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a b s t r a c t

The 7 February 2009 wildfires in south-eastern Australia burned over 450,000 ha and resulted in 173
human fatalities. The Kilmore East fire was the most significant of these fires, burning 100,000 ha in less
than 12 h and accounting for 70% of the fatalities. We report on the weather conditions, fuels and prop-
agation of this fire to gain insights into the physical processes involved in high intensity fire behaviour in
eucalypt forests. Driven by a combination of exceedingly dry fuel and near-gale to gale force winds, the
fire developed a dynamic of profuse short range spotting that resulted in rates of fire spread varying
between 68 and 153 m min�1 and average fireline intensities up to 88,000 kW m�1. Strong winds aloft
and the development of a strong convection plume led to the transport of firebrands over considerable
distances causing the ignition of spotfires up to 33 km ahead of the main fire front. The passage of a wind
change between 17:30 and 18:30 turned the approximately 55 km long eastern flank of the fire into a
headfire. Spotting and mass fire behaviour associated with this wide front resulted in the development
of a pyrocumulonimbus cloud that injected smoke and other combustion products into the lower strato-
sphere. The benchmark data collected in this case study will be invaluable for the evaluation of fire
behaviour models. The study is also a source of real world data from which simulation studies investigat-
ing the impact of landscape fuel management on the propagation of fire under the most severe burning
conditions can be undertaken.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

South-eastern (SE) Australia has a combination of climate,
topography and vegetation that makes it prone to severe wildfires.
Fires occur in most years but are generally most extensive and se-
vere following extended drought, typically associated with El-Nino
events (Sullivan et al., 2012). This region has a long history of severe
fire events, some of which have significantly influenced wildland
fire control and land management policy. In the past seven decades
catastrophic fire events (defined here as fire in which at least a sin-
gle day of high intensity fire behaviour occurs and generally results
in large area burned with significant destruction of infrastructure
and loss of life) have impacted SE Australia in 1939 (Black Friday),
1983 (Ash Wednesday), 2003 (Canberra) and 2009 (Black Saturday).
These four fire events have burnt 7.68 Mha of land and caused 390
fatalities, predominantly in the state of Victoria.
ll rights reserved.

: +61 2 6246 4096.
The fires that occurred on 7 February 2009 (colloquially known
as ‘Black Saturday’), represent 44% of the fatalities. Of a total of 316
fires burning on this date, 13 developed into significant incidents
(Fox and Runnalls, 2009) and five resulted in 173 fatalities. The Kil-
more East fire was the most significant of these, resulting in 70% of
the fatalities on the day. It burnt nearly 100,000 ha and destroyed
over 2200 buildings in the first 12 h alone. The fire eventually
merged with the Murrindindi fire, burning a combined area of
approximately 400,000 ha over a period of 3 weeks.

Understanding the development and behaviour of the Kilmore
East fire is important for a number of reasons. It is a critical step
in identifying the factors that led to the scale of this catastrophic fire
and its unprecedented impact on lives, livelihoods and ecosystem
components. Despite the diverse adaptation of Australian ecosys-
tems to fire (Gill, 1981a,b), large-scale fires can have detrimental
impacts on ecological values. Such a fire converts biodiversity-rich,
fine-scale mosaics at a range of seral states into a less diverse
landscape, both in terms of species composition and vegetation
structure (Adams and Attiwill, 2011). The sustainable management
of SE Australian ecosystems requires a landscape level approach to
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Fig. 9. Distribution of burn severity classes by selected fuel types.
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4–7 is given in each figure caption. Fuel moisture estimates were
considered to possess a rating of 3. Fuel characteristics data used
was given a rating of 2.

The number of medium and long distance spot fires given in
Figs. 4–7 should be seen as conservative. These were spotfires that
were authenticated by one or more sources. A number of spot fires
were not located and it is believed that there were a larger number
of spot fires that were not detected. Spotfires were located with a
precision of 100–500 m. For the scale of the fire, this precision cor-
responds to an error less than 10% for long distance spotting.
4.2. Spotting – short range

Eucalypt stringybark species (e.g., E. obliqua, E. marginata and E.
macrorhyncha) are notable for their fibrous rough bark that can be
easily ignited and decorticate from the trunk providing an opti-
mum firebrand source for short-range spotting (Cheney and Bary,
Table 4
Average rate of fire spread, area burned, fireline intensity (Byram, 1959) and heat release

BP Main fuel
type

Fire perimeter
(km)

Average rate of fire spread
(m min�1)

Ho
(ha

1 Grass 1.3 –
2 Grass 10 71
3 Grass, DSFL 21 73 1
4 DSFL 30 68 1
5 DSFL 50 153 4
6 DSFL, MDWSF 106 – 10,
7 DSFL, MDWSF 143 – 9
8 DSFL 217 127 35,
9 MDWSF 311 90 12,
10 DSFL 487 – 6

nd, not determined; DSFL, dry sclerophyll forest, low understory, MDWSF, mix dry-wet
1969). The presence of fibrous bark provides further vertical con-
nectivity between fuel layers facilitating the transition from a sur-
face fire to one involving the full fuel complex. The process of
short-range spotting was exacerbated in the weather conditions
driving the fire. The strong winds affecting the fires forced the
transport of a profusion of burning embers through flat (rather
than lofting) trajectories, delivering numerous firebrands up to
500 m ahead of the main fire front. The deep flaming fronts that
arise from the coalescence of multiple short-range spot fires re-
sulted in extensive crowning and further generation and transport
of burning embers. McArthur (1967) describes this process as key
to how a fire maintains overall rates of spread much higher than
expected in the absence of spotting.

Key components for the maintenance of this process are the
presence of high surface fuel loads (to induce ignition of bark
fuels), long unburnt (>25 years since last fire in dry sclerophyll for-
est) eucalypt forest with a significant number of species with fi-
brous bark (the primary firebrand material), high wind speeds
(causing flat ember trajectories) and low fuel moisture contents
(increasing the likelihood of spotfire ignition). With fuel mois-
ture contents <4%, the likelihood of spotfire ignitions increase
significantly as the heat requirements for ignition are reduced. In
this situation even tiny glowing particles had sufficient energy to
start new spotfires (Albini, 1979; Ellis, 2011).

The observed short range spotting behaviour is consistent with
McArthur’s (1967) description of ‘‘showers of burning embers land-
ing up to 800 m of the main fire front’’. A quantitative understanding
of short range spotting dynamics, namely firebrand density distri-
bution with distance from the fire front and how distinct fires coa-
lesce in a high turbulent environment, is lacking. Field-based
research into short range spotting such as that carried out in Project
Vesta (Gould et al., 2007a; Box 1), provide benchmark data that can
be used to parameterize firebrand transport and density models
(e.g., Cheney and Bary, 1969; Sardoy et al., 2007). The validity of
scaling up Gould et al. (2007a) observations to conditions similar
to those driving the Kilmore East fire is nonetheless unknown.

4.3. Spotting – long range

The occurrence of long-range spot fires (>5 km) contributed to
the rapid extension of the fire zone. At 16:00 there were at least
five spotfires occurring up to 33 km south-east of the main fire,
approximately 40 km from its probable source. Comparable spot-
ting distances have been verified on particular occasions in fires
in southern Australia eucalypt forests (Hodgson, 1967; Cheney
and Bary, 1969; McArthur, 1969). The process of long-range
spotting can be seen as distinct from short-range spotting,
requiring the presence of a specific different set of conditions.
The firebrands responsible for long-range spotting are long
for selected burning periods (BP) in the Kilmore East fire.

urly area burned
)

Average fireline intensity
(kW m�1)

Energy released
(GW)

– 1.1
239 6603 25.6
534 – 152.3
311 39,209 227.7
286 88,220 933.0
068 – 2153.7
752 – 1794.4
802 73,228 8554.8
626 82,677 2605.4
129 – 860.9

sclerophyll forest.
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