
Coupled Atmosphere-Fire Simulations of the Black
Saturday Kilmore East Wildfires With the
Unified Model

1. Introduction
From time to time, wildfires (or bushfires as they are known in Australia) cause great damage and loss
of life and are especially dangerous in those areas where urban communities merge with their rural sur-
roundings. Consequently, the capacity to accurately predict fire behavior provides clear benefits to fire
management, public safety, protection of personal and public assets, and to the occupational health and
safety of the fire-fighting personnel. The catastrophic wildfires that burnt large sections of the state of Vic-
toria (in southeastern Australia) on 7 February 2009 killed 173 people, injured more than 400 and destroyed
2,133 residences. This day, now known as Black Saturday, was the largest and most deadly wildfire in Aus-
tralia's history. The subsequent public inquiry into the fires by the Victorian Bushfires Royal Commission
(Victorian Bushfires Royal Commission, 2010) estimated the cost of Black Saturday to be around $A4.4
billion (which included a value placed on the 173 lives lost). Other examples (among many) are the 1983
Ash Wednesday and 1997 Sydney wildfires, which together cost 47 lives and more than $A1 billion. From
a broader perspective, wildfires rank fourth (behind heat extremes, floods, and tropical cyclones) among
natural hazards in the number of people killed (Coates et al., 2014) and third (behind floods and tropical
cyclones) in the number of buildings destroyed (McAneney et al., 2009). These statistics underscore the real
need to develop practical and accurate tools to predict the behavior and spread of both controlled fires (used
for forest and fuel management etc.) and uncontrolled wildfires.

Fire-fighting authorities predict the behavior and spread of the bushfires and on the basis of these predictions
decide where best to place fire-fighting crews and how best to contain or extinguish the fire. At present,
virtually all the fire spread and behavior models used by fire authorities across the world are empirically
based. In other words, the model predictions are based on previously observed fires and the expectation that
the current fires will behave like a similar past fire. Two examples of this type of operational model used
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Abstract A model for the spread of a wildfire is developed within the U.K. Met Office Unified Model
(UM) and used to simulate the Kilmore East fire complex (in southeastern Australia) on Black Saturday
(7 February 2009). The UM is configured with four nests with horizontal grid spacings of 4 km, 1.5 km,
444 m, and 144 m. In the first simulation, the UM simply provides predictions of the near-surface
conditions for the wildfire model with no feedbacks to the atmosphere from the fire. In the second, the
atmosphere and fire are coupled, allowing the fire to affect the local-scale weather. The agreement between
the coupled simulation and the observed fire behavior is reasonably good. For example, the area burnt is
approximately 80% of the actual area burnt. However, such agreement is achieved only by coupling the fire
to the atmosphere and, importantly, by igniting 18 additional fires at the times and places the long-range
transport of burning material (spotting) was observed. Without coupling the burnt area is about half of
that observed. The calculations reported here suggest that the behavior and spread of fires like the Kilmore
East fire are predictable but only when long-range spotting is included and the atmosphere and fires are
coupled. Additional numerical experiments with coarser grids suggest that, although the details of the fire
spread are lost, a grid spacing of 1.5 km may be sufficient to simulate the main features of the fire spread.
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in the United States are Firesite (Finney, 2004) and BehavePlus (Andrews, 2014). Examples in Australia
are Pheonix (Tolhurst et al., 2008), Australis (Kelso et al., 2015), and Prometheus, which was developed in
Canada (Tymstra et al., 2010).

In empirically based fire spread models, the environmental conditions are assumed to remain static, and
the spread rate and the behavior are related to the observed conditions at a single location. These conditions
include the weather, the fuel type, the fuel moisture, and the local terrain (e.g., see Cheney & Sullivan,
1997; Luke & McArthur, 1978; Victorian Bushfires Royal Commission, 2010, and the references therein).
When these local conditions are known accurately and vary little in time or space, empirical fire spread
models perform adequately for steady, long-term, wind-driven fires. However, they can fail for intense fires
in steep terrain, when the fuel and atmosphere are especially dry, when the atmospheric conditions change
rapidly (especially during frontal passages), or when the fire significantly affects the local circulation. These
requirements were not met in the Canberra (Australia) fires of 2003, where strong winds and steep terrain
drove the fire laterally (Simpson et al., 2013), and the fires produced at least one pyrotornado (Cunningham
& Reeder, 2009). Moreover, the importance of properly taking account of complex time-varying airflows on
the behavior and spread of fires is underscored by the observation that virtually everyone killed in the Black
Saturday and Ash Wednesday bushfires were killed within 1 hr of the passage of a cold front. As shown by
Reeder et al. (2015) an extremely strong cold front, which is an exemplar of a complex time-varying airflow,
is one of the common ingredients for savage fire weather conditions in southeastern Australia.

Coupled atmosphere-fire modeling began with the work of Clark et al. (1996), who showed that atmospheric
numerical models could be coupled to empirical fire spread models. The resulting simulations reproduced
many of the characteristics of observed fires including systematic parabolic protrusions that result from the
interaction of the fire-induced convection with the winds at the fire front. Their simulations also confirmed
that the interplay between the atmosphere and the fire plays a critical role in determining the behavior and
spread of the fire. Moreover, they found that the heating from an intense fire can be sufficient to drive its
own large-scale circulation (plume dominated fires) and induce important small-scale dynamical effects at
the fire front itself. For example, strong dynamical interactions at the fire front resulted in bursts of hot air
and the production of intense fire front vortices. Strong updrafts associated with these vortices could account
for the lofting of burning material that causes spotting. The simulations by Clark et al. (1996) suggest that
sudden and intense changes in the intensity of the fire, sometimes called blowups, are associated with vortex
dynamics at the fire front. All the evidence to date suggests that fully coupled atmosphere-fire models are the
most promising approach to accurately predicting important bushfire features such as crowning, organized
fire line breakup, lofting, spotting, and blowups. In the Australian context, the variations on the original
model of Clark et al. (1996) have been used to study grass fires in the Northern Territory. A more complex
parameterization of the combustion was introduced in Clark et al. (2003) and the simulation compared
against observations in Clark et al. (2005).

In the intervening two decades since Clark et al. (1996), coupled atmosphere-fire modeling has taken two
relatively distinct directions. In the first direction, the turbulent airflow is modeled at very high resolution
(of order 1 m) in a relatively small domain, with detailed parameterizations of the fuel and combustions
included. This direction has produced models such as FIRETEC (Linn, 1997), the Wildland Fire Dynamic
Simulator (Mell et al., 2009), and MesoNH-Forefire (Filippi et al., 2009). The second direction taken has been
to couple highly simplified, empirically based fire models to relatively complete numerical weather predic-
tion models with resolutions of hundreds of meters or more. One of the main examples of this approach is
the version of the Weather and Research Forecasting model known as WRF Fire (Coen et al., 2013; Mandel
et al., 2011).

The main aim of the present work is to report on a new coupled atmosphere-fire model. The atmospheric
model used here is a very high resolution version of the U.K. Met Office Unified Model (UM). The UM
is the atmospheric component of the Australian Community Climate and Earth System Simulator, which
is used by the Australian Bureau of Meteorology for operational weather prediction. It is coupled here to
perhaps the simplest possible empirical fire spread model, that due to McArthur (1966). The new coupled
atmosphere-fire model is applied to the simulation of the Kilmore East fire on Black Saturday. The Kilmore
East fire was a fire complex located almost 100 km north of Melbourne responsible for 119 fatalities and
which burnt more than 125,000 ha. Although different in detail, the approach taken to modeling the Kilmore
East fire complex is similar to Coen (2005), Coen et al. (2013), Filippi et al. (2013), Kochanski et al. (2013),
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Figure 1. (a) Nest 1 (4-km grid spacing) with boxes marking the locations of Nest 2 (1.5-km grid spacing), Nest 3 (444-m grid spacing), and Nest 4 (144-m grid
spacing). (b). Closer view of Nest 4 and topography (shading at 50-m intervals) with the coastline (thick black line) and the water (stippled). Also shown in
(b) is a box marking the Kilmore East subdomain. (c) Kilmore East subdomain, which is a subsection of Nest 4. Also marked in (c) are the locations of Wallan
and Coldstream.

Coen and Riggan (2014), Coen and Schroeder (2015), and Peace, Mattner, et al. (2015), and Peace, McCaw,
et al. (2015). Moreover, the current paper builds on the earlier study by Engel et al. (2013), who forecast
the meteorology of Black Saturday with a high-resolution nested simulation with the UM. Apart from the
coupled fire, the main difference between the simulations of Engel et al. (2013) and those reported here is
that the finest grid spacing in the simulations in the earlier study was 444 m, whereas here it is 144 m.

The remainder of the paper is structured as follows. Section 2 describes the configuration of the UM used
here, with the details of the fire model described in section 3. In section 4, the meteorology of Black Saturday
as simulated with the UM is analyzed with particular emphasis on the mesoscale and finer-scale structures
of importance to the behavior of the fire. Simulations of the Kilmore East fire are discussed in section 5. First,
the atmosphere and the fire are coupled in one direction only. In this case the UM simply provides detailed
predictions of winds, temperature, and humidity for the wildfire model with no feedbacks to the atmosphere
from the heating or the moisture and momentum transports by the fire. In other words, the local weather is
allowed to affect the fire but the wildfire is not allowed to affect the local weather. Next, the atmosphere and
fire are coupled. The effects of model resolution on the simulation are examined also. The paper finishes in
section 6 with a discussion of the results, their limitations, and the directions for future improvements.

2. UM
Engel et al. (2013) and Thurston et al. (2016) investigated the meteorology of Black Saturday. Both studies
used the UM version 7.5 (hereafter UMv7.5), and in both studies the finest grid spacing was 444 m. The cur-
rent study uses UM version 8.5 (hereafter UMv8.5) with a grid spacing of 144 m in the highest resolution nest
(Figure 1). UMv7.5 uses the New Dynamics dynamical core (Davies et al., 2005), whereas UMv8.5 uses the
ENDGame dynamical core (Wood et al., 2014). Although both the New Dynamics and ENDGame dynamical
cores are semiimplicit, semi-Lagrangian, and nonhydrostatic, the ENDGame dynamical core also enforces
mass conservation (Wood et al., 2014). Along with the change in mass conservation, the ENDGame dynam-
ical core is more numerically stable, needing less artificial damping and no artificial diffusion (Walters
et al., 2014). These changes to the dynamical core, along with changes in the initial conditions and other
model settings outlined below, lead to some differences between the current simulations and those pre-
viously reported by Engel et al. (2013). One such difference is that for a given grid spacing the effective
resolution is higher in UMv8.5 than UMv7.5, which is related to the upgrade in the dynamical core (see
Walters et al., 2017).
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The atmospheric model is configured as follows. The N512 Global Atmosphere 6.0 (GA6.0) configuration
(Walters et al., 2017) has a stretched vertical grid and is run with an 80-km model top and 70 model levels.
There are 12 model levels in the lowest 1 km. The number of nonlocal boundary layer levels is increased
from 30 to 50 to allow for deeper nonlocal turbulent mixing over the heated Australia continent. Although
the initial conditions from UMv8.5 are not available for Black Saturday, analyses are available from UMv7.5
valid at 03 universal time coordinated (UTC) on 6 February 2009, which is the end of a 6-hr assimilation win-
dow centered on 00 UTC 6 February 2009. The operational European Centre for Medium Range Forecasts
(ECMWF) analyses valid at 00 UTC on 6 February 2009 are available also. Consequently, the atmospheric
initial conditions are the operational ECMWF analysis reconfigured to the UMv8.5 N512 grid. The way soil
moisture is handled, including the vertical grid structure, is very different in the ECMWF and UM models.
Therefore, for internal consistency in the UM, the soil moisture fields are taken from the UMv7.5 analysis.

Four nested limited area models are configured in much the same way as the second regional climate model
descibed by Birch et al. (2016), with each nest having a top at a height of 40 km and 70 model levels. The
vertical grid is stretched, and there are 17 model levels in the lowest 1 km. Here the one-way nests have hori-
zontal grid spacings of 0.036◦, 0.0135◦, 0.004◦, and 0.00113◦. These grid spacings correspond to grid spacings
in the meridional direction of 4 km, 1.5 km, 444 m, and 144 m. The grid spacing in the zonal direction varies
slightly with latitude in each nest. For example, in Nest 4 the grid spacing varies from 113 m at the south-
ernmost latitude to 115 m at the northernmost latitude. Each nest provides the initial conditions and lateral
boundary conditions to the next finest level of the nest, with the 4-km initial and lateral boundary condi-
tions provided by the global model. Thus, the atmospheric model is run as a free-running nested forecast,
with the ECMWF initial conditions provided to the global model as described above.

The main differences from the configuration described by Birch et al. (2016) are as follows. The number of
nonlocal boundary layer levels is increased from 42 to 69 levels, again to allow for deeper nonlocal turbulent
mixing over the Australian continent, where the mixed layer was observed to exceed a depth of 5 km. The
time steps for Nests 2, 3, and 4 are decreased from 50 to 25, 5, and 1 s, respectively. Because of the high
resolution, the blended subgrid turbulence scheme (Boutle et al., 2014) is switched off in Nests 3 and 4,
leaving only the Smagoringsky turbulence scheme (Pearson et al., 2014). The Smagoringsky constant in the
turbulence scheme is increased from the default value of 0.2 to 0.5 because the model failed during the most
intense periods of burning in the coupled run. The change smooths some of the small-scale features, such
as the boundary layer eddies, but leaves the larger scales essentially unaffected. The frequency at which
the lateral boundary conditions are updated in Nests 3 and 4 is increased from hourly to every 15 min and
every 5 min, respectively. In all nests the topography is derived from the Shuttle Radar Topography Mission
topography data set (Farr & Kobrick, 2000). Table 1 lists the main properties of each of the nests. The fire
model, described in the next section, is run on the whole of the finest nest, which is usually Nest 4. In some
sensitivity studies described in the final section of the paper, the finest nests are Nests 2 and 3. Most of the
analysis reported here is focused on a subset of Nest 4, referred to as the Kilmore East domain (see Figure 1).

The starting times of each nest are staggered to allow the nests to spin up sequentially. The global model is
run for 48 hr starting from 00 UTC on 6 February 2009. The global model is allowed 2 hr to spin up before
the 4-km nest is run for a further 46 hr. The finer nests are started 1 hr apart with the finest nest starting at
14 UTC on 6 February 2009 and running for 34 hr. For details see Table 1.

3. Fire Model
In this section the fire model is described. The spread is calculated using a level set method combined with
an empirical fire spread model.

3.1. Fire Boundary
Suppose that the fire boundary is defined by the closed curve 𝜓 and that each point on the curve moves in
direction normal to the boundary at speed s. Then calculating the motion of the fire comprises two parts:
evolving 𝜓 and determining the speed s.

The evolution of the fire boundary is calculated using the level set method of Osher and Sethian (1988). The
first application of the method to fire boundaries was by Mandel et al. (2011), who implemented it in the
WRF model. The level set method is based on an auxiliary function𝜑(x, y, t) known as the level set function.
Here x and y are the distances in the zonal and meridional directions, respectively, and t is the time. The fire
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Table 1
Summary of the Model Configuration for Each Model Domain: the Model Top, the Number of Vertical
Levels nl, the Number of Nonlocal Boundary Layer Levels nbl, the Number of Grid Points in the Zonal nx
and Meridional ny Directions, the Horizontal Grid Spacings 𝛥x and 𝛥y, the Time Intervals Between
Lateral Boundary Condition Updates From the Respective Parent Domain Δtbc

, the Model Time Step 𝛥t,
the Initialization Time t0, and the Latitude lat0 and Longitude lon0 of the Southwest Corner of the Domain

Model configuration Global Nest 1 Nest 2 Nest 3 Nest 4
Model top 80 km 40 km 40 km 40 km 40 km

nl 70 70 70 70 70
nbl 50 69 69 69 69
nx 1,024 998 998 998 998
ny 768 778 998 998 998

𝛥x = 𝛥y (deg) N512 0.036 0.0135 0.004 0.00113
𝛥tbc (min) — 60 60 15 5
𝛥t (s) 600 50 25 5 1

t0 02/06/2009 0000 UTC 0200 UTC 1200 UTC 1300 UTC 1400 UTC
lat0 — −51.522 −44.2365 −39.006 −38.1807
lon0 — 127.51801 138.7635 143.504 144.30231

boundary 𝜓 is defined implicitly by the level set of the auxiliary function 𝜑(x, y, t) = 0. The region enclosed
by the fire boundary, the region burning, is defined by 𝜑(x, y, t) ≤ 0.

As shown by Osher and Sethian (1988), the evolution of the level set function is governed by the differential
equation

𝜕φ
𝜕t

= s |∇φ| , (1)

where s is the rate of spread of the fire. For numerical solution, 𝜑 is discretized and defined on a uniform
latitude-longitude grid, and equation (1) is integrated in time using a second-order Runge-Kutta method.
The gradient ∇𝜑 is calculated using Godunov upwinding (Godunov, 1959). The level set method allows one
to mathematically describe a complex fire boundary comprising multiple separated parts (such as fire spots)
that can either continue to evolve separately or coalesce. Both the UM and the fire model used the same
horizontal Arakawa C grid with all the fire variables defined at the scalar points, and for the use in the fire
model, the winds are interpolated to these points.

3.2. Spread Rate
The speed at which the fire boundary propagates s is given by the McArthur empirical spread rate formulas
(McArthur, 1966, 1967) for grass fires and forest fires. These two spread rate formulas, originally expressed
in McArthur's Mark 3 and Mark 5 fire danger meters, have been reexpressed mathematically by Noble et al.
(1980), and it is these mathematical versions that are used here. The two formulas can be written as

s =
{

s𝑓 exp (0.069𝛾) , U > 0
sb, U ≤ 0

, (2)

where 𝛾 is the local slope of the topography measured in degrees from the horizontal and U is the 10-m
wind, taken to be positive when it points in the direction of the unburnt fuel.

For grass fires,

s𝑓 =
⎧⎪⎨⎪⎩

4.355W exp
(
0.0403U − 0.0897M𝑓

)
, M𝑓 ≤ 18.8%

0.3887W exp (0.0403U − 1.686)
(
30.0 − M𝑓

)
, 18.8 < M𝑓 ≤ 30.8%

0, M𝑓 ≥ 30.8%
, (3)

where the fuel moisture content Mf (in units of percent) is



Journal of Advances in Modeling Earth Systems 10.1029/2017MS001245

M𝑓 =
(
97.7 + 4.06RH

)
(T + 6.0)

+ 3000.0
Cr

− 0.00854RH − 30.0 , (4)

W is the fuel load (kg/m2; RH is the surface relative humidity (in units of percent), T is the temperature at
the surface (◦C), and Cr is the degree of curing (in units of percent).

For forest fires,

s𝑓 = 0.024W exp
(
0.0234U + 0.987 ln D − 0.0345RH + 0.0338T − 0.450

)
, (5)

where D is a constant characterizing the dryness of the landscape taken here to be 10. (The expression for D
can be found in Noble et al., 1980).

McArthur derived his spread formula from observations of the speed at which the head of a fire traveled.
Following Clark et al. (1996), the rate of spread of the fire is assumed to depend only on the local environ-
mental and fuel conditions so that McArthur's formula is equally valid for the flanks of the fire as the head.
Therefore, in applying equation (2) to all points on the fire boundary in equation (1), it is appropriate to
take U to be the component of the velocity normal to the fire boundary. In other words, U = n̂ · u, where u
is the horizontal wind velocity and the outward normal unit vector (pointing from the burned area toward
unburned area) of the fire boundary is n̂ = ∇φ∕ |∇φ|. Moreover, when n̂ ·u < 0 (when the outward normal
unit vector opposes the horizontal wind), the speed is taken to be sb = 0.06 m/s (Clark et al., 2003).

In the McArthur spread formula (defined by equations (2)–(5)), u, T, and RH are meant to be measured in the
environment. In the present implementation, u and RH are the grid point values from the finest resolution
nest of the UM. As the subgrid scale fuel burning model described below can produce local temperatures as
high as 400 ◦C, the temperature used in equation (2) is that after averaging over a 2 × 2-km box centered on
the fire line, this average being a representation of the environment modified to some degree by the fire.

The orography used is interpolated from the Shuttle Radar Topography Mission 3 arcsecond data. The sur-
face dead fuel load data are for 2008 and come from the Victorian Department of Environment and Primary
Industry. There are three fuel categories in this data set: the surface load, bark load, and elevated load. Of
the three, the surface load is generally the highest. These different categories of fuel need to be consoli-
dated to make them compatible with the McArthur speed formulas, which are based one category for fuel
for grassland (equation (4)) and one category for forest (equation (5)). The consolidation is done in a very
simple way: the three fuel categories summed together and the resulting total fuel load W . Grassland is then
defined simply as an area in which 90% of fuel is surface fuel.

The fire spread model outlined above is a crude, utilitarian approximation to the physics of fire spread. The
underlying assumption is that the fires on Black Saturday behave similarly to those on which McArthur
constructed his fire spread formula. It is not clear how good this assumption is as those fires observed
by McArthur were by necessity much less intense than those on Black Saturday. Nonetheless, the results
reported later in the paper suggest that the approach is both practical and works reasonably well.

3.3. Subgrid Scale Fuel Burning Model
In the highest resolution simulations presented here the horizontal grid resolution is 144 m, but the prop-
agation speed of the fire is typically 100 m/min. Consequently, the fire may take many tens of time steps to
cross a grid cell. As the distance traveled by the fire boundary in one time step is small compared to dimen-
sion of a grid cell, it is not realistic to ignite all the fuel in a grid cell at once. Moreover, a sudden ignition
of the whole grid cell produces large fast fluctuations in the heat and moisture fluxes. To avoid these fluc-
tuations, a subgrid scale model for the burning fuel is introduced. Although the model for the burning fuel
is analytic and derived from a simple differential equation describing the bulk physics, the final expression
for the burnt fuel is similar to that developed by Albini et al. (1995) and subsequently adapted by Clark et
al. (2004).

The subgrid scale model for the burning fuel comprises two parts. The first part interpolates the level set
function inside each grid cell and calculates the area of each grid cell in which the level set function is
negative. The second part calculates the rate of sensible heating produced and is based on the differential
equation
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dwi𝑗

dt
+

wi𝑗

𝜏
=

wi𝑗,0

A0

dAi𝑗

dt
(6)

for the burning fuel load wij in each grid cell (i, j). Equation (6) takes two physical processes into account.
First, the homogeneous part (left side) describes decay of the fuel with time constant 𝜏. Without the
right-hand side term the equation has a decaying exponential solution. The right-hand side takes into
account the increase of the burning area of the grid cell. A0 = 𝛥x𝛥y is the total area of the grid cell and wij,0
is the initial fuel load before the cell ignites. Aij(t) is the burning area of the cell (the area where level set
function is negative) calculated using the first model. If Aij(t) is known, then equation (6) can be solved ana-
lytically. The fire model calculates current fuel loading wij after each time step assuming that Aij(t) increases
linearly between time steps according to

Ai𝑗(t) = Ai𝑗(t0) +
Ai𝑗(t0 +△t) − Ai𝑗(t0)

△t
(

t − t0
)
, t0 ≤ t ≤ t0 +△t. (7)

Using equation (7), the analytical solution for wij is

wi𝑗(t) = wi𝑗,0e−(t−t0)∕𝜏 +
wi𝑗,0

A0

(Ai𝑗(t0 +△t) − Ai𝑗(t0))
Δt

𝜏

(
1 − e−(t−t0)∕𝜏

)
. (8)

The amount of fuel burned between t0 and t0 + △t is the time integral of the decay term of equation (6)

△wi𝑗 =
1
𝜏 ∫

t0+△t

t0

wi𝑗(t)dt

= wi𝑗,0

(
1 − e−△t∕𝜏

)
(9)

+ wi𝑗,0
(Ai𝑗(t0 +△t) − Ai𝑗(t0))

A0

[
1 − 𝜏

△t

(
1 − e−△t∕𝜏

)]
.

The initial burning fuel load wij,0 in each grid cell is taken to be 0.75 W . The factor 0.75 takes into account
that typically not all combustible fuel is burned by the wildfire. It also slightly reduces the sensible heat flux
and was found to make the UM boundary layer solver stable.

The sensible heat flux hij in each grid cell averaged over the time step is

hi𝑗 = H
△wi𝑗

△t
(10)

the constant H = 1.86 × 107 J/kg is a typical heat of combustion for cellulose. The effect of fuel moisture
on the latent heat of evaporation makes about a 1% difference to the calculation of the sensible heat flux and
is neglected.

The water vapor flux from the burning fuel is

qv,i𝑗 =
[

0.56 +
Mi𝑗

1 − Mi𝑗

] △wi𝑗

△t
≈ 0.56

△wi𝑗

△t
, (11)

where the multiplier 0.56 is the amount of water 1 kg of wood produces when the combustion is complete
and Mij is the fuel moisture fraction. This first term in the square brackets represents the water produced
during combustion, whereas the second term represents the preexisting water evaporated from the fuel.
As the fuel moisture fraction is small, the water vapor flux can be evaluated from the approximate form of
equation (11). Note that the water vapor flux has no effect on the rate of spread, which is determined by
McArthur's empirical spread rate formulas. The water vapor flux changes the atmospheric moisture and
hence the potential to produce cloud.

At each time step the sensible heat and moisture fluxes associated with the fire are added to the surface
fluxes calculated by the UM through its land surface model, the Joint U.K. Land Environment Simulator
(Best et al., 2011).
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Figure 2. MSLP from the UM global model at (a) 00 UTC (1000 LST) 7 February 2009 and (b) 06 UTC (1600 LST) 7 February 2009. (c, d) The corresponding
manual analyses of MSLP from the Australian Bureau of Meteorology. Note: the captions in the bottom left corners of panels (c) and (d) refer to Eastern Daylight
Time (EDT), which is 1 hr ahead of LST. MSLP = mean sea level pressure; UM = Unified Model; UTC = universal time coordinated; LST = local standard time.

4. High-Resolution Simulation of Black Saturday
High-resolution simulations of the weather on Black Saturday using UMv8.5 are described now. Figure 2
shows the mean sea level pressure at 00 UTC and 06 UTC on 7 February 2009. (Local standard time [LST] =
UTC + 10 hr.) The manual analyses from the Australian Bureau of Meteorology and those from the global
model are compared. Like all severe fire weather days in southeastern Australia, the synoptic pattern on
Black Saturday comprises an extratropical cyclone to the south of the continent between anticyclones to the
east and west (Reeder & Smith, 1998). The combination of the extratropical cyclone and the anticyclone to
the east produces low-level northwesterlies over southeastern Australia. As is common with strong sum-
mertime cold fronts in the region, a prefrontal trough develops along the coastal margin in the southeast
of the continent. As the prefrontal trough intensifies, frontogenesis in the trough produces a strong coastal
front well ahead of the synoptic cold front marked on the analysis (Reeder & Smith, 1992). Tropical cyclone
Freddy lies off the northwestern coast of the continent, and another tropical low lies north of New Zealand.
All the features in the mean sea level pressure mentioned above are well simulated by the model although
the central pressure of the simulated extratropical cyclones is slightly too low. At 00 UTC the central pres-
sure of the extratropical cyclone in the model run is below 972 hPa, whereas in the manual analysis it is 976
hPa (Figures 2a and 2c). Likewise, the central pressure at 06 UTC is 972 hPa in the model and 974 hPa in
the analysis (Figures 2b and 2d). A more comprehensive analysis of the meteorology on Black Saturday can
be found in Engel et al. (2013).

The model and observations are now compared at temporal and spatial scales relevant to the behavior of
the wildfires on Black Saturday. Figures 3 and 4 show time series of the pressure, temperature, wind speed,
and wind direction at Coldstream and Wallan. (See Figure 1 for these locations.) The model time series
are taken from Nest 4 (144-m grid spacing), and the observations come from automatic weather stations
(AWS) operated by the Bureau of Meteorology. In both the model and AWS time series, the points are spaced
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Figure 3. Time series of the (a) pressure (hPa), (b) temperature (◦C), (c) wind speed (m/s), and (d) wind direction (◦)
at Coldstream on 7 February 2009. The abscissa is LST = UTC + 10 hr. AWS time series are black. Model time series
from Nest 4 (144-m grid spacing) are magenta. The model time series after shifting by 31 min to the right are blue and
only that part after 1400 LST is plotted. LST = local standard time; UTC = universal time coordinated; AWS =
automatic weather station.

1 min apart. The front arrived at Coldstream at 1647 LST and at Wallan at 1711 LST. To aid the comparison,
the model time series are shifted 31 and 40 min to align the arrival of the simulated front with that of the
observed front, and these shifted time series are also plotted in Figures 3 and 4.

Although we know of no systematic study on the numerical predictability of fronts (anywhere in the world),
the ensemble of simulations of a front crossing southeastern Australia reported by Watson and Lane (2016)
showed a spread of about±3 hr for a 48-hr forecast. (Note that their numerical experiments used WRF rather

Figure 4. Time series of the (a) pressure (hPa), (b) temperature (◦C), (c) wind speed (m/s), and (d) wind direction (◦)
at Wallan in 7 February 2009. The abscissa is LST = UTC + 10 hr. AWS time series are black. Model time series from
Nest 4 (144-m grid spacing) are magenta. The model time series after shifting by 40 min to the right are blue and only
that part after 1400 LST is plotted. LST = local standard time; UTC = universal time coordinated; AWS = automatic
weather station.
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Figure 5. Uncoupled simulation, Kilmore East subdomain of Nest 4 at 1240 local standard time. (a) Horizontal cross
section of the vertical component of velocity at approximately 1.46 km above ground level. Vectors represent the
horizontal wind at approximately 1.39 km. Green contours mark the fire boundaries. (b) Cross section along the solid
black line in panel (a). Cross section is centered on Coldstream. Velocity vectors projected onto the plane of the cross
section (gray vectors) and the vertical velocity (w) (black contours every 0.6 m/s with positive and zero solid and
negative contours dotted). Note that the vectors are scaled differently in each panel. Consequently, the flow in the top 1
km of panel (b) is small compared with the flow out of the cross section.

than the UM.) From this perspective, a phase error of half an hour is excellent and likely to be within the
range of predictability.

In the early hours of the morning, from 0200 LST to about 0800 LST, the observed pressure at both Cold-
stream and Wallan falls slightly (Figures 3a and 4a). Thereafter, the pressure falls more steeply as the coastal
trough and coastal front develop. The pressure rises very sharply at both locations with the arrival of the
front, continuing to rise thereafter; at Coldstream the pressure rises by more than 2 hPa almost instan-
taneously. On the whole, the simulated time series of pressure agrees well with observations, with the
difference between observed and simulated time series never exceeding 1.1 hPa.

At Coldstream prior to about 0720 LST, the wind is a light southerly (means of 1 m/s and 200◦), and the
temperature rises steadily. There is a sudden transition at 0720 LST; this transition is marked by a sharp
increase in temperature of around 3 ◦C, a sudden acceleration in the wind to a mean of around 10 m/s, and a
change in the direction of the wind to northerlies. Presumably, this transition is the signature of the erosion
of the surface inversion and the downward mixing of higher momentum and potentially warmer air to the
surface. The temperature in the early hours of the morning and the sudden transition is not captured well
by the model. Prior to the transition, the temperature is nearly constant and as much as 8 ◦C higher than
that observed. Moreover, rather than a sudden change, the time series of temperature and wind smoothly
converge to the observations by midday. After about midday the observed and model time series are in
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excellent agreement. Specifically, the forecast maximum temperature overlays the observations, and the
wind direction and speed match well.

As the Kilmore East wildfire ignited at 1145 LST, it is the simulation of the conditions in the afternoon
that is most relevant here. With the arrival of the front, the temperature falls by about 15 ◦C in both the
observations and model, although the observed fall is more rapid than that simulated. After a sharp peak
in the wind speed at the time of the frontal passage (almost 20 m/s), the wind turns and becomes southerly
and the speed falls gradually. The simulated postfrontal winds are less westerly than those observed, and
this will be shown to affect the simulated eastward propagation of the fire.

Not all AWS time series show a sudden transition with the erosion of the surface inversion, the time series at
Wallan (Figure 4) being one such example. For the most part, there is reasonably good agreement between
the observed and simulated time series of temperature, the wind speed, and wind direction.

The most important meteorological structures for the behavior and spread of the wildfires on Black Saturday
are the daytime prefrontal well-mixed layer and the intense coastal cold front. Because of their importance
to the fires, the key features of these two meteorological structures are briefly discussed now.

Figure 5 depicts the well-mixed layer at 1240 LST, well before the arrival of the cold front. It shows a hori-
zontal cross section of the vertical component of velocity and the horizontal component of the wind both at
approximately 1.4 km above ground level (AGL). The figure also shows a vertical cross section of the verti-
cal component of velocity and the projection of the velocity vector onto the plane of the cross section. This
vertical cross section is centered on Coldstream and aligned roughly normal to the horizontal wind vectors
at the height of the horizontal cross section. These fields are taken from the Kilmore East subdomain of
Nest 4. The intense daytime heating produces dry horizontal roll convection marked by alternating regions
of ascent and subsidence spanning the depth of the well-mixed layer, which at this time is about 3.5 km.
Although not shown, later in the day the mixed layer reaches a depth of 5 km. These relatively coherent
wind structures affect the behavior of the wildfires. As expected from theory, the horizontal spacing of the
rolls, which is in this case roughly 4 km, is comparable to the depth of the mixed layer. Although the rolls are
short and irregularly spaced, they are mostly aligned with the horizontal wind, which is northwesterly. The
horizontal rolls are also shorter and less coherent than those simulated by Engel et al. (2013). The reason is
twofold: first, the actual horizontal and vertical resolution is higher in the present study (e.g., the horizontal
resolution here is 144 m, whereas in Engel et al., 2013, it is 444 m), and second, the effective resolution is
also higher because of the changes made to the dynamical core in UMv8.5 (Walters et al., 2014).

Figure 6 illustrates the state of the atmosphere at 1612 LST, which is close to the time of the passage of
the coastal cold front. The figure comprises a horizontal cross section of the potential temperature and the
horizontal component of the wind at approximately 40 m AGL. Also shown are two vertical cross sections
of the potential temperature, the vertical component of the velocity, and the horizontal velocity projected
in the plane of the cross section. The first cross section (Figure 6b) is aligned along the northwesterly flow,
intersecting the cold front obliquely. The second cross section (Figure 6c) is normal to the low-level cold
front (and hence almost perpendicular to the first cross section).

The cold front depicted in Figure 6 has the character of a shallow gravity current; it is a layer of cold air
no deeper than 2 km that fills that lowest part of the well-mixed layer. Horizontal vortices, presumably due
to Kelvin-Helmholtz instabilities, sit near the leading edge of the cold front at the top of the cold air. The
leading edge of the cold front is marked by a band of ascent, while behind the cold front weaker horizontal
roll vortices are again aligned with the low-level wind, which is now southerly.

5. Fire Simulations
As a first step, the atmosphere and the fire are coupled in one direction only. Nest 4 simply provides
high-resolution predictions of the winds, temperature, and humidity for the fire spread model, and there
is no feedback of heat, moisture, or momentum to the atmosphere from the fire. In other words, the local
weather are allowed to affect the fire but the fire is not be allowed to affect the local weather. The 10-m wind,
surface temperature, and surface relative humidity calculated by the Joint U.K. Land Environment Simula-
tor are used in the McArthur front speed function to drive the fire boundary level set differential equation
(equation (1)). Following the uncoupled simulation, feedbacks of heat, moisture, or momentum to the atmo-
sphere from the fire are allowed. Both the uncoupled and coupled simulations are done online, using data
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Figure 6. Uncoupled simulation, Kilmore East subdomain of Nest 4 at 1612 local standard time. (a) Horizontal cross
section of the potential temperature at approximately 45 m above ground level (colored shading). Vectors represent the
horizontal wind at approximately 33 m above ground level. Green contours mark the fire boundaries. (b) Cross section
along the solid black line in panel (a). Cross section is centered on Coldstream. Potential temperature (colored shading)
and the vertical component of velocity (black contours every 1.5 m/s with positive and zero solid and negative contours
dotted). Vectors represent the velocity projected in the plane of the cross section. Left lies to the northwest and right to
the southeast. (c) Same as (b) except along the dotted line in (a), that is, perpendicular to the cross section in (b). Left
lies to the northeast and right to the southwest.

from every atmospheric model time step, and in both simulations the fire model is run on the Kilmore East
subdomain, which is a region within Nest 4 of the atmospheric model (Figure 1).

5.1. Ignition
Embers and other burning material can be ejected from the fire front or from the convective plume,
and at times, transported far downwind, potentially igniting new fires; this process is known as spotting.
Long-range spotting is a problem of special significance in Australia as some eucalypts when burnt (e.g.,
stringy bark and candle bark) produce especially large quantities of embers. However, the fire model does
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Table 2
The Geographical Locations and Times of the Initial Ignition (#1) and the
Ignitions of All Subsequent Fire Spots in the Simulations

No. Latitude Longitude Ignition time (LST)
1 −37.282225 145.00957 1015
2 −37.318503 145.016256 1100
3 −37.339524 145.029474 1145
4 −37.350851 145.031191 1200
5 −37.354603 145.042692 1215
6 −37.410528 145.084076 1245
7 −37.485756 145.183532 1330
8 −37.482487 145.227478 1330
9 −37.517351 145.235717 1630

10 −37.546211 145.26049 1630
11 −37.634542 145.348086 1645
12 −37.614542 145.367721 1645
13 −37.693798 145.410181 1645
14 −37.292901 145.114803 1745
15 −37.605263 145.456798 1745
16 −37.636978 145.457516 1745
17 −37.651970 145.48492 1745
18 −37.533401 145.418977 1815
19 −37.572590 145.443108 1815

Note. As the simulated front arrives too early, the times are adjusted so that
the fires are ignited at approximately the correct position relative to the front.
LST = local standard time.

not yet have an explicit long-range spotting model and long-range spotting played a major role in the spread
of the Kilmore East fire. For this reason, the 19 major spots observed are included in the simulation as pre-
scribed ignitions (see Table 2). The location and timing of these additional ignitions come from Cruz et al.
(2012). The typical spatial uncertainty of the spot locations is of the order of ±0.5 km. The timing of the
spots is also slightly uncertain, a typical timing error being estimated as ±15 min. Also, some of the spots
represent multiple closely spaced observed spots.

Although the UM forecast of the arrival of the front falls within the likely bounds of predictability, the
arrival of the front is approximately half an hour too early. In order to separate the errors associated with
the UM from errors associated with the fire model, the fires are ignited at approximately the correct position
relative to the front (see Table 2). Adjusting the times of the ignitions is not necessary to achieve agreement
between the observations and model. Rather, the motivation is to make clearer which parts of the coupled
atmosphere-fire model contribute to the eventual errors in the fire perimeter.

In all fire simulations the fire front level set function is initialized as a globally constant positive function
and the initial ignition point and later spots are created by modifying the initial level set function with a
signed distance function centered around each spot coordinates according to

φnew(x, 𝑦, t +△t) = min
(
φold(x, 𝑦, t),

(√
(x − xspot)2 + (𝑦 − 𝑦spot)2 − r

))
, (12)

where r is the radius of the spot, taken here to be one grid spacing. The signed distance function is
constructed such that inside the radius r the level set function is negative and indicates a burning area.

5.2. Uncoupled Fire Simulation
The first three panels of Figure 7 show the potential temperature at 5 m AGL, the wind vectors at 13 m AGL,
and the location of the fire boundary at 1630, 1700, and 1730 LST. The earlier evolution of the uncoupled
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Figure 7. Uncoupled simulation. (a) 1630 local standard time (LST), (b) 1700 LST, and (c) 1730 LST. Fire boundary
(green contour), potential temperature at 5 m above ground level (colored shading), and wind vectors at 13 m above
ground level. Note the nonlinear color scale for the potential temperature. (d) Final observed fire boundary (black),
final simulated fire boundary taken to be 0730 LST 8 February 2009 (purple), and simulated fire boundary just before
the frontal change (blue). Orography contours (gray shading every 100 m).

fire is also shown in Figures 5 and 6. The front is marked by a steep gradient in the potential temperature
and sharp shift in the wind from northwesterlies to south or southwesterlies. Prior to the arrival of the front,
the fires propagate toward the southeast in the direction of the northwesterlies so that at 1630 LST there are
three separate fires lined from northwest to southeast. At this time the northwestern part of the fire line lies
in northwesterlies ahead of the approaching cold front, whereas the southeastern end of the fire line lies in
postfrontal southwesterlies. By 1700 LST the fires have merged into two large fires. The front now lies to the
north of the fires, and consequently, the fires are in southerlies. Half an hour later, relatively cold air has
been advected across the domain, and the fires have almost merged into a single complex, which expands
to the north slowly.

Figure 7d shows simulated fire boundary just prior to the passage of the cold front, the final simulated fire
boundary, and the final observed fire boundary (Cruz et al., 2012). The final simulated fire boundary is
taken to be the boundary at 0730 LST 8 February 2009, at which time the fire boundary is essentially stalled.
The uncoupled simulation underpredicts the southeastward extent of the fire prior to the passage of the
front and fails to reproduce the northeastward expansion of the fire following the passage of the front. The
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Figure 8. Coupled simulation. (a) 1630 local standard time (LST), (b) 1700 LST, and (c) 1730 LST. Fire boundary (green
contour), potential temperature at 5 m above ground level (colored shading), and wind vectors at 13 m above ground
level. Note the nonlinear color scale for the potential temperature. (d) Final observed fire boundary (black), final
simulated fire boundary taken to be 0730 LST 8 February 2009 (purple), and simulated fire boundary just before the
frontal change (blue). Orography contours (gray shading every 100 m).

area burnt in the uncoupled simulation is 42% of the actual area burnt. That coupling increases the rate of
spread through the induced circulation that has been found in many studies dating back to the first coupled
atmosphere-fire simulations of Clark et al. (1996).

5.3. Coupled Fire Simulation
The setup for the coupled simulation is identical to the uncoupled simulation with one important exception:
the heating and moistening by the fire is now allowed to affect the atmosphere. Figure 8 is the equivalent
of Figure 7 for the coupled simulation. As in the uncoupled simulation, the fires spread toward the south-
east in the northwesterly prefrontal winds (Figure 8a), before changing direction and spreading toward the
north after the arrival of the front (Figures 8b and 8c). In contrast to the uncoupled simulation, the fire runs
northward along the two ridges in the center of the domain. Moreover, the final simulated fire boundary
compares favorably with the observed fire boundary (Figure 8d), the main discrepancy being that the sim-
ulated fire does not extend far enough to the east. Although it is difficult to disentangle, the reason for this
appears to be that the simulated post frontal winds are not westerly enough (Figures 3 and 4). The area
burnt in the coupled simulation is 80% of the actual area burnt.
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Figure 9. Uncoupled simulation at 1630 local standard time. Cross section
along the (a) solid and (b) dashed white lines, respectively, in Figure 7a.
Specific humidity (colored shading), potential temperature (thin black
contours every 5 K), the sum of the cloud liquid water, and ice mixing ratios
(thick black line marking 0.1 g/kg). Vectors represent the velocity projected
in the plane of the cross section. Note the change in scale for the vectors in
each panel. In panel (a) left lies to the northwest and right to the southeast.
In panel (b) left lies to the northeast and right to the southwest.

The heating in the coupled simulation is greatest along the leading edge
of the fire boundary, the maximum temperature reaching 593 K. As dis-
cussed earlier in section 2, the model remains computationally stable
despite extremely high surface temperatures because of two important
parameter choices: first, the Smagoringsky constant is increased to 0.5
and second, the time step is reduced to 1 s. The reason for such high tem-
peratures is that the fire model determines the surface sensible heat flux
and the atmospheric model redistributes the heated air explicitly through
dry mixing. Moreover, the rapid mixing means that the temperature
decreases very rapidly with height.

The fire spread rate is higher than in the coupled simulation because
the heating very substantially increases the surface temperature locally,
driving stronger winds in the neighborhood of the fire boundary. These
effects are especially pronounced after the passage of the cold front as
the southerlies drive the fire northward, the spread rate in the simulation
being particularly high in the elevated areas in the first 2 hr following the
passage of the front (1700 LST onward). The reason for the high rate of
spread is that the fuel loading is very high in the area (up to 3.5 kg/m2 (35
tonnes/ha), which is the highest in the Kilmore East region).

5.4. Buoyant Plumes and Clouds
Figure 9 shows vertical cross sections of the specific humidity, potential
temperature, and the vertical and the horizontal components of veloc-
ity projected in two nearly orthogonal planes of cross section for the
uncoupled simulation at 1630 LST. The locations of the cross sections are
marked in Figure 7a. The first cross section lies along the hot northwest-
erly airstream, whereas the second cross section slices through the cold
front. The cold front appears as a shallow layer of cold air in Figure 9. The
cold air is shallow and relatively moist with specific humidities exceeding
8 g/kg. The wind in the cold air is southwesterly (Figure 7a), and hence,
the cold air moves predominantly into the plane of the cross section in
Figure 9b. Outside this shallow layer of cold air, the wind is northwest-
erly and lies in the plane of the cross section in Figure 9a. Also shown in
the cross sections is the 0.1-g/kg contour of the liquid water and ice mix-
ing ratio, which is taken as the marker of cloud. (The liquid water mixing
ratio is the ratio of the mass of liquid water to the mass of dry air in a given

volume of air. Likewise, the ice mixing ratio is the ratio of the mass of frozen water to the mass of dry air.)
In both sections there is cloud near the top of the mixing layer in regions of ascent near the leading edges of
the cold air.

Figure 10 shows the equivalent vertical cross section for the coupled simulations, the locations of which
are marked in Figure 8a. The cross section lying along the northwesterly flow (Figure 10a) intersects the
fire boundary twice (Figure 8a): once in the prefrontal northwesterlies and again near the leading edge of
the front. At both intersections the fire produces a strongly rising buoyant plume. Moister air from within
the cold air is advected upward and to the southeast in the plumes, forming a relatively deep and extensive
layer of cloud above the mixed layer. Below a height of about 2 km the wind becomes southerly after the
passage of the cold front, whereas at higher levels the wind remains northwesterly. Consequently, the main
fire plume is advected toward the southeast even after the cold front has passed the burning area and the
direction of the fire has changed. Presumably most firebrands created after the wind change would therefore
be transported toward southeast even during the latter stages of the fire. In the cross section normal to the
front (Figure 10b) there is a strong relative flow in the cold air feeding the buoyant plume and cloud at the
leading edge of the front. Note that satellite imagery shown in Engel et al. (2013) identified cloud associated
with the boundary layer rolls and the front.

TOIVANEN ET AL. 225



Journal of Advances in Modeling Earth Systems 10.1029/2017MS001245

Figure 10. Coupled simulation at 1630 local standard time. Cross section along the (a) solid and (b) dashed white lines,
respectively, in Figure 8a. Specific humidity (colored shading), potential temperature (thin black contours every 5 K),
the sum of cloud liquid water, and ice mixing ratios (thick black line marking 0.1 g/kg). Vectors represent the velocity
projected in the plane of the cross section. Note the change in scale for the vectors in each panel. In panel (a) left lies to
the northwest and right to the southeast. In panel (b) left lies to the northeast and right to the southwest.

5.5. Sensitivity of the Simulations to Grid Spacing
In the uncoupled and coupled simulations described above both the fire model and the atmospheric model
have a grid spacing of 144 m (Nest 4). For later reference, Figures 11a and 11b show isochrones of the fire
boundary for uncoupled and coupled simulations with this configuration. The sensitivity of the simulations
to changes in the grid spacing of both the fire model and atmospheric model is discussed now. In the first set
of additional simulations, the grid spacing is 444-m grid (Nest 3). These simulations are plotted in Figures 11c
and 11d. Although the grid spacing is more than 3 times greater, the fire spread in both the uncoupled and
coupled cases is much the same as that using Nest 4 for the atmosphere (see Figures 7 and 8). Similarly,
Figures 11e and 11f) show isochrones of the fire boundary for uncoupled and coupled simulations with a
grid spacing of 1.5 km (Nest 2). Although the details of the fire spread are lost as the horizontal resolution
of the atmospheric and fire model becomes coarser, the essential shape of the fires remains preserved with
one exception: the fire boundary does not extend along the narrow ridge in the center of the domain. On the
other hand, the coarsest resolution coupled simulation (Figure 11f) is still better than the finest resolution
uncoupled simulation (Figure 11a). On balance, a grid spacing of 1.5 km may be able to simulate the main
features of the fire behavior sufficiently well to provide a useful forecast.

As the grid spacing of the atmospheric model and the fire model need not be the same, the effect of a fire
model with up to one third of the grid spacing of the atmospheric has been explored in a series of prelim-
inary simulations (not shown). The conclusions from these simulations are that increasing the fire model
grid spacing increases the spatial variability of the fire boundary, but does not substantially change the sim-
ulation, and that in all cases the fire boundary simulated in coupled model shows much better agreement
with the observations than that in the uncoupled simulation.
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Figure 11. Top row: The atmospheric model horizontal grid spacing and the fire model grid spacing are 144 m (Nest 4).
(a) Uncoupled simulation and (b) coupled simulation. Middle row: The atmospheric model horizontal grid spacing and
the fire model grid spacing are 444 m (Nest 3). (c) Uncoupled simulation and (d) coupled simulation. Bottom row: The
atmospheric model horizontal grid spacing and the fire model grid spacing are (Nest 2) 1.5 km. (e) Uncoupled
simulation and (f) coupled simulation. The isochrones of the fire boundary begin at 1000 local standard time and
continue to midnight local standard time in intervals of 2 hr. Blue isochrones are before the passage of the front and
purple isochrones after it. Shuttle Radar Topography Mission topography at the grid spacing of the fire model (shaded
gray every 100 m).
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In advancing the coupled atmosphere-fire model one time step, the fire model is computationally negligible
no matter what the grid spacing compared to that of the atmospheric model, and consequently, it is the grid
spacing of the atmospheric model that determines the computational expense of one time step. Nonetheless,
coupling is computationally very expensive in the UM as the extreme heating and resultant strong gradients
produced by the fire necessitate a time step of 1 s for Nest 4 for numerical stability, which is about a factor
of 5 shorter than that needed without coupling. Further development of the model, and how the heating is
distributed, may improve this efficiency.

6. Discussion and Conclusions
In the work reported here, the U.K. Met Office UM is coupled to the McArthur empirical fire spread model
(McArthur, 1966) as follows. The empirical fire spread model is used to define the local rate of spread of the
fire. In calculating the rate of spread, the local model winds are used and the movement of the fire boundary
is handled by a level set advection scheme. There is a subgrid scale model for the burning that describes
how the fire consumes fuel in time, with the sensible and latent heat fluxes from the subgrid scale burning
model entering the calculation through the land surface scheme. This near-surface heating and moistening
is allowed to feedback on the atmosphere to produce fire-induced circulations, which, in turn, are permitted
to modify the fire propagation. Although much of the work reported here is based on simulations of the
atmosphere and fire with horizontal grid spacings of 144 m, experiments with coarser grids suggest that,
although the details of the fire spread are lost, a grid spacing of 1.5 km may be sufficient to simulate the
main features of the fire spread.

The coupled model is used to simulate the rate of spread of the Kilmore East wildfire. There is a fair degree
of agreement between the simulation and the observed fire behavior. However, such agreement is achieved
only by coupling the fire to the atmosphere and, importantly, by igniting 18 additional fires at the times and
places long-range spots were observed to produce new fires. Although the UM forecast of the arrival of the
front falls within the likely bounds of predictability, the arrival of the front is approximately half an hour too
early. To separate the errors associated with the UM from errors associated with the fire model, the fires are
ignited at approximately the correct position relative to the front. Adjusting the times of the ignitions is not
necessary to achieve agreement between the observations and model. Instead, the idea is to disentangle to
some degree the errors attributable to the weather forecast from those attributable to the fire model.

These additional spot fires merged to produce the Kilmore East fire complex, resulting in an area burnt
which is 80% of the actual area burnt. Without these additional ignitions, the original fire traveled about
half as far as it should. Likewise, without coupling the burnt area was about half of that observed. The
main discrepancy between the observed and simulated fire is that it does not travel far enough to the east.
Although it is difficult to disentangle the meteorology from the fire model, the reason for this discrepancy
appears to be meteorological as the simulated postfrontal winds are not westerly enough.

The ultimate goal of this research is to improve predictions of high fire danger days and local-scale enhance-
ments to extreme fire weather (especially associated with summertime cold fronts). The UM appears to
resolve the important meteorological processes or, at the very least, signatures of these processes. Nonethe-
less, the small-scale nature of these processes (associated with frontal boundaries, boundary layer rolls, and
turbulence among other phenomena) means that when attempting to predict these processes in a numer-
ical model, small variations in background conditions or model representations of the physics can lead to
relatively significant changes in the predicted final state. For example, the timing of the simulated front
is in error by about half an hour (in a 48-hr forecast), and the postfrontal winds do not push the fire far
enough to the east. However, crucial fire processes such as the initial ignition and long-range spotting,
shown here to be essential to accurate simulation of the Kilmore East wildfire, are inherently stochastic.
Consequently, the timing and location of these ignitions are essentially unknowable, and single determin-
istic predictions are unlikely to be of value. Instead, it appears likely that an ensemble approach will be a
key component of the future forecasting of fire weather and fire behavior because it provides probabilistic
guidance for decision makers. For these reasons, the development of a long-range spotting parameterization
and its incorporation into the UM coupled atmosphere-fire model are current area of research and develop-
ment, as are investigations into the sensitivity of the simulations to stochastic changes in the background
state and physics.

Another weakness of the UM coupled atmosphere-fire model is that the rate of spread of the fire is specified
by an empirical formula due to McArthur (1966). Although different in detail, the approach taken to mod-
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eling the bushfire is similar to Clark et al. (2003), Clark et al. (2003), Coen (2005), and Coen et al. (2013).
Studies such as these have shown that the resulting simulations reproduce many of the characteristics of
observed fires including systematic parabolic protrusions that result from the interaction of the fire-induced
convection with the winds at the fire boundary. That the Kilmore East fire is simulated so well with such a
simple representation of the fire physics points to the central importance of the meteorology in controlling
the behavior. Nonetheless, an improved rate of spread formula based on the combustion physics is highly
preferable as empirical formula such as McArthur's are simply regression formulas fitted to a relatively
small number of observations of controlled fires, and consequently, the form of these empirical formulas in
extreme conditions is not known. Thus, the development and incorporation of a physically based fire spread
model are another area of current research and development.

In summary, the simulations reported here have demonstrated the value of coupling a relatively simple fire
model to a sophisticated numerical prediction model, the U.K. Met Office UM. As shown here, coupled
atmosphere-fire modeling offers the prospect of significantly improved predictions of wildfires. Compu-
tational expense has been a long-standing criticism of the potential utility of coupled atmosphere-fire
modeling for operational fire predictions, especially if the goal is large eddy scale simulations with horizon-
tal grid spacing of order 100 m. The results reported here have demonstrated that coupled model simulations
with resolutions similar to current operational models (around 1–2 km) can perform similarly to simula-
tions with large eddy-resolving resolutions, although the coupled model simulations are still more costly
because of the shorter time steps required to model the fire. Notwithstanding the additional development
required to incorporate realistic fuel maps and ignitions, in terms of computational power, operational
coupled atmosphere-fire predictions may soon be more practical.
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