.MM
“ High s 1,08 [1.09 | 1.10 1.11 | 1.12 114 (1,16 [ 1.18 122 | 1,28 [ 1,39 A.W#\ ALWM
; Severe 38 1.04 |1.06 |1.08 1.10 | 1,12 1ell (1417 [1.20 1.25 [ 1.30 | 1,32 A.um\ 140 |
| Dangerous 1.03 [1,05 107 [1.09 | 1,144 114 (1,17 [1.20 126 (1,30 1.32 Aeum\ 1.40 .
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Litter Welght and Rate of Spread.

Fires with profile moisture contents less than 16 per
cent were used again, this time to study the effect of
increasing litter weight onrate of fire spread. From
this group a stratum of 26 fires was extracted, all with
wind velocities between 1.5 and 2.0 miles per hour.,

One more subdivision of data was employed in this
stratum, fires which burnt under low and WModerate fire
hazards were separated from those which burnt under
gevere Summer and Pangerous. This control was imposed
to separate out fire hazard effects from those due to
fuel weight.

The fires in each hazard group were divided into
half-ton litter classes and rates of spread were plot ted.
The relationship between increasing litter weight and

increasing spread was not clear-cut (Graphs 15 and 16).
The fuel weight-spread relationships developed by

Fons (1946) and McArthur (41962) provided the basis for

fitting linear relationships to these two graphs. These

relationships were:

Low end Moderate Fire Hazard (Graph 15)

Yy = 1,100 + 0.0462 a1

Severe Summer and Dangerous Hazard (Graph 16)

Yy = 0.500 + 0.550x. a2)
¥ = Rate of forward spread in feet per minute.
X = Mid-point of fuel class in tons per acre.
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Separate "tray" experiments were used to test the
linear relationship for fuel weight. Various weights
of Jarrsh litter were burnt in metal trays and the rate
of fire spread was measured from one end of the tray to the
other.

The trays were 10 feet long and 1.5 feet wide. They
were fixed three~feet above ground level and evenly
spaced in a compound with ten~feet high walls. The
purpose of the compound was to minimize wind effects without
impairing the escepe of smoke. Fuel welghts were rotated
between trays afterngach burn to avoid bias from wind
eddies. Wind was mgasured but never exceeded 0.5 miles
per hour.

This experiment included six different 1itter welghts
ranging from 650 to 3,200 grammes per tray. The burning
was replicated 20 times before spread rates were compared.
Graph 17 (Appendix 5) shows the relationship between rate
of spread and increasing 1litter weight derived by this
experiment. The relationship was:

y 0.95000 + 0.000152% )

Where y = Rate of forward spread in feet per minute
X = Litter weight in grammes per tray.
There was significant correlation between spread
rates end increasing litter (99 per cent level of confidence)
but falrly massive increases in litter were necessary to

produce really significant changes in spread. This was
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in {he slope of the regression. Differences
were only statistiocally significant between
nd 2500 grammes or higher. In addition

, oo WM ppread rates indicating 1t had not exerted
;l-l‘Ol.

-t ’,'f’

sy T8irly uniform weather was chosen for this

R ¢
3
e mnisture contents of the litter ranged between
exper -~
> 41, per cent. This range of moisture accounted

cor 15 »+:nt of the variation in spread rates suggesting
7’
P gtronger influence than litter weight.

ig exs 7 "=

o wxmd experiment provided additional evidence a
S e P onship was suitable for litter spread
nee .

 y# in Jarrah and confirmed the necessity of

relat) #=A

b ing .y, molsture effects.
separn =~

e T ,1onships shown in Graphs 15 end 16 were used
for fuel ors##ctions in the fire danger rating. Additional

copret 100 4 4r the Average and High summer hazards were

taken & T7F wid-point between the two graphs. These
coppentions  #<FE multipliers which e djusted rate of spread
1n 3.0 to z 2 YOS Per acre of litler to a range of other
1itter welez ~*°
AN oxg=e " from Graph 16 shows the method for

~£1 cor o W |
calcuixting = PeCtiOgs\;de\ate of spread for 3,1 to % ‘
t .

/
3.5 toam peT »cre Was 2.3 feet per minute rising to 3.0 fee
per minite - Hel to 4.5 tons per acre. The fuel (/
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correction which adjusts 2¢3 to 3.0 18 1.3, Corrections
were worked out this way in the three hazard claesses for
fuels between 1.5 and 4.5 tons per acre, (Table 19).
17
Table 19
Rate of Spread Corrections (Multipliers) Tor Litter Weights
other than 3.0 to 3.5 tons per acre.

= R

[ 2
§ QF~_ _ | Y=0.50 t0 65 ¥
fl} w% \%1\3'*00Hb1 Fire Hazard Class \
§§§;§P Litter Quantity ®§> ‘iow Average § Sevére
\ tons per acre %hﬂ Moderate High 8 Dangerous
1% 1.50 to 2.00 43% 44 0887 04045 0,74 0.61
725 201 " 2,50 $.66%6 5050.92 0.963 0.77 0.74
Zi5 2451 " 3,00 (A325 6%0.96 0.8 0.88 0.87
315 3401 " 3,50 B8] 84.00 1.00 - 1.00 1.00
215 3.54 " 4,00 441805 442904 107 1412 1.17
125 LeOt " 4,50 10.6654 10471.08" .03 1.21 1.30 -

Construction of the Fire Danger Rating

These partial experiments had provided enough information
to Jjoin fire hazard with wind veloci%y to prediet forward
spread in three tons per acre of litter. Further, spread
rates could be adjusted for 1itter welghts between 1.5 and
4.5 tons per acre. It remained to construct the fire danger

rating by putting these €xperiments together.
]

woon 0BG [.649
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Five steps were used to put the fire danger rating

together:
Step 1.

Step 2.

Step 3.

step L.

Rates of spread at the start-point of each hazard
class were taken directly from Graph 14. Changes
between these points were smoothed.

The progressive multipliers listed in Table 18
were used between the s tart and mid-point of each
hazerd class, €.ge Average Summer 6.1 to 6.5.

The progressive multipliers change with rising
fipre hazard. Rates of spread between the mid-point
end top of each hazard class were smoothed.

Each hazard between 0.6 and 10.0 was allocated a
range of forward gpreads which increased with

wind velocity. These spread rates formed Table C
of the fire danger rating (Appendix 6) .

Table C wae subdivided into nine fire danger
classes designated by a colour code (Table 20).
The nature of this subdivieion was based on

range of data and on requirements for controlled
burninge.

For Tsble C spread rates above 5.6 feet per minute
were extrapolated. Since the prediction of higher
gpreads would be prone to error these danger
classes were wide. The lower danger classes Were
narrow because the data was concentrated there,

and because spread differences were important for
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Planning cantrolleq burning.

Step 5. Corrections for fuel were added so that rates
of spread from Table C could be adjusted above
and below 3.1 to 3.5 tons per acre. Thepe were
shown in Table 19 which now became Table D of
the fire danger rating (Appendix 6).

Table 20

Fire Danger Classes

Rate of Spread Fire Danger
Teet per minute Class
Greater than 20.4 Red
16.1 to 20,0 Pink
12.1 to 16.0 Orange
7.1 to 12,0 Yellow
3.1 to 7.0 Brown
2.1 to 3.0 Blue
1.1 to 2.0 Green
0.6 to 1.0 Purple
Less than 0.6 White

Day to Day Egtimates of Fire Danger.
When the fire danger tables were first presented for
field use there were quite wide variations in estimates,
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depending on interpretation of weather and fuel variables
by individual observers.

It was necessary to undertake further.reseafdh to
standardize measurement techniques for weather, and to
provide guides on litter accumulation. These experiments
are explained here, together with recommendations for

using the fire danger tables.

Fire Hazard

An estimate of the day's fire hazard is provided each
morning during the fire season as part of the fire-weather
forecast.

These forecasts cover large areas, 1.e. the Jjarrah

and karri regions, so adjustments are often necessary for

particular forests. Adjustments may be necessary for a
forest division or even the smaller district (W.A. Forests
Dept. 1964) depending on the variability of past and
present weather.

Variability in hazard occurs quite often after rain,

€.g+ in the Dwellingup division. Rainfall in the forest

near Dwellingup can exceed twice the amount in the
eastern forest (refer Table 1). In the days which follow,

cantrolled burning can be successful in the eastern forest

while the western area is too damp. This difference was _'|

important in planning day to day fire operations.
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Daily forecasts of maximum temperature and minimum
relative humidity are provided for two centres, Dwellingup
and Pemberton. For calculations of local basic fire
hazards these may neced adjustment. Unfortunately there 1s
1ittle quantitative information on which to make day to
day adjustments, although monthly averages for individual
centres, (Bureau of Meteorology, 1954) provide a rough
gulde. Conversely, when fuels are dry and weather patterns
for the day are uniform‘local adjustments to the forecast
may be unnecessary. The basis for adjuétment is experience
of local conditions supported by measurements of day to
day differences with the forecast centre.

Each morning, a local estimate of baslc fire hazsrd
is made from forecasted temperature and relative humidity,
adjusted if necessary. The calculation comes from Table A
of the fire danger rating (Appendix 6) where maximum
temperature lies on the vertical axis and minimum relative
humidity on the horizontal one. Basic fire hazard is at
the junction of the two axes.

After rain, basic fire hazard 1is adjusted with
correction factors from Table B of the fire danger rating.
The derivation of this factor has been the main source of
discrepancies in estimating fire danger. These discrepancies
can be minimized by keeping standard weather records. A
suggested form of recording is given in Tgble 21, showing

a 1ist of measurements required from the weather station.




Table 21

Weather Records for Rainfall Correction Factors

Date

Screen Temperatures Degrees F.

10 a.m.

12 noon

2 Pele

P_. Pele

Average Dally Rainfall to 9.a.m.
Temp .degrees F. Points

e e ———— I T —
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The three variables necessary for rainfall correction
factors were shown in Table 21.

Average daily temperature is the mean of screen
temperatures at 10 a.m., 12 noon, 2 p.m. and 4 p.m. The
temperature class in Table B is selected with the mean of
average daily temperature for all drying days since raine.

The number of drying days since rain includes all
days when no rain fell after 9 a.m. and with average daily
temperature exceeding 60°F.

The rainfall class is selected by totalling amounts
of rain which fell on successive days. Where falls were
divided by drying days, separate correction factors are

calculated for each, and the lowest one is usede.

Wind Velocity

The measurement of wind velocity needed more research
before spread rates could be predicted wlith reasonable
confidence.

The most convenient source for regular wind readings
in jarrah forest were the fire detection towers. These
were manned continuously on dry summer days and are usually
well placed to measure wind flow over the foreste.

Wind measurements at four feet in the forest were not
80 easily obtained over a range of forest sites, especially
early in the morning when theywere needed for planning of

operations like controlled burning.




j
5
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ratios between wind velocity on g tower, ang Velocity gt
four feet in the forest. Eight siteg were picked in
forest aroung a tower ranging from one to five miles fronp

it. The tower was 1600 Teet above sea level, and: the

time, 4 Plot of thege adJustments, for two sltes, ig
shown in Graph 18‘(Appendix 5)e The multiplier fop forest
wind fluctuateq with velocity ang site characteristics
such as distance from the towep and topogra;hyu However,
&8n average for the eight giteg was accepted, l.e. velocity
on the towep was assumed to pe Tive timesg greater than
velocity at four feet in the forest.

For convenience in Planning, both tower velocity
and four feet velocity wepe shown in the fire danger
rating (Table c). When using the tables it must pe
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the four feet one, hence prone to errors. Each tower
should be checked to ensure wind velocities are approx-
imately five times greater than within the surrounding
forest.

Most of the fire detection towers in the Jarrah
forest region are equipped with Dwyer mantel model wind
meters. Unlike the sensitive cup anemometer these do not
measure wind run but an instantaneous measurement of
velocity. This meant testing the Dwyer meters so that a
sultable system of measuring average velocities could be |
formed. It was found several spaced readings were
necessary before the meter approximated the velocity for
the anemometer. Maximum and minimum gust strengths were
recorded for five minutes. The average for five minutes
usually gave a reasonsbly close approximation to the
average velocity for the anemometer, measured over the
same period.

Estimates of fire danger may use either a forecasted

or measured wind velocity, depending on the purpose of the

estimate. Forecasts are necessary for the early morning
planning of operations like controlled burning. Since i
forecasts are prone to error, fire danger terminology

should specify what winds were used, forecast or actual ones.

Litter Accumulation

A knowledge of rate of litter accumulstion is a

necessary prerequisite for planning of fire control in
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jarrah forest. It formse the basis for deciding controlled
burning rotations and day to day decisions such as dis-
position of suppression forces (peet, 1967) .

1t was necessary to conduct & separate experiment
in order to provide a reliable guide on 1itter accumulation
in jarrah forest. Since this work was necessary before the
fire danger rating was of much practical worth, it is
pertinent to explain the work heree.

The principles of litter accumulation in jarrah.forest
were already established. Leaf fall occurs each year in
gummer (Loneragan 1962), and for this study Jenuary was
used to separate one £al1l from the next. Rate of accumu=
Jjation was influenced by number of annusl leaf falls since
the last burn, snd by canopy cover (Hatch, 1955) «

This work gave insufficient detail on litter accumu=
lation between one and five leaf falls, nor were the canopy
ranges wide enough. It was decided to concentrate on one
to five leaf falls because this range was jmpor tant to
planning of rotational controlled burning (Peet, 41967) «
Canopy cover was extended to four classes, 20, LO, 60 and
80 per cent crown cover over the forest floor.

Each age between one end five leaf fallse wWas gsampled
in the four canopy clessess ITWO forest areas WeEre selected
for each age-canopy stratum. Age of each sampling arca
was determined from records of past controlled burning and

canopy from aerial photo interpretation plans (A.P.I).
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The A.P.I plans showed canopy cover of the forest
as a percentage cover over the fofest floor. These
percentages were checked at each sampling point with a
spherical densiometer to ensure they approximated the
mapped one.

It was required the past controlled burn be clean
and of good quality. Where patchiness or heavy scorch
were evident the area was rejected.

Each stratum (e.g. three annual leaf falls and 20
per cent canopy, or three annual leaf rails and 40 per
cent canopy) were sampled in two forest areas to avoid
bias from particular site characteristics such as
topography or past fire history.

Five sampling sites were randomly selected in each
forest area. At each site five quadrat samples were
collected after emsuring canopy cover and fuel accumulation
were as forecast.

Each sample of litter included all leaves and twigs
up to half an inch in diameter, from four-square-~feet of
forest floor. Weights at each site were averaged and
expressed in tons per acre equivalent oven dry weight.
These average weights expressed litter accumulation for
that stratum.

The relationship of litter weight with age and canopy
cover was established with multiple regression analysis.

This was done with the computer at the University of
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Western Australia, (Type P.D.P. -6) using the Fortnan
brogramme M.R.-4O0-T,

In the first part of this analysis an attempt was
made to show the function of best fit for each variable.
Litter quantity, age and canopy were assigned four
tranaformations, linear, squared, square-root and logarithm.
This covered the range suggested by Hatch's earlier work,
and by genersl observations of the data. Then the
traneformations were rejected one by one in stepwise
regressions. Changes in the coefficients of determination.
and correlation were used to choose the regression of
best fit. It was:
y = (0.1932x, + 0.8067 logx, - 0.6245)
Where y = litter quantity in tons per acre

equivalent oven dry weight.
X, = number of annual leaf falls.
X,= canopy cover per cent.

This expression for 1litter accumulation was statis-
tically significant at the 99 per cent level of confidence.
It covered 80 per cent of the variation in litter quantity,

For use in planning controlled burning rotations and
fire suppression the regression was transformed into a
table of litter accumulation (Table 22) . Providing age
and canopy are known this table gives the means for

calculating litter accumulation.

13



Rate of Litter Accumulation in Jarreh Forest in Tons

Per Acre Equivalent over Dry Weight

Table 22

Canopy Cover Per Cent

Kumber of Annual Leaf
Falls

20 Lo 60 80
|
1 O4 | 07 | 1.0 | 1.2
2 0e7 | 1.1 1.4 1.7
3 1.0 | 1.6 | 1.9 | 2,2
L 14 | 2.1 2.5 | 2.8
5 1.9 [ 2.7 | 3.2 | 3.5
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The equation for this regression was:

Yy = 0,780 + 0.420x @)4.)
Where y = Predicted forward spread in feet per minute

X = Actual forward spread in feet per minute

The correlation coefficient for Regression 14 was 0.59
(significant at the 99 per cent level of confidence) and the
standard error of estimate was 0.38 feet rer minute.

Graph 19 shows predictions from the Jarrah tables
tend to overestimate spread rates up to 1.4 feet per minute,
and to underestimate between 1.5 and 4.0 feet per minute.

From a fire operetions viewpoint the errors in pre-
dicting spreads up to four feet per minute were not likely

to impede planning. Of greater concern was the prediction

accuracy for more intense fires. These faster rates of
spread had been extrapolated in the tables so considergble
errors could result.

Table 23 1lists observed rates of spread for three
wildfires in the southern forests of Western Australia and
predictions of spread rates from the Jarreh tables, made
at the same time. The most noticable discrepancies occufred
during the Harvey fire and the peak of the Boorara fire.

In both cases spot-fires were thrown considerable distances
in front of the advancing headfire. It was apparent the
throwing ahead of spot-fires by intense wildfires would

create considerable errors in brediction.
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Table 23
Predicted andg Actual Rates of
Forward Spread for Three Wildfires
Fire Date Burnt Actual Rgate Predicted Difference
of Forward Forward
Spread Spread
rt./min. ft./min. f£t./min
Farrs
Fire 2/12/1966 7.0 4.0 360
Harvey
Fire 15/2/1967 88.0 21,0 67.0
Boorara
Fire 2/3/1969 40 us 8
to 8 5 2
9/3/19%9 26 L0 14
60 62 2
117 62 55

While these tests suggested the danger rating should

predict slower spresd rates with sufficient accuracy for

general planning of fipe contrd, they told 1ittle ab out

the treatment of individusal variables in the tables. A

standard error of estimate of 0,38 feet per minute, for

€Xample, covers quite a wide range of fire hazard.

.=
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Further Anslysis

The short-cut graphic analysis used for the fire
danger rating failed to prove wind, fuel amount and fire
hazard could combine into overriding controls throughout
the range of spread in the tables. Could other variables
Buch as slope be ignored? This question seemed best
answered by testing the three variables with others
recorded at the experimental fires; in stepwise mutliple
regressions which showed the relative influence of each
one on spread rate., Thege regressions were calculated
with the Fortran programme M.R.40-T using the‘University
of Western Australia's computer’&ype P.D.P.-G)

Experimental Method

The multiple regression analyses had two objectives:

(1) To show the best function, or transformation for
each of 13 independent variables expressing rate
of spread.

(11) To use the selected transformations in stepwise
multiple regressions for rate of spread. The
seéquence of rejection for the individual variables
would provide a measure of their influence on
spread rate.

For the first objective five transformations were tried

on each variable. Thesge were: linear, square-root; logarithm,

squared and cubed. This range of function aimed to cover
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the likely approximations to the handdrawn graphs.

The 13 independent variables tested with thege
transformations were: Day Number (representing differences
between spring and autumn), scrub cover (per cent), cloud
cover (eights), wind velocity (miles per hour at four Tfeet),
litter quantity (tons per acre), litter cover (per cent),
litter depth (incles), duff depth (inches), moisture content
of the surface litter (per cent), profile moisture content
(per cent), slope (degrees), air temperature (degrees F.)
and relative humidity (per cent).

The response of each variable to these transformations
was shown in Table 24. Correlation coefficients demonstrated

whether improved correlation had been achieved by changing

the function. Table 24 also lists the selected transformation;,

and the significance of its correlation coefficient.
The second objective for this analysis was reacheqd by
using the selected transformations in multiple regressions

for rate of spread. The 13 variables were rejected one by

one, in successive regressions, on the basis of lowest Student t

value for b coefficients. This ensured the variables least
correlated to rate of spread were rejected first. The
séquence of rejection was shown in Table 25.

It is quite possible the sequence of rejection may have
been influenced by interactiontetween variables, in some
cases one cannibalising another. A list was made of all

independent variables correlated with wind velocity, fuel
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Step-wise Regression Analysis

Rejection Points for Each Independent Variable
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Variance ratios for all regressions were significant

at 99 per cent confidence limit.




Table 26

Multiple Regression Analysis

Significant Correlations

Variable

Litter Quantity

Wind Velocity

Profile Moisture Content

Surface Leaf Molsture
Content

Between Independent Variableg

Correlated Variables

Litter Cover

Litter Depth

Duff Depth

Profile Moisture Content

Profile Moisture Content
Moisture Content of Surface Litter

Day No.

Air Temperature

Relative Humidity

Cloud

Surface leaf molsture content
Litter Gover

Duff Depth

Day Noe.

Air Temperature
Relative Humidity
Cloud Cover
Litter Cover




119
quantity and moisture content of the litter (Table 26).

Experimental Results

The regression analysis suggested both litter quantity
and profile molisture content were weak influences on rate
of spread. Winds on the other hand, and surface moisture
content, (representing basic fire hazard), were well
correlated with rate of spread. These influences were
11lustrated in the step-wise regression (Table 25) where
wind alone explained 20 per cent of the variation in the
data and surface moisture content about 3 per cent. Since
all 13 variables only accounted for 36 per cent of the
variation in spread rates these contributions were
important.

It seemed logical litter quantity and profile moisture
content should influence spread rates since a range for
both was evident in the data. This led to the suspicion
measurement and sampling techniques were at fault. The
correlations listed in Table 26 supported these suspicions.
Fuel depth and covér were well correlated with rate of
epread, yet they represent another expression of quantity.
For fire spread, fuel disposition may have greater meaning
then weight or quantity. Profile moisture content may
not have been ane ffective variable, due to sampling errors.

This supported the use of non rain-affected fuel for
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determining a function for fire hazard in the fire danger
tables.

Scrub and slope both proved important influences over
rate of spread. It secemed unlikely either could be
lgnored for predicting fire behaviour on a particular site.

Further comment on these regressions is best woven
into the following sections of this chapter, which review
the fire danger rating and how it was put together.

Discussion of Results

The Fire Danger Concept

The Jjarrah fire danger rating relied on average rate
of forward spread being a reliable measure of differences
between fires. Further experimental work left doubt
whether this assumption was entirely true.

Table 27 1ists the area burnt by 12 fires, all with
average rates of forward spread either 1 .4 or 1.2 feet per
minute. Area spread for the 1.1 fires ranged from 665 sguare
feet to 3200 square feet after 4O minutes, and for 4.2 the
reange was 1552 to L4964 square feet. Thesge fires, with
8imilar forward spread; were qpite dissimilar in area

burnt at 40 minutes after lighting.
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Table 27

Average Rate of Forward Spread snd Area Burnt at 4O Minutes

Rate of Forward Spread ft/min | Area Spread at 4O mins.sq.ft.

11
1.4
1.4
1.1
1.1
1.1
1.2
1.2
1.2
1.2
1.2
1.2

665
1400
1850
2065
2410
3200
1552
2396
2536
31044
3296
Lo6L

Thege discrepancles in area indicated that average

forward spread might not have been a good expression of

differences in intensity between fires. Its use assumed

that fires reached a steady state of spread quite quickly

and thereafter spread uniformly. This assumption was

tested by 15 fires in four forward-spread classes, O to 1,

1 to 2, 2 to 3, and 3 to 4 feet per minute.

Average rates

of spread for each two-minute period were plotted up to

32 minutes, (Graph 20, Appendix 7).

This study showed that fires with headfire spreads
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up to two feet per minute reached equilibrium Tairly
quickly, but faster-spreading ones tended to surge and
accelerate up to 32 minutes. On this evidence an average
for forward spread through the whole 32-minute measurement
reriod would only provide valid comparisons between very
mild fires. The acceleration of fester-spreading fires
required some other means of comparison.

The acceleration of forward spread was illustrated
by dlviding spread rates for 343 experimental fires into
two periods, O to 20 minutes after lighting and 20 to 28
minutes after lighting. The average rates in each period
were compared with analysis of variance (*McCormick,
pers. comm. 1970). In addition, a verage headfire flame
heights for the two periods were compared, also wind
velocity (Table 28).

Wind velocity, the main contributor to spread rates,
showed no significant increase between O and 20, and 20
and 28 minutes. Both forward spread and flame height diqd
increase, providing further confirmation that acceleration
of the headfire takes Place as the fire develops.

"Ward (pers. comm. 1970) suggested using rate of apea
spread as an alternative to rate of forward spread. The
data was divided in the same way, 15 fires in one-foot
spread classes up to five feet per minute. The area burnt

over every four minutes was measured from fire plans and

* Fire Research, Forests Dept. Dwellingup.
+ Fire Research, Forests Dept. Manjimup.
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averaged for the 15 fires. There was no statistical
difference between thege areas end those arrived at by
dividing the final area by time,

The relationship of area increase with time was a
curved one which converted to linear by squaring the
time axis, (Graph 21, Appendix 7). The reason for
constant area increase irrespective of headfire surges
lay in changing fire shape, which elongated as headfire
spread increasedqd.

This change illustrated in Graph 22 (Appendix 7)
which shows headfire spread and averages for four axes
of the fire at the same time. The axes were headfire,
two flankfires and backfire. Desgpite a fairly regular
acceleration for the headfire, the average for four axes
did not change much, indicating that ares spread was
increasing at a constant rate. The acceleration of the
headfire was compensated by a changing fire shape which
became more ovoid, with proportional decreases in flank
and backfire spreads., These results supported earlier
evidence of a changing fire Bhape as headfires accelerate,

(Peet 1967).
An area factor was suggested, to compare individual

fires, i.e. K =4

T
Where K = Apreg factor for each fire

A = Area bumt in time 7.

H
]

Time since lighting.




Table 29

Predicted (P) and Actual (4) Fire Areas at 8

» 16, 24, and 32 Minutes

ey

af'ter Lighting.

(Square reet)

Fire 8 minutes 16 minutes 24 minutes 32 minutes
No. A P A P A P A P
1 243 243 972 972 2430 2190 3889 3890

2 70 58 223 232 512 519 907 922

3 139 135 650 537 13219 1210 2120 2150

L 138 135 460 537 1120 1210 1940 2150

5 68 64 267 256 569 576 1031 102y

6 40 32 230 128 390 288 505 512

7 310 282 1103 1126 2520 2534 4520 4510

8 137 102 L5y 410 899 922 1575 1638

9 182 122 540 L86 1125 1094 1694 1946
10 143 102 587 410 1110 922 1650 1638
11 50 58 218 232 509 519 882 922
12 105 128 335 512 1049 1152 2145 2048
13 316 256 1050 1024 2109 2304 3715  L096
14 200 320 1100 1280 2480 2880 5210 5120
15 Lyo L4 2136 1765 3792 3970 6828 7060
Total 2581 24,78 10325 9907 21935 22290 38611 39626
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This factor was suggested rather than an actual area,
so that fires which burnt for different periods could be
included in the analyses. Unf'ortunately, the area factor
has not yet been tested with re-worked data, so 1ts uses
are still open to question. Table 29 provides some
indication, however, by showing calculated values of K
alongside the very similar measured ones. For each of the
four periods there were no significant differences between
the predicted or actual fire areas. The fires were different

ones from those in the original analysis.

ire Hazard

e

The regression analyses provided further evidence
Profile moisture content was not reliable for predicting
rate of forward spread. Its influence was clouded, probably
due to high measurement errors.

Profile moisture content formed the basis for deriving
rainfall correction factors. While the use of profile
moisture~content in this way canbe decried, it is obvious

rainf'all effects cannot be disassociated from the fire

danger scale. In retrospect surface moisture content may

have been a better variable for calculating rainfall factors. if

The effect of profile moisture content could not be ignored [
since rainfall effects take a considerable time to disappear,
but perhaps it would have been better to treat it in terms
of fuel availability for burning.
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Surface moisture cqntent was well correlated with
rate of spread and with four independent variables,
l.e. cloud cover, day number, temperature and relative
humiaity. Day number represented the march of the
8¢asons from gpring to summer hence it could not con-

tribute mueh to prediction of day to day changes in

surface moisture content or basic fire hazard. Cloud

cover, on the other hand, can change from day to day and

could well add to the predictions.
The correlations of instantaneous air temperature

and relative humidity with surface moisture content were

of interest for fire hazard. It was shown that for all

bractical purposes & homogeneous relationship could be
assumed between basic fire hazard and surface moisture

content. This leads to the Possibility of instantaneous

checks of fire hegzard during the day as well as estimating

peak hazard from maximum temperature and minimum relative

humidity,
In normal gummer weather for the Jarrah forest there
is generally a good correlation between air temperature

and relative humidity. Hatch found that maximum temperature

alone accounted for 74 per cent of the variability in

hazard whilst the addition of relative humidity only

increased this percentage to 81. The work of other

researchers, e.g. ¥ing end Linton, 1962; Simand, 1969;

Pompe and Vines, 1957; all point to relative humidity as
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the direct variable influencing moisture content.
Temperature was used in the danger rating as a proxy
for relative hunidity because it was generally easier
to handle for measurement of day averages as well as
daily peak values. This use of a proxy would not be
valid in climates where poor correlation with relative

humidity exists.

Wind Velocity

Providing the litter was dry enough to sustain a:
fire, wind velocity proved to be the most important
variable affecting forward spread. This result from the
regression analysis lent support to the strong function
allocated to wind velocity in the fire danger rating.

The curved wind-spread relationship used for the
danger rating may be improved by reshaping it into a linear
or square-root type (refer Table 23), since these were the
best of the four transformations.

Wind velocity influenced both moisture content of the
surface leaves and the litter profile. Drying theory
(Perry et al. 1963) suggests wind effects on drying to lie
principally in very damp fuels. Wind measurements may be
a useful addition to the drying trial, especially in the
early stages after rain.

One of the most obvious weaknesses in the treatment

of wind for the fire danger rating was the assumption of a
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constant ratio between tower and ground velocities.
Subsequent work has shown this ratio changes with height
of the tower above canopy, aspect and canopy cover at the
point of ground measurement, and with distance from the
tower. Considerable research is needed to fix tower to
ground wind ratios more closely for a number of forest

situations.

Littenr Quantity

Litter weight, by itself, was not satisfactory for
describing changes in forward spread. It was surprising
the insccurate visual observations of depth and cover were
better correlated with spread rate than were measurements
of weight.,

For future work a more accurate means of measuring
depth was devised. A special gauge is used which presses
down on the litter bed with a fixed pressure. Depth to
welght relationships were expressed in this formula,
(Sneeuwjagt,)pebs. comm. 1971):

| ¥y = 0.510 + 5.080x (15)
Where y = 1litter quantity in tons per acre
X= 1itter depth in inches.

The correlation coefficient for this regression was
significant at the 99 per cent level of confidence but
the error of estimate for the 50 observations was quite

high, 2.06 tons per acre, However, the purpose of the
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exercise was filled, to provide a more accurate means
for measuring litter depth in future experimental fire
work .

The value of litter quantity in the spread relationships
was undoubtedly obscured by the high sampling errors
asgociated with average weights from three of four-square-
feet quadrats, (refer Chapter 4). More intensive sampling
of the fire areas is warranted to test this point.

Type of litter has been proved to be important for
regulating rates of forward spread (Peet, unpublished data,
1965) . Under uniform conditions jarrah, banksia and pine
litter burnt at quite different rates, depending on leaf
characteristics. Since banksia and she-oak are common
understorey specieq/’in the jarrsh forest, spread variations
due to litter type must have occurred dauring the experimental
fires.

The spring data was divided for litter type, fires in
Jarrah-marrl forest being separated from fires in jarrah-
banksia or she-oak forest. The multiple regression analysis
was run on both sets of data and showed improved correlation
between litter weight, depth and cover, with spread. It |
appears that fairly detailed mapping of litter on fire site
would be necessary to explain its full relationship with
spread.

The lack of homogeneity for litter weight in Jjarrah

forest makes it a difficult variable to use for describing
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spread differences. A doubling of 1litter weight is
unlikely to act on spread proportionally, because
disposition changes in the litter bed. As weight increases
the lower litter layers become compacted and duff develops.
This compacted and partly decomposed 1itter burns at a
slower rate than the aerated surface, usually smouldering
away behind the main flame front. In this study weight
included all litter to ground level including duff. Some
alternative sampling was needed to avoid introducing weight
bias from dure.

Pasgt fire history plays a Part in composition of
litter beds. Five years after the Dwellingup fires litter
in the fire-damaged forest was asbout one ton heavier per
acre than in the surrounding control-burnt forest of the
sameé age. The difference was in the weight of moribund
epicormic shoots which added to litter in the fire area.
Those under half-inch diameter were included in normsal
litter sampling, and undoubtedly biased the weights.

The regression analyses showed that litter alone was
an inadequate description for fuel. The area of forest
covered by scrub was well correlated with rate of forward

spread. On this evidence, scrub fuels warranted more

detailed measurements than were provided by this experimental

fire technique.
A basis for describing scrub fuels by species and

cover over the forest floor was laig during assessments
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through the experimental area, (Chapter 3). Further
work required the development of a concept to rate
differences in the inflammability of foliage betwéen
speclies.,

Changes in burning rates for foliage were described
by McCormick (pers. comm. 1968), who related differences
between species to moisture content and density of the
foliage. More work of this type could provide a basis
Tor grouping scrub types into classes of inflemmability
on a quantitative basis.

Sneeuwjagt (1971) added vertical disposition to the
description of scrub foliage as fuele.

A point sampling method described the density of
scrub types in one-foot height classes. Foliage was
divided into size classes and into dead or green, so that
fuel components could be added as fire intensity increased.

This measurement of scrub foliage was introduced
because green foliage requires a certain intensity of fire
before it preheats sufficiently to ignite. More intense
flames result in the fine twigs being consumed, and so on
to a higher intensity which consumes the whole plant. With
further work this approach could provide an adequate fuel
clagssification for scrub.

Interactions

None of the fire danger systems make an obvious
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allowance for interactions between variables. Wind, for
‘instance, was loaded into fire danger at a rate regulated
by a constant relationship with spread rather than a
changing relationship depending on interaction with another
variable, e.g. moisture contente.

There was a strong interaction between litter quantity
and its moisture content in their affect on rate of spread.
This suggests that extrapolation of rainfall factors from
three-ton fuel to other fuel quantities may not have been
a valid procedure for compiling the fire danger ratinge.

The correlation did support changing the fuel multipliers
to spread (Table D) for changes in fire hazard.

If strong interactions exist, such as the guantity-
moisture one for litter, it seems unlikely that any one
of the variables will have a constant relationship with
rate of spread.

When the data was divided into forest types the
transformation of best fit for wind changed from linear to
square~root to a squared function. Similarly, surface leaf
moisture content changed from linear to logarithm to square
root. In these cases fuel disposition and type has played
a part in regulating the effect of wind and moisture content
on spread rates. Future work should include closer studies
of interaction between variables, especially in defining where
one becomes limiting on another. Considerable investigation

is needed into the best measure or sampling method to use
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for variables such as litter quantity before further
modelling of fire danger rating is likely to prove

productive.
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Chapter 8

PLANNING OF FIRE CONTROL IN JARRAH FCREST

Introduction

Foresters facing problems in fire control need a basis
for planning long-term and day-to-day objJectives. Various
systems have been used, such as subjective estimates of
dally risks, hazard systems expressing inflammability, and
fire danger ratings incorporating a number of fuel and

weather variables. In both Australia and the U.S.A. the

s W el

trend in recent years has turned towards fire danger ratingse.

Fire danger ratings have been used for d etermining the
strength and speed of attack on a running fire, and for
deciding when to carry out controlled burning. But these
uses are not in themselves a management gystem.

Nelson (1967) extended concepts for the use of fire
danger to pre-planning. The number of fires and their
acreage was related to fire danger, and on this basis plans
could be made for placing suppression forces each day
during the fire season, depending on current danger.

Systems which relate states of preparedness to current

fire danger are used with varying degrees of refinement by

most fire control organizations in Australia. Fire danger
estimates the potential of a fire and, as such, is only
one consideration in daily planning. Factors such as risk,

accessibility, and values within the forest all play a part
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in day~to-day decisions.

Up to 1960 several different fire danger ratings were
used in various parts of the U.S.,A., each rating having
been developed for g particular forest or fuel type.

Following an introductory period, a national fire
danger rating was intépduced in the U.S.A. in 1965. This
rating provides for a uniform warning system throughout
the U.s.aA.

In Australia, McArthur (1964 to 1966) developed and
then improved two Tire danger ratings, one for eucalypt
forests and another fop grasslands. These are in common
use in all States eXcept Western Australia, where fire
hazard has remained the standard system: fop warning the
public,

In Western Australia, different and successive
developments took place in the adoption of fire danger.
The W.A. Bushfire Act (1954 to 1964) prescribes that fire
hazard will be used for all fire weather forecasting by
the Bureau of Meteorology. This system has been used
since 193, and there seems to be little public support
for any changes in the Act which would permit forecasts of
fire danger to be used instead.

Uniform systems, whether fire danger or fire hazargd,
of fer advantages in public relations by bPresenting a
single scale which is generally understood by the public

as well as by fire control organizations. These forecasts

I
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however, cannot make accurate predictions for localized
forest areas. There are, for instance, major differences
in litter types, amounts, rates of drying end scrub cover

between the jarrah and karri (Euc. diversicolor F. Muell)

forests in the south-west of Western Australia. These
differences are not allowed for in a standard fire danger
system; yet they have a major effect on fire behaviour.

Even within a small area of reasonably uniform jarrah
forest fluctuations in fire danger are evident. Graph 23
shows day-to-day differences between Dwellingup and Mt. Wells,
a station 20 miles to the east. Fire danger at the two
stations was calculated from fire hazard and wind at 2 Delle,
fuel amount was assumed to be the same. Although both
stations followed similar day-to-day rises and falls, there
were notable differences between them, and these differences
would be important for planning day-to-day operations.

Since most operations such as controlled burning require
reasonably accurate forecasts of fire behaviour, predictions
of fire danger must be restricted to small areas of forest
where the fuel and weather variables are known with reasonable
certainty. This type of planning for internal departmental
use should be separated from the broader requirements of a

system for public warnings.

Controlled Burning Guide

Further developments were necessary before the fire
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danger rating for jJarrah forest proved sdequate for the
rlanning of controlled burning. Part of the danger
rating was developed into a controlled burning gﬁide to
meet the specific requirements of this operation.

The fire danger rating covered the range of weather
conditions expected during a fire season, but the guide
was limited to three of the lower fire danger classes:
Purple, Green and Blue (refer Table 20). These classes
represent the range of forward spread (0.6 to 3.0 feet
per minute) normally accepted for controlled burning in
jarrah forest.

The guide was designed for preliminary and daily
planning of controlled burning, and to assist with

decisions on methods of lighting.

Context and Calculations

The controlled burning guide is made up of five
tables. These are Tables A and B of the fire danger
rating and three other tables, (refer Appendix 6).

Adjusted fire hazard is c alculated from Tables A and
B in the same manner as ocutlined for the fire danger
rating.

Table 1. This is anextract from Table C and predicts
rate of forward spread in 3.0 to 3.5 tons per acre of
litter fuel. PFire hazard is shown on the vertical axils
and wind velocity on the horizontal axis. Rate of forward

spread is shown at the Junction of the two axes.
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Teble 2. This table represents a modification of
Table D, i1.e. the fuel corrections are already multiplied.
It corrects rate of forward spread in five-year-old fuel
to a range of fuel ages, according to their representative
fuel quantities as shown on Table D.

The corrections are made in fire hazard classes; and
the adjustment is made from the column which includes the
adjusted fire hazard. This table shows additional
information in autumn and spring scorch height specifications
for the Purple, Green and Blue fire danger classes.

Table 3. This table combines the adjusted rate of
forward spread, from Table 2, with hours of burning time
to predict a strip width to be used for lighting. Hours
of burning time are anestimate of the time the fire will

run on that daye.

Analyses for the Controlled Burning Guide

Two additional analyses were made for the controlled
burning guide., These were: The expected maximum scorch
heights in each of the three fire danger classes, and
secondly, a definition of the likely number of hours of
burning time each day.

The scorch height specifications came from experimental
fire data. After each fire the scorch height was estima ted
for tree crowns burnt under by the headfire. These

estimates, for 200 fires, were plotted against rate of
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forward spreade.

There was poor correlation between rate of spread
and scorch height, but the plot of points did indicate
the probable maximum height for each of the three fire

danger classes. These heights are listed in Table 30.

Table 30
Probable Maximum Scorch Height for Purple,

Green and Blue Fire Danger Classes

Rate of Forward Spread Fire Danger Scorch height feet
ft/min. Class Spring Autumn
0.6 to 1.0 Purple 15 27
1.1 to 2.0 Green 20 35
2.1 to 3.0 Blue 30 L5

High scorch heights in early autumn are probably
associated with the inflammability of the outer, rough bark
and heavy ground-wood at this time. Autumn scorch heights

generally approach those in spring after the first soaking

winter rains.

The second analysis was an attempt to define hours of
burning time each day. Thermograph traces were examlined
to determine the hours each day when temperature exceeded
60 degrees F. These hours were found to be related to the

maximum temperatures for that day.
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The relationships shown in Table 31 are averages
from several hundred observations taken from thermograph
traces: recorded between 1962 and 1967 at Dwellingup.
The table shows:
The daily maximum temperature.
The time when temperature normally rises above 60
degrees F., for spring and autumn seasons.
The hours thereafter when temperature remains above

60 degrees F.

Table 31
Daily Maximum Spring Autumn
Temperature
degrees F. Tine Hours Time Hours
61 to 65 1200 hrs 3 1130 hrs in
66 to 70 1030 " 7 1000 " 8
71 to 75 1000 " 8 ogoo " 10
76 to 80 0930 " 10 ogoo " 12
81 to 85 0900 ¢ 12 o700 *“ 14
86 to 90 og8oo " 14 0600 " 18

The definition of an hour of burning time as one when
air emperature exceeded 60 degrees F. came after considering
fuel samples from the litter drying trial. Here very little
drying occurred when temperatures were less than 60 degrees F.
This lack of drying, and the a ssociated high moisture content
equilibriums affects both the inflammability of the fuel and

the abllity of a fire to sustain a rate of spread once
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ignition has been successful. While wind velocity and
fuel quantity are also important, it was considered that
temperature would provide a rough guide for hours of

burning time and one that could be easlly assessed.

Controlled Burning

The term "controlled burning" is generally synonymous
with "prescribed burning", and implies that fire is applied
to the forest at an intensity which minimimes damage to the
forest. This objective relies on standards for preliminary
planning, and selecting sultable weather and lighting
patterns.

In Western Australia the controlled burning guide
described here is used for these standards. In addition,
it has been adapted for use in karri and rine plantations,
while awaiting further data on these fuel types.

Each Forests Department division in the Jjarrah forest
has an annual controlled burning programme of between
60,000 and 100,000 acres. The tendency has been for an
increasing use of aircraft for lighting (Packham and Peet,
1967) resulting in much larger blocks being burnt. This
has led to some revisions in planmning, but general principles
remain unaltered (Peet, 1967).

The three fire danger classes used for controlled
burning in jarrah forest are the basis of a management

system which includes pre-planning and job execution.
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The scorch heights assigned to each fire danger
class, ranging from 27 to 45 feet in autumn to 15 to 30
feet in spring, provide the standard for planning.

Five types of controlled burning are practised in the
jarrah forest, and the guide is used for planning the first
four, (W.A. Forests Dept. 1964). These five types are:

(1) Burning of buffer areas or firebreaks around areas

of high risk
(ii) Burning of buffer strips or firebreaks around areas

of high wvalue.

(1113 Prescribed burning of large areas on a rotatlonal pattern.
iiv Advance burning prior to logging operations.
v) Top disposal burning for regeneration and fuel reduction,
following logging operations.

Top disposal burning requires estimates of fuel
dyyness additional to those given in this guide. Here
the fires burn heavy ground-wood &s well as litter, and flame
height is usually controlled by burning when flash fuels
are damp but when the heavier wood is dry enough to be
consumed.

The planning of controlled burning in litter fuels

follows three steps: Master Plan, Prior Inspection, and

Daily Planning.

Master Plans

Each division is required to prepare a master plan
of controlled burning showing proposed annual programmes
for the next five years.

Recently suggestions have been made that these proposals
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be kept on aerial photo interpretation plans, which
show forest type and canopy cover. Both these variables
are important for determining the rate at which fuel
quantity increases (Peet, 1971).

Whenever possible, controlled burning is done in
long strips through the forest, rather than in a patchwork
manner. These strips are about one mile wide when ground
crews are used for lighting (Peet, 1965), and three to
five miles wide for aircrafte.

In preliminary planning the annual programme is
broken into unit areas, each representing a day's work
for a ground crew or aircraft, depending on which is to
be used for lighting. These units are inspected separately
to prescribe suitable estimates of fire danger for lighting
the burn.

Prior Inspection

Prior inspection has three objectives: information
on perimeter roads, edge burning for perimeter control,

and suitable fire danger class for lighting the area.

Edge Burning.

Prior burning of perimeter edges around each job is
prescribed where heavy fuels in adjacent forest may present
problems in containing the fires.

Edge burning is done in early spring or late autumn
when the duff and heavy ground-wood are damp. This
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minimizes chances of the edge re-lighting before the

main burn is completed. Lighting of edges 1s ugually
done with a flame thrower on days when the local fire
danger does not exceed Purple.

Fuel Classification.

Fuel in the Jjarrah forest is classifled by weight
of litter on the forest floor. The same tons per acre
standard is used as was described for the fire danger
ratinge. ‘

Aids have been provided to assist with litter
classification (Peet 1967, ﬁ971), including tables of
litter welghts related to annual leaf falls and to canopy,
and descriptions of depth - welight relationships.
Prescribed Fire Danger.

Scorch specifications for the Purple, Green, and
Blue fire danger classes for lighting are the standard for
prescribing an acceptable rate of spread.

The acceptable scorch height for Jjarrah forest depends
on the lower crown height of the smallest potential crop
trees. This height is determined by field inspections,
also by aids such as aserial photos and records of past
logging.

Regeneration in cut-over areas is protected until the
crown height of the saplings is tall enough to avoid
serious damage from scorching under Purple conditions, i.e.

about 20 feet. All areas of saplings are burnt on days of
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Purple, poles on Green days and mature forest on Green
or Blue.

For the better-quality forest a 20-foot-square spacing
of potential crop trees is accepted as full stocking for
prescribing an acceptable fire danger. The crown heights
of trees filling these spaces defines the acceptable scorch
heights for the area. The acceptable scorch height is
compared with specifications for the three fire danger
classes and a class is prescribed.

Recording.

After prior inspections are completed, the Jjob numbers
of the unit areas; their acreage, fuel classification and
prescribed fire danger are listed in an index table
(Peet, 1967). This table is used with the weather forecasts
and calculations of local fire danger to plan daily

controlled burning programmes.

Daily Planning

Selection of a day's programme of controlled burning
is based on the 7.45 a.m. fire-wgather forecast from the
Bureau of Meteorology. This forecast covers the jarrah
forest region, and includes a statement of expected weather,
maximum temperature, minimum relative humidity and fire
hazard.

Fire hazard is adjusted with local measures of
rainfall, period since rain and rates of drying. Fuel

quantity and wind velocity are added to predict fire danger
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for particular forest areas.

Predictions of local fire danger are compared with
the prescribed ones in the index teble. The days pro-
gramme 1s selected from areas where the two fire dangers
matche.

Predictions of fire danger are checked at regular
intervals during the day, with actual weather conditions.
This is done to ensure that fire danger is a s predicted,
and that fire intensity remains within acceptable limits.
Organization.

Fire danger thus provides the standard for the organ-
ization of controlled burning in the forests of Western
Australia. Thias was an attempt to develop & management
system which would operate with reasonable success for
annual programmes totalling between 800,000 and 1,000,000
acres.

The main criticism lies in the standard: the fire
danger rating is only a guide, and the number of variables
and method of data analysis require improvement for more
accurate predictions. Also this fire danger rating cannot
be extrapolated into other forest types, e.g. karri or

rine, without incurring some errors in prediction.

Fire Suppression
The most commonly used fire danger ratings were

designed primarily as aids for fire suppression. The
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jarrah rating included a controlled burning guide which
has advantages in maintaining continuilty of concepts,
_calculations and terminology for both controlled burning
and fire suppressione.

The jarrah fire danger rating is used for organization
of pre-suppression and as a guide for suppression. Its use
in pre-suppression is outlined in fire action orders,

described below.

Fire Action Orders

A fire action order specifies where fires can be
attacked safely as fire danger rises, and the speed and
strength of the attack, and suggests a method of attacke.

A fire action order thus covers most aspects of detection,
states of preparedness and despatche.

Fire action orders are compiled fram the following
considerations, based on known performances of suppression
forcese.

In jarrah fuels, when local fire danger is Yellow or
higher, there is little likelihood of successful direct
attack on headfires. These fire dangers represent rates
of forward spread exceeding seven feet per minute; headfire
flames are generally higher than ten feet; and spot fires
can be expected ahead of the main fire front.

Rate of spread of flank fire 1is assumed to approximate

half the headfire rate, and back fire one third the
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headfire rate (Peet, 1967). Using the limit of seven
feet per minute for direct attack, flank fires can be
suppressed up to fire dangers of Orange and backfires
up to Red.

In most fires some part of the perimeter canbe
attacked by direct method, and the fire action order
should specify these parts.

For fire dangers up to Orange direct attack should
be tried on all flanks except when  fire danger is Yellow
or higher, when the attack should concentrate on the
flanks and backfire. The fire is kept narrow until fire
danger drops below Yellow, when the headfire is cut off
by direct attack.

For fire dangers above Orange headfire attack is
unlikely to succeed with any method because of long throw
distance for spot-fires. The flanks should be attacked by
the parallel method, and the backfire with direcfmethodo
The same strategic principle is used: the fire is kept
a8 narrow as possible until fire danger drops below Yellow,
then the headfire is attacked.

Considerations of suppression, crew performance and
safety are the basis of fire action orders. These orders
form part of a fire control working plan for each forest
division, which sets out the organizational aims for that
protection unit.

Detection.

In the forests of Western Australia a network of
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look-out towers is the means of fire detection, although
aircraft have been added in severe fire situations.

The time elapsing between ignition and detection,
and then between detection and attack increases in impor-
tance as fire danger rises.

These times depend on fire danger: that is, the
rapidity with with the fire diameter reaches 30 to 4O
feet. This size usually produces a sufficiently dense
column of smoke for detection by towers, although factors
such as direct view, visability, height and density of the
canopy may handicap tower watchers.

The time for a fire to reach a diameter of 30 to 4O
feet varies from up to two hours in a White fire danger to
a few minutes in a Red fire danger. Fires burning under
Whkte or Purple take a coneiderable time to be detected,
and thereafter spread at a slow rate, with minimal forest
damage except in young regrowth. Such fires do not suggest
the neced for a high detection commitment.

The detection commitment increases as fire danger
rises and speed and strength of attack becomes increasingly
important. For fire action orders the towers are contin-
uously manned when fire danger is Green or higher. This
stipulates both the length of day and the number of days
when full detection will be maintained. When the peak fire
danger for the day 1s Yellow, for example, it is likely

to be @reen at 6 a.m., and the towers would be manned from
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that time until the fipe danger drops below Green in
the evening.

State of Preparedness and Despatch

The size and composition of the minimum suppression
force required to mount a successful attack on a forest
fire depends on time elapsed since ignition and on fire
danger, as well as on forest and fuel types. Fire danger
provides an estimate of the fire's intensity and the rate
at which it is increasing in size.

State Of preparedness and levels of despatch can be
planned ahead if performances of suppression crews are
properly evaluated. For jarrah Torest, one suppression
crew will contain 15 chains of fire rerimeter each hour as
an average performance. This assumes that mechanical aids
such as bulldozers will increase in numbers as fire danger
rises.

For a Blue Tire danger, rates of spread lie between
two and three feet per minute, with perimeter increases
about six times as fast. If such a fire is attacked
within one hour of ignition one gang should suppress it in
one and & half hours. If the same fire burnt for two hours
before attack, two gangs would be required to suppress it
in the same period.

Considerations such as these led to the development
of despatcher tables for the Jarrah forest (W.A. Forests
Dept. 1968). These tables provide guides for states of
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breparedness and despatch. They list the number of
crewe and equipment to be sent to the fire immediately
after it is detected. '

The despatcher tables form part of the fire action
order. They are especially importent on holidays when
sensible precautions must be equated with the cost of
maintaining suppression crews on stand-by.

Hollday precautionﬁtiisted in the fire action order,
and range from one crew on days of Green_fire danger to
four crews and two bulldozers on Orange days and all
available forces on Red days.

The use of fire danger for planning states of
preparedness and despatch is an attempt to integrate into
the management system a sensible correlation between risks

and the cost of covering those risks.

Suppression

Attack on a fire in Jarrah forest follows this sequence.

As soon as the fire is detected, suppression forces are
despatched at the strength suggested by the fire action
orders. The strength of these forces depends on the current
fire danger, fuel type and time for the force to reach the
fire.

Once despatch has been initiated, with suggestions
where the fire should be attacked, a fire behaviour plan
is compiled. This is a rate-of-spread plan drawn from

Projected fire danger, which, in turn, depends on forecasts
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of weather end fuels in which the fire is burning or likely

to burn into. These plans show the expected posipions of

the fire's perimeter at hourly intervals.
The fire behaviour plan and forecasts of weather,

' particularly wind direction and strength, are the basls for

f deciding attack strategy. This includes method of suppression,

re-agsessments of strength and composition of the forces

employed, and allocation of priorities to sections of the
fire's perimeter. These priorities are based on forecasts
of weather changes and their effects on fire behaviour.

Weather observations at hourly intervals, or in
some cases even more frequently, are maintained by divisional
offices. These readings, in conjunction with the detailed
fuel plans form the basis for calculating fire danger and
drawing the fire behaviour plan.

On any day of Green fire danger or higher, two-hourly
weather observations are maintained to ensure that forecasts
are as predicted. Fire action orders are frequently changed
during the day if the forecast proves inaccurate.

The system outlined here shows extensive uses for fire
danger not only in planning for preparedness and despatch
but also in determining attack strategy during a fire.

Once established, this fire danger standard has proved
valuable in maintaining continuity of concepts and actian

for the personnel involved in fire suppression.
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