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Abstract

Predicting where and how a fire will burn is critical information for mitigating the
impacts of bushfires and minimising risk at fuel reduction burns. Firefighter entrap-
ments and fatalities occur mostly at fires that display rapid changes or fluctuations
in fire activity. In this thesis, I explore several of the factors that lead to rapid
changes in fire behaviour. Understanding these factors is necessary in order to pro-
duce accurate fire predictions, which are critical for fire-fighter safety and effective
operations.

Weather is a primary driver of fire activity; consequently, meteorological infor-
mation is a key input for anticipating fire behaviour. At present, weather forecasts
focus on near-surface conditions; but fires and the atmosphere are three dimen-
sional, and dynamical interactions occur that can have a dramatic influence on fire
behaviour. However, these fire-atmosphere interactions are poorly understood due
to their complex nature and the difficulty of collecting observational data from a
bushfire.

In order to further understanding of dynamical interactions between a fire and the
surrounding atmosphere, we have simulated three Australian fires where unexpected
fire activity occurred, using the coupled fire-atmosphere model WRF and SFIRE.
The coupled simulations have been run in feedback on and feedback off mode in
order to assess the impact that the fires have on their surrounding atmosphere. The
results show significant changes to the mesoscale atmospheric structure as result of
the energy released by the fire.

Computational fire behaviour models are being used by fire managers in real
time and this use will grow in the future. The question is, given we know that
fires affect the surrounding atmospheric flow; what weather inputs should the fire
models of the future use? The Australian fire science community is currently pre-
sented with the opportunity and the challenge to design, develop, and implement
fire behaviour simulation models that contain appropriate and comprehensive me-
teorological inputs. The results presented in this thesis are thought provoking for
the current approach to fire weather forecasts and for the use and development of
computational fire simulations in the future.
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Thesis Structure

This thesis has been prepared as a series of publications. Each of chapters two to
five are presented as a separate work, with self contained literature reviews, figures
and references.

The research was conducted in two stages, and this is reflected in the composi-
tion of the chapters. The initial stage involved meteorological case studies of three
events where unexpected fire behaviour was observed. Subsequently, the events were
simulated with WRF and SFIRE.

The Technical Report on the Kangaroo Island fires contains detail of the D’Estrees
and Rocky River fires and is included as Appendix B. Chapters two and three are
the WRF and SFIRE simulations of D’Estrees and Rocky River respectively. The
Layman meteorological case study is chapter four, preceding the Layman simula-
tions at chapter five. The WRF and SFIRE chapters are presented in the order in
which the simulations were done.

The notation WRF and SFIRE (as opposed to WRF-fire) is used in accordance
with the stated preference of the developers.

Thank you for taking the time to read this work.
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Chapter 1

Introduction
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Figure 1: Pyroconvection over the Grampians fire, Western Victoria, February 2013.
Photo taken by Margot Desira.

Bushfires are part of the Australian landscape and they can have a devastat-
ing impact on the community and environment. All Australians know that hot,
dry and windy days are synonymous with fire danger. Throughout the fire season,
(nominally November to April in southern Australia), fire danger is assessed and
monitored routinely by the Bureau of Meteorology and state-based fire and land
management agencies. The meteorological ingredients used for fire prediction are
temperature, relative humidity and wind speed at the surface. However, these pro-
vide an incomplete picture of meteorological processes that impact fires. The pho-
tograph (Fig. 1) of a pyrocumulonimbus cloud towering over a fire in the Grampians
illustrates that development of fire in the atmosphere is a three dimensional pro-
cess; and that interactions between the fire and atmosphere can have a dramatic
impact on fire behaviour. The question is, how do the three dimensional structure
of the atmosphere and interactions between a fire and the atmosphere influence fire
behaviour? Although it has long been recognised that the vertical structure of the
atmosphere affects the way a fire evolves, the dynamical processes remain poorly
understood and this research aims to better understand those dynamics.
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The approach taken in this study had two main phases. Firstly, meteorological
case studies of three fires were written. Each described unexpected or unusual fire
activity, given the prevailing environmental conditions. In the case studies, hypothe-
ses were developed that attributed the unusual fire activity to interactions between
the fire and surrounding atmosphere. The second phase of the study was running a
series of simulations with a numerical model that couples fire and atmospheric pro-
cesses. The simulations were used to test the hypotheses from the case studies and
examine how the energy released by the fire caused modification of the mesoscale
atmosphere, and how the feedback consequently impacted the fire evolution.

This research is largely motivated by a series of devastating fires in recent years
that have impacted the Australian landscape and community. In part, these may
be attributed to the extended Millennium Drought of the early 2000s. A selection
of some of these fires is given below:

• Black Christmas, Sydney, 2001. Over 100 fires fanned by strong westerly
winds burnt across New South Wales. The smoke plume produced extensive
pollution over Sydney; 750,000 ha burnt and 121 homes lost.

• Alpine fires, Victoria, 2003. 41 houses lost, over 9,000 livestock killed and
1,200,000 ha burnt. Mills (2005) describes the meteorology of the event, with
an emphasis on mid and upper-level dynamics.

• Canberra, 2003. Fires burnt into the suburbs. 488 houses were lost, four
fatalities and over 490 injured. Fromm et al. (2006) and McRae et al. (2013)
describe the extreme intensity of the fires as they moved across Canberra,
including development of a pyro-tornado.

• Wangary/Eyre Peninsula, South Australia, 2005. 93 houses lost, 50 other
buildings and 100 vehicles, over 40,0000 livestock killed and nine fatalities.
145,000 ha of farm and scrubland and all fencing in the fire area was burnt. Bu-
reau of Meteorology (2005) and Mills (2008) contain descriptions of the mete-
orology of the event.

• Great Divide Fires, Eastern Victoria, 2006/2007. Bushfires burnt for 69 days,
the longest running bush fires in the state’s history. 1.3 million ha burnt,
mostly public land.

• Boorabin, Western Australa, 2007. Three fatalities when truck drivers were
trapped in fire on the Great Eastern Highway. 7,500 ha of National Park and
unallocated crown land was burnt (Bureau of Meteorology 2008).

• Black Saturday, Victoria, 2009. 173 fatalities, 2,056 houses lost and 239,637
ha burnt. Numerous studies and reports have been written. Engel et al. (2013)
and Fawcett et al. (2013) focus on high resolution meteorological studies.

• Perth Hills, Western Australia, 2011. 71 homes destroyed and another 39
damaged (Keelty 2011).
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• Margaret River/Ellenbrook, Western Australia, 2011. In an escaped pre-
scribed burn, 3,400ha burnt and 39 homes were destroyed, including the his-
toric Wallcliffe House. Hundreds of residents were evacuated to the safety of
nearby beaches (Kepert et al. 2013, Keelty 2012).

• Kimberley, Western Australia, 2011. Several fires were burning, one burnt
across the route of an ultra-marathon. Two female runners were trapped,
suffering extensive burns and critical injuries.

• Hobart Fires, Tasmania, 2013. Numerous fires burnt across Tasmania in the
state’s worst recorded fire conditions. More than 200 properties destroyed,
one fatality and over 20,000 hectares burnt. Communities were evacuated at
short notice. A seaborne rescue operation evacuated over 2,000 people (Hyde
2013).

• Sydney/NSW, 2013. 250 houses and other structures destroyed and two fatal-
ities. NSW declared in a State of Emergency.

• Grampians fires, Victoria and Eden Valley/Bangor, South Australia, 2014.
Numerous fires in the culmination of extended heat wave across southeastern
Australia. 32 houses lost in western Victoria. 15 houses lost in South Australia.

• Perth Hills, Western Australia, 2014. 52 houses lost and one fatality.

The social, economic and environmental impacts of these events are considerable.
Loss of life, houses, properties, stock, fencing and shedding from the events listed
above runs to the billions of dollars. Personal and emotional loss as a consequence
of fatalities and loss of personal possessions is immeasurable. The environmental
impacts of large, extremely hot bush fires include loss of native fauna, and vegetation
regeneration after complete combustion can lead to permanent changes in species
composition.

Assessing and responding to fire risk during the summer months is integral to
mitigation of the impacts of fire in the Australian landscape. The fire risk assessment
can be separated into two components; firstly, the difficulty of fire suppression at a
location or across a district on each day of the fire season; and secondly, predicting
how and where a fire will spread once ignited. The key variables used in these risk
assessments are the conditions of fuel and weather. Fuel is assessed by fire and land
management agencies using a range of tools, depending on the dominant local and
regional vegetation type(s). The Bureau of Meteorology is the primary provider of
weather information in Australia, and throughout the fire season fire agencies and
land management agencies across Australia receive critical fire weather forecasts
from the Bureau of Meteorology. The main elements of the fire weather forecast
service are Fire Danger Ratings (FDR) and Spot Fire Forecasts (spot forecasts), as
well as detailed verbal briefings. FDR are calculated daily during the fire season on
a district basis and provide an assessment of how difficult a fire will be to suppress
on a given day. Spot forecasts are prepared on request for going bush fires and
fuel reduction burns. The input weather elements are the same for both, with
a strong emphasis on precise detail of wind speed at 10m, as well as near-surface
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temperature and relative humidity. The weather forecasts are applied in conjunction
with information on fuel moisture, fuel type and fuel loading to determine the daily
FDR. At going fires, the weather forecasts are used in conjunction with a range
of predictive information on expected fire response to the local fuel conditions and
topography.

The underlying models for many Australian applications are the McArthur fire
danger meters for grassland and eucalypt forests (McArthur (1966) and McArthur
(1968)). The McArthur models underpin the weather forecasts of temperature,
relative humidity and wind speed provided by the Bureau of Meteorology. The
meteorological inputs are used to calculate Forest Fire Danger Index (FFDI) and
Grassland Fire Danger Index (GFDI) estimates based on value ranges. These esti-
mates, combined with information on local fuel loads and topography, can be used
to predict the fire behaviour parameters; rate of spread of the head fire (ROS) and
flame height, and in the case of forests, also the spotting distance.

McArthur’s original work in fire prediction was conducted in the 1950’s and
1960’s and was motivated by a requirement for foresters to use fire as a management
tool. Half a century on, the McArthur system is now used outside its original
purpose and scientific bounds. Major bushfire events in recent years have elicited the
extrapolation of FDR beyond the original scientific bounds of McArthur’s research
to forewarn of “Catastrophic” bushfire conditions. Although the McArthur system
has recognised limitations, it continues to be in widespread use because it is well
understood, has simple inputs and a consistent history.

The devastating fire events of the past 10-15 years have re-ignited momentum
for fire research in Australia. Much of the research has been conducted under the
auspices of the Bushfire CRC. A similar impetus has occurred in fire-prone regions
of the American and European continents, motivated by a prevalence of extremely
large fires that cannot be contained with available fire-fighting resources. Such large
fires are often termed “mega-fires” (eg. Williams 2013). The research themes used
to investigate fire weather processes can be loosely categorised as meteorological
case studies, investigation into dynamic fire events, and the use of coupled fire-
atmosphere simulations.

In recent fire-meteorology research, numerous case studies have examined the
three dimensional structure of the atmosphere impacting fire grounds. Notable ex-
amples include Mills (2005), Charney & Keyser (2010) and Zimet et al. (2007). Potter
(2012a) and Potter (2012b) provide a comprehensive review of the current state of
the science of atmosphere and fire behaviour. Case studies of events examining the
results of a meteorological model run at very high resolution over fires (uncoupled)
include Fawcett et al. (2013), Engel et al. (2013) and Kepert et al. (2013). These
case studies have identified meteorological features such as bores and boundary layer
rolls; features that have the potential to impact fire behaviour. Several other rel-
evant studies are referenced in context in the following thesis chapters. The body
of work above describes how the atmospheric mesoscale structure can be linked to
unexpected fire behaviour. The work presented in this thesis takes the next step of
examining dynamical feedback between a fire and the surrounding atmosphere.

The second area of current research; dynamic fire events, can be described as
fires where the fire activity transitions from steady-state propagation (which is the
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usual expectation) to dynamic. In dynamic events, rapid changes in aspects of
fire behaviour are observed to occur. These include anomalous direction and speed
of propagation, extended depth of the flaming zone and rapid growth in plume
height and flame height. Dynamic fire spread is a priority research area because
these events pose a high risk to firefighters due to their inherent high intensity
and unpredictability. Lateral fire spread, or fire spread in a direction anomalous to
the background winds, has been described by Sharples et al. (2013). The dynamic
activity of the Canberra 2013 fires features in several studies; McRae et al. (2013)
describe the development of a pyro-tornado and Fromm et al. (2006) describe the
development of the pyro-convective storm and resultant injection of aerosols into
the stratosphere. Coen (2011) describes the dynamic processes that lead to the
development of phenomena such as firewhirls and ‘fingers of flame’. Dynamic events
have also been described using a mathematical approach, for example Dold (2011)
gives an expression for fire spread near the attached and separated flow transition
and surge and stall behaviour.

A third research area is development of fire simulation models. Fire simula-
tion models are useful for two main purposes. The first is prediction of likely fire
activity for a going or planned fire, and the models are used in this way by fire
and land management agencies in real time operations for planning, risk manage-
ment and mitigation purposes. The second purpose is research, as fire models can
further understanding of the underlying processes that occur at a fire. Fires are
a challenging simulation problem because the processes are multi-scale and multi-
disciplinary. The scales from mirco-scale processes at the level of individual flames,
leaves and combustion chemistry to synoptic scale meteorology (1000’s of km). The
scientific fields involved in fire prediction encompass forestry, combustion science,
meteorology, applied mathematics and statistics and fire behaviour. As detailed
observational data is difficult to obtain from a bushfire, simulation models provide
an avenue for in-depth research.

Sullivan (2009, a,b,c) describes a range of fire simulation models and he cate-
gorises them as (1) physical and quasi-physical, (2) empirical and quasi-empirical
and (3) mathematical analogue models. The distinction made by Sullivan between
the three model types is that physical and quasi-physical models are based on the
chemistry and physics of the combustion process; empirical and quasi-empirical mod-
els contain empirical relations based on statistical analysis of experimental fires; and
mathematical or analogue models describe fire spread using a mathematical descrip-
tion that does not contain any underlying physical or empirical framework.

The main fire simulators currently in use in Australia are Phoenix (Tolhurst et al.
2008), developed by Melbourne University; the Aurora Australis model, developed at
the University of Western Australia; and the Canadian model Prometheus (Tymstra
et al. 2010). Both Phoenix and Aurora-Australis have been developed as projects
under the auspices of the Bushfire Co-operative Research Centre (Bushfire CRC).
The BehavePlus (Andrews 2007) and Farsite (Finney 2004) modelling systems are
used extensively in operations in the USA.

The models in operational use in Australia (Phoenix, Aurora and Prometheus)
all lie in Sullivan’s empirical or quasi-empirical category. They are computer based
simulation models and are described as empirical or quasi-empirical as the underly-
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ing equations describing fire spread have been empirically derived by fitting a curve
to data from a series of experimental fires in particular fuels and weather conditions.
The models above may be summarised as giving rate of spread (ROS) of the head-
fire calculated as a function of fire danger using the relationship between weather
conditions (primarily wind speed), slope (topography) and fuel conditions.

The operational computer based simulation models apply a derivation of the
one-dimensional empirical equations by implementing mathematical algorithms to
describe fire perimeter growth across a two-dimensional landscape. The fire models
are implemented into a computational framework to enable very rapid calculation
of fire spread and the output produced is typically a two-dimensional map of fire
perimeter at a set time interval. The models primarily describe how fast, and
in what direction a fire will spread across the landscape and they can be run in
scenario mode. The inputs are typically topographical data at a resolution in the
10’s of metres; wind speed (with limited temporal or spatial variation); and fuel
data, containing varying levels of detail in the fuel description, depending on the
fire model in use and the detail of fuel models available.

The computer-based fire simulation models such as Phoenix and Prometheus are
a key tool used by fire and land management agencies in Australia to assist in plan-
ning and real-time operational decisions. However, they are limited by the lack of
feedback (or parameterised feedback) between the fire and surrounding atmosphere.
In these models, it is important to recognise that there is an underlying assumption
of steady-state empirical formulation. As noted above, dynamic fire spread events
are distinctly non-steady-state, so all the empirically-based models currently used
in operations have limitations in changing conditions and dynamic spread events.

Coupled fire atmosphere models are a second class of fire behaviour models that
do have the ability to resolve dynamic fire spread. They are more complex and
thereby more effective at resolving the physical processes and feedback between
the fire and atmosphere. Several models that integrate a fire prediction model
with an atmospheric model are in use. These include: MesoNH-Forefire (Filippi
et al. 2011), FIRETEC (Linn et al. 2002), the Wildland Urban-Interface Fire Dy-
namics Simulator (WFDS) (Mell et al. 2010) and WRF-Fire (Mandel et al. 2011).
Both FIRETEC and WFDS contain descriptions of fluid dynamics and combus-
tion processes. MesoNHForeFire is a coupled model that synchronises the MesoNH
atmospheric model with the physically based Lagrangian front tracking ForeFire
wildfire simulator. An important disadvantage of coupled models in comparison
with (quasi)-empirical models is that they have higher computational requirements.
Coupled models generally run slower than real time, even on parallel computing,
whereas empirical models can be run on personal computers. Specifically, empiri-
cal models can be run on-site at a fire for use by an Incident Management Team,
whereas coupled models cannot.

The model used in this study is WRF and SFIRE (Spread FIRE), a version re-
lease of WRF-Fire, one of the class of models that integrate a fire prediction model
with an atmospheric model. Most fire prediction models, both coupled and uncou-
pled are not linked to real-time numerical weather prediction (NWP). WRF and
SFIRE has the ability to link to NWP in near real-time. WRF and SFIRE couples
the atmospheric (NWP) Weather Research and Forecasting (WRF) model (Ska-
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marock et al. 2008) with the empirical fire spread model of Rothermel (1972). The
WRF model has been developed at the USA National Center for Atmospheric Re-
search (NCAR), and is widely used for research and operational purposes. WRF is
public domain software with versions released periodically by NCAR; these NCAR
releases also contain the fire component of the model. The version used in this study
is WRF and SFIRE, an intermediate online release by the SFIRE developers that
includes the most recent fire component. The starting point for this research was a
background in operational meteorology, so a coupled fire-atmosphere model was the
logical choice and WRF and SFIRE was selected for its suitability and accessibil-
ity. The aim of this study was to examine meteorological processes at time scale of
minutes to hours and spatial scales of 1-100 km, so that while WRF and SFIRE has
a simpler fire component than other coupled models such as FIRETEC or WFDS,
the computing requirements and meteorological aspects of WRF and SFIRE were
the most appropriate match for this study.

WRF and SFIRE has evolved from the CAWFE (Coupled Atmosphere-Wildland
Fire-Environment) model described by Clark et al. (1996) and it runs on the WRF
ARW core (Advanced Research WRF). The governing equations of the WRF model
are documented in NCAR (2012). The development of the fire spread model is
described in Mandel et al. (2011), which also contains the equations relating to fire
spread, and a complete description of the methods by which the fire model and
atmospheric model interact.

The fire spread model in WRF and SFIRE is that of Rothermel (1972), imple-
mented into WRF by a mathematical level-set method. The use of the level-set
method differs from the mathematical approaches taken to describe the spread of
fire across the landscape in other (quasi-empirical) models. The Rothermel calcula-
tion requires inputs for fuel data, slope and wind speed. The detail of the fuel inputs
includes fuel load (or fuel mass), burn time, fuel depth/height, wind adjustment and
surface area to volume ratio and moisture of extinction and mineral content as well
as fuel moisture content.

As with all empirical models, the Rothermel model is underpinned by an as-
sumption of steady state conditions. It was developed to describe fire spread on time
scales of order 10’s of minutes to hours, rather than the minutes to 10’s of minutes
data output shown in later sections of this thesis. However, as the meteorological
processes are adequately resolved at these shorter time scales, the approach in this
study remains valid, noting that interpretations of results displayed at short time
scales are subject to these limitations. While noting that the time scales used have
not been thoroughly tested, also noteable is that the results show good agreement
with the observations of (e.g.) surge and stall behaviour seen at fire sites. Kochanski
et al. (2013b) also identify that the Rothermel default no-wind ROS (which affects
the flanks and backing fire spread) validates poorly for the FireFlux study and the
same is likely to apply in the cases shown in this thesis.

The underlying premise behind using a coupled fire-atmosphere model in this
way is that the energy released by a fire affects the surrounding atmosphere, which
leads to changes in the structure of the wind fields in the fire environment, creating
a feedback loop which then effects fire propagation and other elements of fire be-
haviour. In common parlance, this is often described as “the fire creating its own

7

CHAPTER ??. INTRODUCTION

Page 8



weather”, although modification is a more accurate description than creation.
The SFIRE model interacts with the WRF atmospheric model by insertion of

energy fluxes into the low levels of the atmospheric model, based on calculations of
the amount and type of fuel consumed at each grid cell at each time step. Sensible
heat flux density (Wm−2) is calculated as a potential temperature source term and
latent heat (moisture) flux density (Wm−2) as a tendency of vapour concentration
(qm). The fluxes are inserted into the atmospheric model as forcing terms in the
differential equations into a layer above the surface, with assumed exponential decay
with altitude. The fuel burning process at at grid cell is described by an exponential
decrease in fuel available with time, with the rate set by a weighting factor in the
fuel properties that determines how fast the fuel mass is consumed.

In WRF, the vertical model resolution is the same for all nested domains. Mandel
et al. (2011) points out that for fire applications this significantly limits the minimum
height above the ground for the first model level. Also, the WRF and SFIRE version
used here does not include smoke, although it is intended to be introduced in future
model releases as a tracer in the WRF chemistry scheme. This is a current restriction
on looking at smoke plume development (as well as dispersion, which is useful for
predictions of smoke transport and air quality).

Recent applications of CAWFE, WRF-Fire and WRF and SFIRE follow two
main approaches: validation of the model against data from real fires, and idealised
simulations exploring the underlying dynamics of fire and atmosphere interactions.

Coen et al. (2013) give a very detailed description of the WRF-fire model and
highlight how it differs from other wildland-fire models (such as BehavePlus, FAR-
SITE and Prometheus). They present a series of idealised simulations that explore
how sensitive certain characteristics of the simulated fire are to various external
parameters. The study describes how fire and atmosphere interactions modify the
simulated fire shape, perimeter and intensity, in response to changes in fuel type,
fuel moisture, fuel load and environmental wind speed.

Coen & Schroeder (2013) address the challenge of predicting the spread of large
fires that may be growing for weeks or months. As fires are generally simulated
from the time and location of ignition and predictive skill decreases with time from
initialisation, this leads to an accumulation of errors in long-running fires. The study
shows a series of simulations of the Little Bear Fire in New Mexico using the CAWFE
model. Simulations were made for multiple days of fire growth, then refined using
fire data from the Visible Infrared Imaging Radiometer Suite (VIIRS). Cycling of
simulations with CAWFE initialisations using successive VIIRS fire perimeters and
NWP runs led to improved validation of fire perimeter against observations, showing
potential for the approach to be implemented operationally for long-running fires.

The study by Coen & Riggan (2014) also uses CAWFE validated against ob-
servations, but in this case the Esperanza fire in California was selected and vali-
dated against data from the FireMapper radiometer. Fire behaviour at the Esper-
anza fire was strongly influenced by gusty Santa Ana winds and local topography.
The CAWFE simulations of the event show general coherence between the bright-
ness temperatures measured by FireMapper and the sensible heat flux modelled
by CAWFE. Several features observed by remote sensing were reproduced in the
simulations, including a deep smoke plume, orographic channelling of the winds,
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intense burning, and meteorological phenomena including boundary layer rolls and
fire whirls. Also, a general correspondence was evident between overall fire spread
direction and shape.

Kochanski et al. (2013a) similarly shows a verification of WRF-Sfire against a
real event; the 2007 Santa Ana fires. The primary aim of their study was to test the
feasibility of using WRF-Sfire for accurate, real-time predictions. The simulated fire
perimeter, when validated against observations, gave agreement that was good in
some areas and poor in others, and they attributed the discrepancy to compounded
errors in the NWP wind forecasts. They concluded that, although the operational
application of many physics based models is limited by computing power, WRF-
Sfire gave a satisfactory balance between fidelity and execution time and therefore
has promising potential for application in operations.

Kochanski et al. (2013b) follow a similar verification theme, with this particular
study providing the most detailed evaluation to date of results from a coupled model
compared to an actual fire. It shows WRF-SFIRE simulations of the FireFlux burn
and compares the results to the experimental measurements. The results show
that when compared to the measurements taken during the FireFlux experimental
fire, WRF-SFIRE produced realistic head fire rate-of-spread, vertical temperature
structure and vertical and horizontal wind flow. Similar, further detailed studies are
suggested in order to improve the evaluation and development of coupled models.

Kochanski et al. (2013c) gives a different application of the model; idealised sim-
ulations. The proof-of-concept study shows the important influence vertical wind
shear can have on fire propagation. The study shows a series of simulations with
the same wind at the surface, but varying wind flow above the surface. The fire
perimeter evolves differently in response to the variable vertical shear due to inter-
actions between the fire and environmental and surface winds. The manifestation of
anomalous fire spread in sheared wind environments has implications for prediction
of erratic or extreme fire behaviour.

Sharples et al. (2013), Simpson et al. (2013) and Simpson et al. (2014) report on
a series of studies exploring the phenomenon of vorticity-driven anomalous fire prop-
agation in high-terrain (VLS). The VLS phenomena was observed and described at
the 2003 Canberra fires. Dynamic fire behaviour occurs as a fire spreads laterally
along a leewards slope in a direction perpendicular to the background winds. The
situation represents an extremely hazardous situation for operational firefighters due
to the intense smoke production, extensive flaming zones and inherent unpredictabil-
ity. The series of studies has enhanced understanding of the underlying dynamical
processes, and has been conducted with a view to developing tools for identifying
the favourable environmental conditions under which VLS is likely to occur.

Sharples et al. (2013) describes the fire channelling phenomenon and a series of
simulations with WRF-fire, as well as a comparison with laboratory experiments.
The simulations explored the effect of variation in wind regime speed on develop-
ment of lateral spread and found the rate of lateral spread was not constant, but
exhibited quasi-periodic oscillations. Simpson et al. (2013) ran simulations with fire-
atmosphere feedback enabled and disabled in order to evaluate the importance of
fire atmosphere interactions on the lateral spread processes. They showed the vor-
ticity driven lateral spread was linked to both fuel type and the coupling process

9

CHAPTER ??. INTRODUCTION

Page 10



and showed that widespread spotting can be attributed to the updrafts and down-
drafts produced by the lateral spread dynamics. Simpson et al. (2014) extend the
previous studies to further understanding of the dynamical processes, as well as test
the sensitivity of the development of vorticity driven lateral spread to thresholds of
wind speed and slope.

The studies discussed above show that the WRF and SFIRE model has been
applied and well validated through several varying approaches. The main aims of
the previous studies may be broadly described as fitting the theme of demonstrating
the advantages of using a model that resolves the dynamic fire-interaction processes
in order to to better understand and anticipate likely fire behaviour. The approach
taken in this study has a shift in focus towards examining how a fire modifies the
surrounding atmosphere.

For the simulations in this thesis, the WRF and SFIRE model was installed and
run on “Tizard” computing infrastructure at eResearch SA. When running WRF
and SFIRE, the initialisation and simulation conditions for model runs is set by
the input files namelist.wps, namelist.input and namelist.fire. The namelist.wps file
contains the domain and geographic boundaries. The namelist.input file holds the
most detailed input; it contains boundaries, vertical and horizontal resolution, time
information, physics, selected dynamics and chemistry options, as well as the fire
start time and location. The namelist.fire file contains the required inputs for the
Rothermel equations. For each of the simulations shown in this thesis, the namelist
files are contained in the appendix, these include details of vertical resolution. Each
simulation ran with a series of four nests, with nesting feedback on, resulting in
two-way nesting.

Many WRF and SFIRE simulations have been run as LES (Large Eddy Simula-
tions), particularly idealised simulations at high resolution. Following Mandel et al.
(2011), the simulations shown here were not run in large eddy mode. Mandel et al.
(2011) states “. . . if the resolution of any of the inner domains is less than 100m,
this domain should be actually resolved in large eddy simulation mode, without the
boundary layer parameterisations”. Our inner domain was 220 m, so LES mode was
inappropriate and boundary layer parameterisations were used. It is recognised that
testing on the two modes would be insightful, but this was not within the scope of
the project.

Fuel moisture was set at a constant value in these simulations, so there is no
variation in fuel moisture in response to diurnal heating or short-term changes in
relative humidity. More recent version releases of WRF and SFIRE contain an
implementation of diurnally varying fuel moisture.

The aim of this study was to reproduce approximately the observed fire spread
with realistic fuel loads in order to diagnose interactions between heat release from
the fire and the atmosphere, rather than to develop (or validate) WRF and SFIRE
as an operational coupled fire-atmosphere model. Accordingly, the wind adjustment
factor (wind-rf in the namelist.input file) was tuned to achieve this objective and
was set at 0.2 for the series of simulations. The wind reduction factor, as described
in Baughman & Albini (1980) is an adjustment of the input wind speed from an open
exposure of 6.1m to the mid-flame height, which may lie within the forest. The wind
reduction factor was used to achieve fire spread that was a reasonable match for the
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limited available data on fire perimeter at the fires. In this case, the wind-rf was one
of the few unknown quantities for the fuels in the study area, so it was decided to
adjust this factor due to the large uncertainty. The wind-rf is highly dependent on
fuel structure and has had limited testing for Australian conditions, so precise values
are unknown for the fuels in this study. The value used of 0.2 lies within the range
tabulated by Baughman & Albini (1980), but is lower than the standard USA fuel
models in SFIRE. A more rigorous approach to setting appropriate fuel parameters
would be required for further development of the model for Australian conditions.
Further detail on the conditions for the individual simulations is contained at each
chapter.

This is the first time that WRF and SFIRE has been run in Australia on real
events in a mesoscale atmosphere. Importantly, this study represents a major explo-
ration of the overlap between meteorology and fire behaviour. The two fields have
traditionally been held as separate sciences, however coupled modelling provides an
opportunity to explore the vital area that resolves the two-way interactions between
the two.

The motivation behind this study was exploring the three dimensional processes
that occur between a fire and the surrounding atmosphere in order to contribute
to scientific knowledge as to the appropriate meteorological inputs to fire behaviour
models, FDR and spot forecasts. The current meteorological focus on near-surface
wind, temperature and relative humidity at a point fixed in time and space is a highly
restrictive description of the meteorology at a fire site. In particular, advances in
NWP have accelerated in recent years, and this allows for the provision of detailed
temporal and spatial (horizontal and vertical) resolution meteorological data, which
is available as input to fire prediction models and other risk assessment tools. At
present, NWP data is severely and disappointingly under-utilised for fire purposes,
especially when compared to other high-impact weather such as tropical cyclones
and thunderstorms. In order to improve the current situation, enhanced scientific
understanding of fire and meteorology processes is necessary.

The coupled simulations presented in this thesis show evidence of fire-atmosphere
interactions that impact fire behaviour and give insights into processes not previ-
ously seen. This study is complementary to other current research into fire and
atmospheric processes conducive to extreme fire behaviour, but the particular niche
presented here is simulation of fire-atmosphere interactions at real mesoscale events,
with a focus on understanding interaction processes. Better understanding of me-
teorological environments conducive to anomalous fire activity has implications for
outlooks of fire danger as well as management of going fires. Producing an au-
thentic simulated fire perimeter that verifies against known observations was not an
intended outcome of this study, however it is a focus of other users of the WRF and
SFIRE model.

Research with coupled modelling feeds into a pivotal question of fire science; an-
ticipating where and how a fire will burn. Accurate information on fire behaviour is
required by emergency service agencies for mitigation against the impacts of bush-
fires and by land management agencies for prescribed burns that are performed to
manage fuel loads. As fire managers increasingly base their decisions on computer
models that simulate the spread of fire across the landscape, the question arises;
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what are the appropriate inputs to such fire models?
This work provides compelling scientific evidence that the coupling process be-

tween a fire and the atmosphere can have a critical influence on fire activity. Con-
sequently, it affirms the position that the path forwards for fire simulation models
must include fire-atmosphere interactions as to ignore these will limit the accuracy
of predictions.

The approach used here has limitations, as the model is still in development
and as Coen et al. (2013) and Kochanski et al. (2013b) point out, more rigorous
validation of WRF and SFIRE is required against real fires with detailed observa-
tions. However, it is well established that the coupling resolved by the model pro-
duces dynamical fire growth which is a valid representation of real-world processes.
Therefore, the results shown here should hold, particularly as they are supported
by available fire-ground observations.

Three events where unexpected and unusual fire behaviour occurred were identi-
fied in the first phase of this research and meteorological case studies were written.
Subsequently, the events were simulated using WRF and SFIRE. The three events
are (one and two) the D’Estrees Bay and Rocky River fires, both on Kangaroo Is-
land, South Australia in December 2007, and (three) the Layman prescribed burn in
southwest Western Australia in October 2010. The Rocky River and the D’Estrees
Bay case studies are described in the Technical Report (Peace & Mills 2012), which
is included at Appendix B.

The following chapters, in order contain:
Chapter 2. D’Estrees WRF and SFIRE simulations
Chapter 3. Rocky River WRF and SFIRE simulations
Chapter 4. Layman meteorological case study
Chapter 5. Layman WRF and SFIRE simulations
Chapter 6. Conclusions.

The final chapter presents a discussion of the findings that is primarily intended
towards Australian fire weather forecasters and fire management practitioners. How-
ever, ‘blow-up’ fires are of concern in all parts of the world where wildland fires occur,
and as the underlying physical principles described in this thesis are universal, the
findings should have wide international application. The discussion considers how
this research (and recent related work) may be incorporated into the meteorologi-
cal forecast process, as well as implications for the future development and use of
coupled fire behaviour models.
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Chapter 2

The D’Estrees fire WRF and
SFIRE simulations

Paper submitted to the Journal of Applied Meteorology and Climatology, with minor
revisions requested by 27 November 2014. The revisions are included in the version
included here, typeset on the JAMC author template.

The meteorological case study of the event is included at Appendix B and pub-
lished at:

http://www.cawcr.gov.au/publications/technicalreports.php

18



CHAPTER 2. THE D’ESTREES FIRE WRF AND SFIRE SIMULATIONS

Page 19



Generated using the official AMS LATEX template—two-column layout. FOR AUTHOR USE ONLY, NOT FOR SUBMISSION!

J O U R N A L O F A P P L I E D M E T E O R O L O G Y A N D C L I M A T O L O G Y

Fire modified meteorology in a coupled fire-atmosphere model

MIKA PEACE∗

Bushfire CRC; Applied Mathematics, Adelaide University; Bureau of Meteorology

TRENT MATTNER

Applied Mathematics, Adelaide University, SA, Australia

GRAHAM MILLS

Applied Mathematics, Adelaide University, SA, Australia

JEFFREY KEPERT

Bureau of Meteorology; Bushfire CRC

LACHLAN MCCAW

Department of Parks and Wildlife, Western Australia

ABSTRACT

The coupled fire-atmosphere model WRF and SFIRE has been used to simulate a bushfire at D’Estrees Bay
on Kangaroo Island in December 2007. Initial conditions for the simulations were provided by two global
analyses; the GFS operational analysis and and the ERA-Interim re-analysis. For each NWP initialisation,
the simulations were run with and without feedback from the fire to the atmospheric model. The focus of
this study was examining how the energy fluxes from the simulated fire modified the local meteorological
environment. With feedback enabled, the propagation speed of the sea breeze frontal line was faster and
vertical motion in the frontal zone was enhanced. For one of the initial conditions with feedback on, a vortex
developed adjacent to the head fire and remained present for over five hours of simulation time. The vortex
was not present without fire-atmosphere feedback. The results show that the energy fluxes released by a
fire can effect significant changes on the surrounding mesoscale atmosphere. This has implications for the
appropriate use of weather parameters extracted from NWP and used in prediction for fire operations. These
meteorological modifications also have implications for anticipating likely fire behaviour.

Introduction

The D’Estrees fire was one of several fires ignited by
lightning on Kangaroo Island in early December 2007.
Figure 1 shows the island’s location, off the coast of south-
ern Australia. Fig. 2 shows the fire activity on 8th Decem-
ber. Figure 2 shows four fires burning on the island, how-
ever the D’Estrees fire, at the southeast corner of the is-
land, has a smoke plume that is very different to the other
three fires; the plume is much larger and more opaque.
This event is of interest because the smoke indicates in-
creased fire activity at the D’Estrees fire compared to the
three other fires burning nearby. On the MODIS satellite
image of the previous afternoon (not shown), the smoke

∗Corresponding author address: Bureau of Meteorology, Adelaide,
SA, Australia
E-mail: m.peace@bom.gov.au

plumes from each of the four fires were similar in size and
opacity.

The heightened fire activity over the D’Estrees fire was
explored in the case study by Peace and Mills (2012), who
proposed that the increased fire activity at the D’Estrees
fire on this day was due to it being located in a sea
breeze convergence zone, and that interactions between
the fire and atmosphere played an important role in pro-
ducing the extensive smoke plume. This study explores
the fire and atmosphere interaction processes by examin-
ing how the energy released by the D’Estrees fire modi-
fied the surrounding atmosphere. To address the subject
of fire-atmosphere feedback by examining observational
data is challenging, due to the difficulties involved in mak-
ing comprehensive meteorological observations at a fire
ground and of making controlled experiments. However,
an alternative approach is examining the results of high
resolution coupled fire-atmosphere simulations, as these
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FIG. 1. Map of southern South Australia showing location of nests used
in the WRF simulations over Kangaroo Island.

provide an opportunity for examining how a fire alters the
structure of the surrounding atmosphere. The aim of the
current study is to use numerical simulations to better un-
derstand fire and atmosphere interactions in the context of
the D’Estrees fire.

The premise underlying this study is that a fire can mod-
ify the dynamical structure of the surrounding atmosphere.
This is consistent with observations from fire grounds,
which frequently report local weather in the vicinity of
the fire as different to prevailing conditions in the broader
area. This modification of local meteorology due to the
fire’s influence includes elevated temperatures, as well
as variation in both speed and direction of wind in the
vicinity of the fire, along with pyro-cumulus (or pyro-
cumulonimbus) cloud formations. The modification to
local meteorology is driven by heat and water vapour
released in the combustion process generating increased
buoyancy in the near-fire environment. Potter (2005) de-
scribes interactions between a fire’s convection column
and the surrounding atmosphere.

An extreme example of dynamical interactions between
a fire and the surrounding atmosphere is the fire-tornado
that developed at the 2003 Canberra bushfires. The event
is documented by McRae et al. (2013), and simulated in
highly idealised form by Cunningham and Reeder (2009).
The D’Estrees fire simulated in this study is a much
smaller fire than the Canberra event, burning in more mod-
erate meteorological conditions. These simulations are an
example of how a fire can modify the local meteorology in
a realistic (as opposed to idealised) atmosphere, and they
provide insights into dynamic interaction processes that
may occur during a real event.

This study uses the coupled model WRF and SFIRE,
described in detail by Mandel et al. (2011). WRF and

FIG. 2. NOAA Moderate Resolution Imaging Spectroradiometer
(MODIS) Aqua satellite image 15:35pm local time, 8th December 2007.
Red pixels show active fire area.

SFIRE couples the Weather Research and Forecasting
model (WRF) with an implementation of the Rothermel
(1972) fire-spread equations. Coupled fire-atmosphere
models have been used in a number of studies to show
that dynamical feedback processes, in particular the fire-
modified winds, have an important influence on how a
fire perimeter evolves. Coupled simulations that exam-
ine the influence of the fire-modified winds include Clark
et al. (1996) (using CAWFE, the predecessor to WRF and
SFIRE), Coen (2005), Coen et al. (2013), Coen and Rig-
gan (2014) and Kochanski et al. (2013a), all using model
releases of WRF and SFIRE or WRF-Fire.

The focus of this study is somewhat different to previ-
ous coupled simulations, as the emphasis is on examin-
ing how the fire modifies the surrounding mesoscale at-
mosphere, rather than assessing how the inclusion of fire-
atmosphere feedback alters the predicted fire perimeter.
The main objective of this study was to explore how the
energy fluxes from the fire affected the surrounding atmo-
sphere. Our simulated fire spread was intended to be a
reasonable approximation of actual fire spread in order for
the energy release to be realistic. However, we did not
aim to reproduce observations of fire perimeter or provide
a detailed verification, since observations of the event are
very limited, thereby restricting verification possibilities.
Although the scope of this study allows only limited val-
idation against real data, the WRF and SFIRE model, us-
ing Rothermel’s model coupled to a high resolution NWP
model, gave useful insights into dynamical interactions
between the fire and the atmosphere.

This paper documents the first of a series of three WRF
and SFIRE simulations of Australian fire events. The two
companion studies are of the Rocky River and Layman
fires. The meteorology of the events is described in the
case studies by Peace and Mills (2012) and Peace et al.
(2012). These three fires were selected because unusual
fire behaviour occurred at each one. Coupled simulations
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have been used to examine the interactions between the
fire and surrounding environment and to test the hypothe-
sis developed in the meteorological case studies; that fire-
atmosphere interactions are a mechanism for producing
unexpected fire behaviour.

We proceed by describing the WRF and SFIRE model
and the configuration used in our simulations, followed by
the results. In the discussion we focus on the simulation
results of development of a vortex and relocation of a sea
breeze wind change. To conclude, we discuss implications
for fire weather forecasts and development of fire simula-
tion models, as well as considering some of the limitations
of our approach.

WRF and SFIRE

Several models that integrate a fire simulation model
with an atmospheric model are in use, including MesoNH-
Forefire (Filippi et al. 2011), FIRETEC (Linn et al. 2002)
and WFDS (Mell et al. 2010). The coupled model used in
this study is WRF and SFIRE, chosen as it is accessible,
well supported and provides the opportunity to examine in
detail the meteorological dynamics of a fire environment.
The Weather Research and Forecasting model (WRF), de-
scribed by Skamarock et al. (2008), is a numerical weather
prediction model with a range of chemistry and physics
extensions and user-defined initialisation options. WRF is
widely used for meteorological operational and research
purposes. The SFIRE model is a two-dimensional fire
spread model coupled to WRF, described by Mandel et al.
(2011). The simulations shown here were made with the
most recent available model release, which at the time was
WRF and SFIRE, released by the SFIRE group, sourced
in mid 2012 from https://github.com/jbeezley/WRF and
SFIRE.

A detailed description of how the fire model and atmo-
spheric model interact is given in Mandel et al. (2011). In
summary, at each time step of the atmospheric simulation,
fire progression and fuel burnt are calculated from the at-
mospheric winds and predetermined fuel parameters (de-
fault fuel inputs for the USA are from the Anderson (1982)
fuel model). Fire progression is calculated by a level-set
implementation of the Rothermel (1972) equations. From
the fire progression at each time step, heat and moisture
(latent heat) fluxes are calculated from the quantity of fuel
consumed at each grid cell and are converted to potential
temperature and water-vapour concentration source terms
in the atmospheric model. The calculated values are in-
serted into the lower levels of the atmospheric grids, using
an exponential decay with height. Including the heat and
moisture fluxes drives the coupling; because at the next
time step of the WRF model, the atmospheric (wind) fields
respond to the energy released by the fire.

The prototype for coupled simulations such as these is
the CAWFE model, described by Clark et al. (1996). Clark

et al. (2004) showed how the elliptical shape of a wind-
driven fire is formed by the modification to wind strength
and direction arising from fire-atmosphere interaction.
This key finding established the importance of the inter-
dependence of fire-atmosphere processes, as well as the
value of resolving these processes in fire simulation mod-
els.

Recent simulations using WRF and SFIRE include the
Big Elk fire (Coen 2005), which showed how a fire modi-
fies the local wind flow and the resultant shape of the fire
area. Our work follows the approach of Coen, by run-
ning simulations with and without fire-atmosphere feed-
back. Simulations of the 2007 Santa Ana fires (Kochanski
et al. 2013a) showed that high resolution coupled mod-
elling is possible at speeds useful for real-time forecasting.
Kochanski et al. (2013b) describe a verification of WRF
and SFIRE against data from the FireFlux experiment, and
propose avenues for future testing with the ultimate objec-
tive of developing WRF and SFIRE as an operational tool.
Other (less detailed) simulations in the literature include
Meadow Creek, USA (Beezley et al. 2010) and Harmanli,
Bulgaria (Jordanvo et al. 2012). Simpson et al. (2013) de-
scribe idealised WRF-Fire simulations examining anoma-
lous fire propagation on lee slopes. Coen et al. (2013)
describes a series of experiments using WRF-Fire to test
how fire perimeter is affected by varying wind and fuel
inputs.

Our simulations were initialised with the National Cen-
tre for Environmental Prediction (NCEP) Global Forecast
System (GFS) and European Centre for Medium-Range
Weather Forecasts Re-analysis (ERA-Interim) data (Dee
et al. 2011). Simulations were run in both feedback ‘on’
and feedback ‘off’ mode, with the difference being the in-
clusion of energy fluxes from the fire to the atmosphere.
By comparing simulations with feedback ‘on’ and ‘off’, it
is possible to assess how the fire changes the meteorolog-
ical environment.

The numerical integration ran for 24 hours from
1200UTC 7 December 2007 to 1200UTC 8 December
2007 (10:30pm to 10:30pm local time). The simulation
ran with four nested domains. The outer domain covered
a 600 km x 600 km area with a grid spacing of 6km. The
inner domain covered a 22 km x 22 km area with a grid
spacing of 222 m. The ratio of grid spacing on the four
nests was 1:3:9:27. The fire grid was refined on the inner
atmospheric grid at a ratio of 1:10, resulting in a surface
fire grid of 22 m. Each of the four nests had 100 grid
points in the north-south and east-west directions. Fifty-
one sigma levels were included in the vertical, with higher
resolution near the surface. The outer nest time step was
36 seconds, with a 1:3:9:18 ratio giving a time step of two
seconds on the inner nest, which was sufficient to main-
tain numerical stability and be computationally efficient.
Following Hu et al. (2010) the Yonsei University bound-
ary layer scheme was used, in combination with the Monin
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Obukhov surface physics scheme and Dudhia short wave
radiation. Vertical velocity damping was not used and the
third order turbulence and mixing option was used. No cu-
mulus physics were included and the Noah Land Surface
Model was used.

The simulated fire ignition was at 2200UTC 7 Decem-
ber 2007 (8:30am local time). The ignition time was cho-
sen to allow a 10-hour lead time from model start and
to be prior to daytime boundary layer activity as well as
capture afternoon fire activity. The fuel parameter val-
ues for mallee were taken from McCaw (1998), which de-
scribes a study of experimental burns in mallee-heath fuel
in Western Australia. This experimental analysis evalu-
ated a range of fire spread prediction models, including the
Rothermel model, and the mallee values from that study
are the fuel parameters used here as follows: ground fuel
moisture 0.10 kg kg−1, initial mass loading of surface fuel
1.15 kg m−2 (18 t ha−1), fuel depth 0.9 m, surface-area-
to-volume-ratio 3000 m−1, fuel moisture content of ex-
tinction 0.16 kg kg−1, weighting parameter 180.

The Department of Environment, Water and Natu-
ral Resources (DEWNR) provided high-resolution topo-
graphic grids at 25 m and high-resolution vegetation grids
at 10 m as well as available fire spread data. The topog-
raphy in the area is relatively low relief, limiting the influ-
ence of the slope component of the Rothermel equations.
The vegetation grids provided by DEWNR showed homo-
geneous fuels across the fire area, so a constant fuel was
used in the simulations. However, this homogeneity is not
reflected in satellite imagery, which shows discontinuities
in fuel, including a local lagoon. Despite the discrepancy,
a homogenous fuel was used, as a more detailed data set
was not available and the limitation of homogeneity does
not strongly impact the purpose of this study.

Fire perimeter maps of the event were provided by
DEWNR, however they were based on very limited avail-
able data at 24 hour intervals. In addition, fuel breaks were
not mapped (chained fuel breaks were created by dragging
a heavy chain between two tractors). Consequently, the
simulations are unable to be rigorously verified against ob-
served fire spread data. The fire ignition line in the simula-
tion is similarly approximate. In the simulation, fire igni-
tion was set as a line approximately 3.5 km long and 30 m
wide, with an initial forward rate of spread of 0.1 m s−1. In
preliminary simulations, fire spread was much too fast in
comparison to the limited verification data and reasonable
estimates of fire spread through the mallee fuels. There-
fore, the wind reduction factor used to estimate the mid-
flame height was set at 0.2 (wind-rf) in order to achieve
fire spread that was a reasonable match for the known fire
spread, allowing for the non-inclusion of suppression ac-
tivities in the simulation. The wind-rf is highly dependent
on fuel structure and has had limited testing for Australian
conditions, so precise values are unknown for the fuels in

this study. The value of 0.2 lies within the range tabu-
lated by Baughman and Albini (1980), but is lower than
the standard USA fuel models in SFIRE. A constant value
of fuel moisture of 0.10 was used, based on advice given
by DEWNR. As the objective of this study was to explore
fire-atmosphere interactions, rather than assess the ability
of the model to reproduce the observed fire perimeter, the
limited verification is not considered to be of major con-
sequence.

In addition to the results shown here, three simulations
were run with small changes in order to test sensitivity of
the results to our configuration. The tests were run with
ERA-Interim initialisation. These tests were (1) Fire wind
scaling factor (windrf) reduced from 0.20 to 0.18. (2) Fire
start time earlier by one hour. (3) Fire ignition line length
reduced by half. These changes modified the eventual fire
spread, however the interactions seen between the fire and
meteorology remained similar. In particular, the major
fire-induced circulations that are discussed in the results
section were not sensitive to these small changes.

Results

Meteorology of the WRF simulations

The meteorology over Kangaroo Island on the day of
the D’Estrees fire is described in Peace and Mills (2012) .
Synoptic forcing was weak, with a ridge of high pressure
and a weak embedded cold front over the southern ocean.
The northern extent of the cold front crossed the island
during the afternoon as an enhanced sea breeze wind shift.
Because of the weak synoptic forcing, mesoscale meteo-
rological processes such as sea breezes had a strong influ-
ence during the event.

The closest weather station to the fire site is Kingscote,
located approximately 25 km to the north (see Fig. 3 for
location, note Kingscote is in nest 2). Observed and simu-
lated weather parameters at Kingscote are shown in Fig. 4
for both the GFS and ERA-Interim initialisations. Tem-
perature was well forecasted for both initialisations, al-
though dewpoint temperature was high in both models.
Winds were generally well forecasted, however the tim-
ing of the southeasterly wind shift at Kingscote was late in
both simulations. The earlier timing of the ERA-Interim
wind shift was a better match for observations, but wind
direction in the wake of the wind shift was better matched
by the GFS (see Fig. 4). Figure 4 shows data from nest
2 for the feedback-off simulations. The feedback-on sim-
ulations showed near identical temperature and wind for
nests 1 and 2 at Kingscote, as the influence of the fire
modification on the local meteorology did not extend suf-
ficiently far from the fire site. In general, the influence of
the fire extended through the inner nest 4 and into, but not
throughout, nest 3.

Figure 3 shows the wind structure at 10 m over the is-
land at approximately the same time as the MODIS image
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FIG. 3. Wind structure of the sea breeze convergence zone. 10m
winds (m s−1) from the feedback ‘off’ simulation over nest 2 shown
at 0200UTC for the ERA-Interim (top) and GFS (centre). Lower plot
shows the ERA-Interim winds across the island, with northwesterly
winds at the other three fires and convergence over the D’Estrees fire.
Red box in the lower plot shows the geographical reference for the two
upper plots.

in Fig 2. The bottom panel of Fig. 3 shows northwesterly
winds over most of the island, with a southerly sea breeze
over southern parts of the island. One likely reason for
the enhanced fire plume at the D’Estrees fire is its location
in the convergence zone between the northwest winds and
the sea breeze from the south. In contrast, the three other
fires were in a steady northwesterly airstream. The conver-
gence extended above 850 hPa, with northwesterly flow at
700 hPa, providing a convergent depth of approximately
1800 m. The presence and location of the convergence
zone provides very different meteorology at the D’Estrees
fire, compared to the three other fires on the island.

The structure of the sea breeze wind shift was differ-
ent in the ERA-Interim and GFS simulations, as seen in
the upper two plots of Fig. 3. The ERA-Interim initialisa-
tion had lighter winds post-wind shift, also the wind shift

FIG. 4. Comparison of Kingscote Automatic Weather Station and
WRF (nest 2 includes Kingscote). Local time midnight 8 December to
midnight 9 December (the WRF run ended 1.5 hours before midnight
on the 8th).

was more complex, with a distinct southwest and south-
east flow direction on either side of Cape Gantheaume. It
is likely this difference in wind structure was the reason
a vortex developed in the ERA-I initialisation, but not the
GFS.

Fire atmosphere interactions in the WRF and SFIRE sim-
ulations

Figure 5 shows the difference in fire spread resulting
from two initialisations and two feedback settings: ERA-
Interim and GFS, feedback ‘on’ and feedback ‘off’. The
feedback ‘off’ fire spread should be interpreted with cau-
tion, since, as Coen et al. (2013) point out, simulating a
fire without feedback gives an unrealistic physical repre-
sentation of fire spread. This is because a physically non-
sensical solution to the fire spread is produced when no
mechanism for the known fire shape is included. Notwith-
standing this, it is useful to consider the difference that
feedback produces in output, since it shows how the fire
perimeter contours are affected by the coupling process,
both in shape and in final area. Importantly, comparison
of feedback ‘on’ and ‘off’ runs allows the fire’s effect on
the meteorology to be assessed, although in these simula-
tions we are limiting the coupling process to sensible and
latent heat, and not considering particulate matter such as
smoke and other aerosols.

The difference in fire area in Fig. 5 shows the sensitivity
of fire spread to initial conditions and to inclusion of fire-
atmosphere feedback. This result, obtained from initial
conditions using two NWP datasets, shows the limitation
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FIG. 5. Hourly contours of fire spread for two initialisations and two
feedback settings on the inner nest (nest 4) from 2230UTC to 1130UTC.
Top left: ERA-Interim with feedback ‘on’. Bottom left: ERA-Interim
with feedback ‘off’. Top right: GFS with feedback ‘on’. Bottom right:
GFS with feedback ‘off’. Shading shows topography contours (m).

of a deterministic approach to simulating wind driven fire
spread. For the feedback ‘on’ runs, the convergent fire-
modified winds in the early stages focus the active head
fire to a point and accelerate the forward spread. Post
wind-shift, this opens up a fire flank of 8-10 km along
the northeastern edge of the fire area. Because the north-
east flank becomes the new head fire post-wind shift, it
results in a longer fire front on the new active flank. A
greater overall fire area is produced in the simulation from
the GFS initial condition due to it having stronger south-
westerly winds than the ERA-Interim (see Fig. 3).

The frontal wind shift seen in the simulations provides
another hypothesis explaining the enhanced smoke plume
over the D’Estrees fire in comparison to the three other
fires burning on the island. Since the southwest wind shift
produced a long active flaming front (up to 10 km long)
on the northeastern flank of the fire, this would result in a
larger overall fire area and therefore increased smoke pro-
duction (particularly if attributed to the GFS run due to the
stronger southwesterly winds).

It is interesting to note that the burnt area ratio
(GFS/ERA-Interim) changes from 1.5:1 for feedback ‘on’
to 1.18:1 for feedback ‘off’ (with feedback ‘on’ GFS burns
50% more, without feedback, GFS burns 18% more). As
a comparison, figures 7 and 8 in Coen (2005) show a very
similar total fire area for the feedback ‘on’ and feedback
‘off’ simulations. The difference between our simulations
and those of Coen is the presence of a change in wind di-
rection, which produces a longer fire front and results in
an increase in total fire area.

FIG. 6. Wind vectors and divergence (shaded) (s−1) for GFS at
0210UTC and ERA-Interim at 0110UTC as annotated. Fire area in red.
Green line provides a stationary reference for the front position.

Sea breeze front modification

Figure 6 shows a significant finding from our simula-
tions: the relocation of the sea breeze frontal line in re-
sponse to the fire. In both the GFS and ERA-Interim runs,
the southeast wind shift line accelerated into the head fire
for the feedback ‘on’ simulations. Although the times
shown in Fig. 6 vary by an hour due to the frontal timing
difference between the GFS and ERA-Interim, relocation
of the front occurs in both. This is despite the two global
models having differing frontal structure, wind strength
and timing. The change in arrival time of the wind shift
between the feedback ‘on’ and ‘off’ simulations produces
a distance shift of the order of 2 km, with an arrival time
difference of approximately 30 minutes.

Figure 7 shows a cross section of wind structure through
the sea breeze front and fire plume. The upper plot shows
the fire plume (near 0 m), with a strong ascent plume
extending to 1800 m, with upward velocities of approx-
imately 5 m s−1 in the plume. The circulation in the
approaching sea breeze front is evident between -4000
and -8000 m. The lower plot shows that without feed-
back, the sea breeze front is near -6000 m, approximately
2000 m further south than for feedback ‘on’. In addition
to the slower arrival time, the feedback ‘off’ simulation
has weaker vertical wind speeds in the sea breeze front
updraft. Figure 7 also shows the presence of horizontal
convective rolls in the boundary layer in the northwest-
erly flow. The convective rolls are regularly spaced in the
lower plot (feedback ‘off’), however the regular structure
is distorted by the fire plume in the upper plot (feedback
‘on’). In the upper plot, the region between the sea breeze
front and fire plume (between -1000 and -3000m) has a
near-zero wind component from north to south.
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FIG. 7. Cross section of v,w component of wind (m s−1) for ERA-
Interim feedback ‘on’ (upper) and feedback ‘off’ (lower) at 0100UTC.
Cross section is through the south(left) to north (right) section shown
in the inset. Inset shows fire perimeter. Red dot in upper plot shows
position of the fire front.

Figure 8 is similar to Fig 7, but for potential tempera-
ture. The thermal gradient is enhanced for the feedback
‘on’ case, with cooler temperatures in the advancing sea
breeze density current and warmer temperatures in the fire
plume. Figure 9 shows the temperature difference between
the feedback ‘on’ and feedback ‘off’ cases, with approx-
imately 1oC of warming in the feedback ‘on’ simulation
between 1000 m and 1500 m elevation, 2000 to 3000 m
downstream from the fire plume. The warm tongue ex-
tends several kilometres southwards from the fire plume
at a height near the top of the mixed layer.

Cunningham (2007) describes idealised simulations of
a buoyant plume and density current and he shows that
the interactions between the two have a significant impact
on updraft strength. Although he does not mention a tim-
ing shift such as that seen here, his Fig 5 suggests that
the minimum in convergence at the base of the plume was
earlier for the density current and buoyant plume simula-
tion, hence an earlier arrival of the density current in his
‘coupled’ case.

Ogawa et al. (2003) present the results of a numerical
study of interactions between a sea breeze front and con-
vective cells and show that fronts are modified by anoma-
lies of wind and temperature ahead of them. They showed
that frontogenesis occurs when the sea breeze front ap-
proaches the updraft region of a convective cell, seen as
peaks in the vertical velocity. Convective cells and a fire
plume have dynamic similarities, and our results are con-
sistent with those of Ogawa et al. (2003).

Another perspective is to consider the dynamics of a
gravity current, since sea breeze fronts are a form of these.
The speed of a gravity current is given by Simpson (1997)

FIG. 8. Cross section of potential temperature (K) for ERA-Interim
feedback ‘on’ (upper) and feedback ‘off’ (lower) at 0100UTC. Vec-
tors show v,w component of wind (m s−1. Cross section is through
the south(left) to north (right) section shown in the inset. Inset shows
fire perimeter. Red circle in upper plot shows position of the fire front.

FIG. 9. Cross section of the difference in potential temperature (K)
between the feedback ‘on’ and feedback ‘off’ ERA-Interim simulations
at 0100UTC. Vectors show v,w component of wind (m s−1 for feedback
‘off’. Cross section is through the south(left) to north (right) section
shown in inset. Inset shows fire perimeter.

to be:

U = k (g∆T h/T )(1/2) (1)

where U is speed of the gravity current perpendicular to
the front (m s−1), g is acceleration due to gravity (m s−1),
∆T is the difference in temperature pre- and post-front
(K), T is the post-front temperature (K) and h is the depth
of the cold air (m). Simpson presents a worked example
of the passage of a cold front over Melbourne on the 8th
February 1983, for which the density current was associ-
ated with a severe dust storm.
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From Equation 1, an increase in pre-front temperature
increases the propagation speed of the gravity current. Re-
arranging Simpson to determine the change in U due to the
fire:

δU
U1

=
δT

2∆T 1
(2)

where subscript 1 denotes no feedback, δT is the pre-
front increase in temperature between the feedback ‘on’
and feedback ‘off’ cases and δU is the increase in grav-
ity current speed between the feedback ‘on’ and feedback
‘off’ cases.

Values of U1 = 1.2 m s−1 and U2= 1.0 ms−1, were
estimated for frontal propagation speed east of Cape
Gantheaume and the fire front between 0000UTC and
0100UTC for the feedback ‘on’ and feedback ‘off’ sim-
ulations (the values are approximate as the frontal acceler-
ation was not consistent in space or time). This represents
an approximately 20% increase in propagation speed of
the gravity current due to the energy released by the fire.

The increase in temperature due to the fire occurs over
a restricted area. At 0100UTC, the maximum tempera-
ture on the (222m) atmospheric grid was 28.5oC, located
at the southern extent of the head fire. The 2 m tempera-
ture fields for both the feedback ‘on’ and ‘off’ simulations
show temperatures around 15.5oC over sea and 21.5oC
over land (land adjacent to the fire, but not strongly af-
fected by it) at 0100UTC. Temperatures over land behind
the front were 17-18oC. Equation 1 applies for two uni-
form air masses, however, the pre-sea breeze air mass is
not uniform and therefore it is not clear what area the pre-
front temperature should be averaged over. Taking 1oC
perturbation as a reasonable figure (consistent with the
anomalies in the cross sections), equation 2 shows this is
sufficient to produce a 20% increase in propagation speed
of the gravity current.

So, Equation 1 shows that the change in timing of the
front should be expected since, as the pre-front tempera-
ture increases (e.g. a fire plume is present), the gravity
current speed U will increase. Also, the frontogenesis ar-
guments of Ogawa et al. (2003), supported by our Fig. 7
shows that as a sea breeze front approaches a fire plume,
the frontal line will have stronger up-motion than the same
scenario without a fire.

In our simulations, the spatial extent of the modifica-
tion of the near-surface winds by the fire plume extended
several kilometres from the fire front and the strength of
the fire-modified winds were a similar speed to the back-
ground flow (5-10 m s−1). Similar wind modification
speeds and spatial extent were found by Coen (2005).

The relocation and strengthening of a frontal wind shift
in the vicinity of a fire is significant for fire management
in southern Australia, since in operational fire weather
forecasting considerable emphasis and detail is invested in
predicting the strength and arrival time of a change from

northwest to southwest winds. The D’Estrees simulations
are just one case, however the result suggests that predict-
ing wind change time and strength using an uncoupled
NWP forecast may have limited accuracy in a fire envi-
ronment, since a fire may cause a wind shift approaching
a fire ground to arrive earlier than expected. Also, this
simulation shows that a front approaching a fire may have
stronger vertical motion on the frontal line, compared to
a front without a fire. The enhanced updraft has implica-
tions for the intensity of spotting activity, since stronger
upward-motion on the frontal line provides a mechanism
for enhanced lofting of fire-brands.

Fire induced vortex

A feature of particular interest in the ERA-Interim ini-
tialisation with feedback ‘on’ is a long-lived vortex, shown
in Fig. 10. The vortex developed on the intersection
of the southeast and southwest frontal lines at 0300UTC
(Fig. 11). It first developed just behind the head-fire, but
by 0320UTC had moved to a position just in front of the
active fire line. The vortex persisted as a feature located
adjacent to the head-fire for five and a half hours of simu-
lation time. The size of the vortex varied with time, how-
ever it was generally 1-2 km in diameter and had a vertical
extent of 500-600 m. Other smaller, transient vortices also
developed in the domain, but were unremarkable in time
and space by comparison. A similar vortex did not occur
with the feedback ‘on’ GFS initialisation. Neither did a
vortex develop in either of the feedback ‘off’ simulations.
However, a vortex did develop in each of the three ERA-
Interim sensitivity tests described earlier.

Fire-whirls are described by Forthofer and Goodrick
(2011) as ‘. . . vertically-oriented, intensely rotating
columns of gas found in or near fires, usually visible
because of the presence of flame, smoke, ash and/or
other debris’. The vortex in Fig. 10 is not exempt from
Forthofer and Goodrick’s definition of a fire whirl as they
include whirls with no inner core of flame (recognising
that the physics of WRF and SFIRE are unable to resolve
flames or a flaming whirl). Our simulated vortex is
consistent with their definition of a fire whirl, as they state
the diameter of a fire whirl can range from less than 1 m
to possibly 3 km (the simulated vortex is 1-2 km), with
wind speeds less than 10 m s−1 to greater than 50 m s−1

(the simulated vortex has wind speeds around 5 m s−1).
Fire whirls are periodically observed at fire grounds,

and frontal wind shift lines are likely to be a favourable
location for their development due to the presence of pre-
existing vorticity that a fire plume can stretch and amplify.
Billing and Rawson (1982) describe a large fire tornado
that formed near the head of a fire at about the time a slow
moving cold front passed through the area (they described
it as a fire tornado, rather than a fire whirl). Similarly, Um-
scheid et al. (2006) describe a large and long-lived fire
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FIG. 10. Wind vectors and vorticity (s−1)(shaded, with vorticity
about the vertical axis) at 10 m. Fire line (feedback ‘on’) in red. ERA-
Interim initialisation. Lower right plot shows for plots 1-5 the the plot
region (green box) and fireline evolution in red.

FIG. 11. As for Fig 10, wind vectors and shaded vorticity (s−1) showing
time period of vortex development.

whirl that developed on a slow moving front. Our simu-
lations, in conjunction with the studies of Umscheid et al.
(2006) and Billing and Rawson (1982) suggest that in rare
cases, slow moving fronts at a fire ground may produce
large fire whirls. Forthofer and Goodrick (2011) list po-
tential fire whirl dangers as increased energy release rate,
spread rate and spotting; all of which threaten the safety
of fire fighters in the vicinity. Therefore, tools to assist in
predicting their likely development would be useful.

Figure 11 shows that the fire whirl developed in a re-
gion of enhanced vorticity on the intersection of wind from
three directions; southwest and south-southeast winds

FIG. 12. Wind direction (upper) and wind speed (lower) for hourly
steps from 0100UTC to 0600UTC. Wind profile taken at 137.48 -35.96
(near the vortex start in Fig 11 lower left above) for the ERA-Interim
feedback ‘on’ simulation.

converging from either side of Cape Gantheaume and
northwesterly winds from the northern flank of the fire
area (see also Fig 3). The vortex development is behind,
rather than coincident with, the main frontal wind shift
and also behind the active fire line. Figure 12 shows ver-
tical wind shear in both speed and direction below 3 km,
with speed shear at a maximum around the time of vortex
development at 0300UTC and directional shear enhanced
through the period of the vortex being adjacent the fire
line. Kochanski et al. (2013c) describe simulations that
demonstrate the influence of low level wind shear on fire
propagation.

Figure 10 shows the fire front takes on a right-angled
shape, focussed to a point near the fire whirl. Examina-
tion of the time series of rate of spread showed that be-
tween 0400UTC and 0630UTC the fastest rate of spread
along the fire front was adjacent to the fire whirl, provid-
ing a mechanism for increased fire activity. A dense smoke
plume was a feature of the D’Estrees fire (Fig. 2) and the
plume extent and opacity suggest a high intensity fire. A
high intensity fire in response to a fire whirl is consistent
with Countryman (1971), in which he states that labora-
tory experiments and field observations show the burning
rate of fuels is increased by the presence of fire whirls. He
attributes increased rate of burning to higher wind speeds
within the whirl and in the whirl inflow. The vorticity as-
sociated with the fire whirl and associated up-motion also
provides a mechanism for development of an organised
plume.

In this study, we focus on documenting the develop-
ment of the vortex adjacent the fire-line. The dynamics
of the simulated vortex, and a detailed description of the
processes by which it developed, is the intended subject of
a further study.
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The GFS wind shift and the ERA-Interim vortex from
our simulations each present two alternative, and not
necessarily mutually exclusive mechanisms for increased
burning at the fire front and consequently the large vol-
ume of smoke seen in Fig 2. The low-level post-change
wind speeds in the GFS case present a likely mechanism
for a longer active fire line, hence greater smoke produc-
tion. The vortex of the ERA-Interim initialised simulation
provides another possible explanation: a fire whirl with
locally strong winds, hence an increased rate of burning
and smoke. Although there were no supporting observa-
tions of a fire whirl at the D’Estrees Bay, the observations
were very limited and insufficient to prove or disprove its
presence.

Conclusions

Unusual fire activity was observed at the D’Estrees fire
on Kangaroo Island in December 2007. The coupled fire-
atmosphere model WRF and SFIRE has been used to sim-
ulate the event, with the objective of examining the fire-
atmosphere interactions that may have occurred. Two sets
of simulations were made; one with feedback from the fire
to the atmosphere, and the other without feedback, using
two different NWP initialisation models; the ERA-Interim
and GFS. The simulations show that the energy released
by the fire produced two significant modifications to the
surrounding atmosphere. The first was faster propagation
of a sea breeze wind shift frontal line and enhanced verti-
cal motion on the sea breeze frontal boundary. The second
was that the simulations initialised with the ERA-Interim
analysis developed a long-lived vortex. These atmospheric
features were identified as possible mechanisms for en-
hanced fire behaviour; the wind shift produced a longer
active fire flank and hence a larger burning area and the
vortex provided a mechanism for increased fire intensity.
The results of these simulations show that the assumption
that evolution of a fire is dependent on the atmosphere, ne-
glecting evolution of the atmosphere dependent on the fire
can introduce significant errors.

The difference in fire spread resulting from the two
initialisations (GFS and ERA-Interim) illustrates another
challenge in fire prediction. The fire perimeter is seen to
be highly sensitive to small variations in wind speed and
direction. Because it is not computationally possible to
produce a ‘perfect’ high resolution wind forecast at mid-
flame height, the difference in fire perimeter for the two
NWP initialisations reinforces the argument that proba-
bilistic rather than deterministic methods are appropriate
for predictive modelling of fire spread, in order to account
for the uncertainties in meteorological inputs.

The findings we present here are relevant to topical
fire research because they provide new evidence for fire-
atmosphere interactions. They are one of the first stud-
ies providing numerical evidence of a fire changing the

mesoscale atmosphere. These simulations show only one
case, so general conclusions cannot be drawn, but the im-
plications are wide reaching for the fire management com-
munity as the results raise compelling questions regard-
ing current approaches to providing weather information
for fire management decisions and weather inputs to fire
behaviour simulators. These include: the limitations of
an uncoupled point forecast derived from an NWP oper-
ational run, particularly in a sea breeze or wind shift en-
vironment; the potential for a given fire to respond to and
possibly modify the meteorological environment; and the
appropriate path forward for research and development of
coupled and uncoupled fire behaviour models, and the in-
puts and parameterisations that should be included in pre-
dictive models.

The results should be interpreted bearing in mind the ca-
pabilities of WRF and SFIRE. Mandel et al. (2011), Coen
et al. (2013) and Kochanski et al. (2013a) highlight some
of the limitations, including: lack of a crown fire model,
problems associated with the range of scales covered by
the model (from synoptic to micro-scale), to mention a
few. One particularly relevant question is whether the
treatment of latent and sensible heat fluxes from the fire
into the atmospheric grids is a reasonable approximation
of processes in a real fire; an assumption that is difficult
to verify. In a broader context, many of the limitations of
fire spread models discussed by Finney et al. (2013) sim-
ilarly apply to coupled as well as uncoupled models, in
particular that here we provide a deterministic solution to a
stochastic process. Also, the simulated features have been
assumed to be an authentic representation for the purposes
of this discussion, and this assumption remains untested.
However, the WRF model (with and without a fire compo-
nent) has been well validated in numerous other studies,
and notwithstanding the limitations, our simulations pro-
vide useful insights into the feedback process.

Anticipating likely fire behaviour is critical to success-
ful mitigation activities during bushfire events and for
strategic planning of fuel reduction burns. Due to the
expanding Australian wildland-urban interface, bushfires
and fuel reduction burns are frequently adjacent to resi-
dential areas. These areas are frequently fire-prone moun-
tainous and coastal locations where mesoscale meteoro-
logical processes dominate and fuel loads can be high. In
addition, climate trends are producing shorter windows of
opportunity for fuel reduction burning. This combination
of factors is increasing the risks associated with fuel re-
duction burns and bushfires, increasing the need for com-
prehensive and accurate information for strategic planning
and mitigation decisions.

Since weather forecasts and fire simulation models are
key tools for predicting fire behaviour, appropriate param-
eters to include in weather forecasts and appropriate inputs
into fire behaviour models must be established. Greater
understanding of fire-atmosphere interactions will assist
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in determining appropriate detail in weather forecasts for
fires and appropriate inputs to fire behaviour models. The
evidence from this study shows there are limitations to
a fire-simulation model that uses constant meteorological
inputs.

Scientific understanding of how a fire interacts with the
atmosphere at present is limited, as is understanding of
how feedback between the two may manifest as unex-
pected fire behaviour. Since observations are difficult to
make at a bushfire, coupled simulations such as this one
are an important tool for understanding fire-atmosphere
interactions.
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Chapter 3

The Rocky River fire WRF and
SFIRE simulations

The meteorological case study of the event is included at Appendix B and published
at:

http://www.cawcr.gov.au/publications/technicalreports.php
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Coupled WRF and SFIRE simulations of the
Rocky River fire
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Abstract

The coupled atmosphere-fire behaviour model WRF and SFIRE has been
used to simulate a fire where extreme fire behaviour was observed. Tall flames
and a dense convective smoke column were features of the fire as it burnt
rapidly up the Rocky River gully on Kangaroo Island, South Australia.

WRF and SFIRE simulations of the event show a number of interesting
dynamical processes resulting from fire-atmosphere feedback including: fire
spread was sensitive to small changes in mean wind direction; fire perimeter
was affected by wind convergence resulting from interactions between the fire,
atmosphere and local topography; and the fire plume mixed high momentum
air from above a strong subsidence inversion. At one-minute intervals, output
from the simulations showed fire spread exhibiting fast and slow pulses. These
pulses occurred coincident with the passage of mesoscale convective (Rayleigh-
Bènard) cells in the planetary boundary layer.

The results show that feedback between the fire and atmosphere may have
contributed to the observed extreme fire behaviour. The findings raise ques-
tions as to the appropriate information to include in meteorological forecasts
for fires as well as future use of coupled and uncoupled fire simulation models
in both operational and research settings.

∗Bushfire CRC; Applied Mathematics, Adelaide University; Bureau of Meteorology
†Applied Mathematics, Adelaide University
‡Applied Mathematics, Adelaide University
§Centre for Australian Weather and Climate Research, Bushfire CRC
¶Department of Parks and Wildlife, Western Australia
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Introduction

This study presents simulations of the Rocky River fire using the coupled fire-
atmosphere model WRF and SFIRE. The fire was in early December 2007 on Kan-
garoo Island, off the coast of South Australia (see Fig. 1). It was ignited by a dry
lightning storm that started over 20 fires on the island, four of which continued to
burn for two weeks. On 9 December, one of the fires burnt rapidly up the Rocky
River gully in a wilderness protection area. The gully was densely vegetated with
dry, predominantly mallee fuels1 and the topography is relatively low-relief. Fire
managers described the fire activity as extreme. One described the day as “. . . the
worst fire behaviour I’ve ever seen”. Flames to a height of 50 m were observed when
the fire reached a road at the northern end of the gully (see pictures in Peace and
Mills (2012)). The fire was inaccessible for surface suppression activities due to lack
of vehicle access and water bombing from aircraft had no significant effect.
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Figure 1: Map of southern South Australia showing Kangaroo Island and the nested
domains for the WRF and SIFRE simulations. CFSD is the nearby Automatic
Weather Station.

The weather conditions were not typical for extreme fire behaviour in southern
Australia. Synoptic patterns are frequently used to categorise days of high fire risk
(e.g. Potter 2012). In South Australia, the typical severe weather fire pattern is a
hot, dry airstream from the centre of the continent, driven southwards by strong
and gusty northerly winds, and preceding the passage of a strong southwesterly wind
change behind a synoptic cold front. In comparison, the weather pattern on the day
of the Rocky River fire was of a high pressure ridge to the south of the continent

1Mallee are a eucalypt species that have multiple stems growing from a ground-level lignotuber.
They are usually less than 10 m high and are a major vegetation group of semi-arid areas of
southern Australia.
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in the wake of a weak cold frontal passage on the previous day (Peace and Mills
(2012)). Near the fire, observations from an Automatic Weather Station (AWS)
(location shown in Fig. 1) recorded daytime temperatures ranging from 15 to 18oC,
with dewpoint temperatures of 2-8 oC, resulting in relative humidities of 35-55%. An
important aspect of the weather conditions from a fire perspective was near surface
winds speeds averaging 25-35 km h−1, with wind direction broadly aligned with the
orientation of the gully, from the southwest to the northeast.

Figure 2: NOAA Aqua satellite MODIS image 0610UTC (4:40 pm local time) 9
December 2007. Red pixels show hot-spots detected by satellite.

Figure 2 shows the afternoon MODIS image on the day of the fire. The island is
obscured by scattered to broken strato-cumulus cloud, which would have inhibited
insolation. The cloud bands in Fig. 2 are aligned with the wind direction and
indicative of cellular convection in the boundary-layer.

The heavy loads of mallee fuel on the island were very dry due to low rainfall
the preceding winter. Mallee is a fuel with a strong response to wind (Cruz et al.
2013), so fast fire spread was expected due to the forecast wind speed: however
the observed extreme fire behaviour was not anticipated. The official measure of
Fire Danger used on the island is the Forest Fire Danger Index (FFDI) described
by McArthur (1968). On the day of the Rocky River fire, the FFDI recorded at the
nearby AWS peaked at 13, a value in the ‘High’ category, indicating a fire is able to
be controlled.

Peace and Mills (2012) describe the meteorology of the event, and in the case
study, proposed that the fire activity could be attributed to dry, heavy fuel loads,
winds aligned with local topography and, possibly, entrainment of dry air from above
a subsidence inversion.

Following the case study, this paper describes simulations of the fire using the
coupled fire-atmosphere model WRF and SFIRE. The aim was to explore fire-
atmosphere interaction processes with the coupled model and to test hypotheses
developed in the case study, rather than reproduce the observed fire behaviour. A
detailed verification is in any case unachievable for this fire, as it was a bushfire
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in a location with limited access, thereby having very limited observations. As a
consequence, the simulations show a semi-idealised representation of a fire in a real
atmosphere, rather than an effort to replicate and verify known fire activity using
the coupled model. Notwithstanding the limited verification data, there is merit in
simulating the Rocky River fire with a coupled model as the simulations provide an
opportunity to to explore the processes that may have contributed to the extreme
fire behaviour that was anecdotally described.

The importance of atmospheric processes impacting on a fire ground has been an
area of active research in recent years. A number of recent meteorological case stud-
ies describe fires where unexpected fire activity can be attributed to features in the
lower atmosphere mesoscale environment. Several of these (eg. Mills (2005), Mills
(2008a), Charney and Keyser (2010), Zimet et al. (2007)) describe dynamical mix-
ing of dry and high-momentum air from the mid-upper troposphere to above a fire
site. In each of the events above, extreme fire behaviour occurred in an environment
where dry, high-momentum air was present in the mid troposphere. Each study
proposed meteorological mechanisms by which the surface fire activity could be en-
hanced by mixing of the air mass from the mid to upper troposphere to near the
surface.

The following section provides a description of the WRF and SFIRE model
and the configuration used in the simulations. Then we present the results of the
simulations, followed by a discussion on the implications of the findings.

WRF and SFIRE

The model used in this study is the Weather Research and Forecasting model
(WRF), coupled to a fire simulation model (SFIRE). The WRF numerical weather
prediction model is described by Skamarock et al. (2008). The model has a range
of chemistry and physics extensions and user-defined initialisation options. The
SFIRE model is a two-dimensional fire spread model coupled to WRF, described
by Mandel et al. (2011). Fire progression in SFIRE is calculated by a level-set im-
plementation of the Rothermel (1972) equations. From the fire progression at each
time step, heat and moisture (latent heat) fluxes are calculated from the quantity
of fuel consumed at each grid cell and are converted to potential temperature and
water-vapour concentration source terms in the atmospheric model.The simulations
shown here were made with the most recent available model release, which at the
time was WRF and SFIRE, released by the SFIRE group, sourced in mid 2012 from
https://github.com/jbeezley/WRF and SFIRE.

Simulations were run using E-research South Australia infrastructure on the
supercomputer ‘Tizard’. Initialisation was with the European Centre for Medium-
Range Weather Forecasts Re-analysis (ERA-I) data (Dee et al. 2011). Simulations
were run in both feedback ‘on’ and feedback ‘off’ mode. The difference is that when
feedback is ‘on’, at each time step a heat and moisture flux is calculated from the
fire grids and inserted into the atmospheric grids, whereas when feedback is ‘off’
no fluxes are inserted, so the atmosphere is effectively unaware of the fire and no
coupling occurs. By comparing simulations with feedback ’on‘ and ‘off’, it is possible
to assess how the fire changes the meteorological environment.
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The fire ignition was at 2200UTC (8:30am local time). The ignition time was cho-
sen to allow a 10 hour lead time from model start; to be prior to diurnal boundary-
layer activity and to capture afternoon fire activity. The fire ignition represented a
small active fire line, based on information from fire maps provided by DEWNR (De-
partment of Environment and Heritage 2008).

(a) Fuel map (b) Topography (m)

Figure 3: High resolution fuel and topography as provided by DEWNR (Department
of Environment, Water and Natural Resources), SA and used in the WRF and
SFIRE input grids. The vegetation grids were reallocated to create a simple mosaic
of three fuel types; no-fuel (yellow), fuel in gullies (blue) and fuel on ridges (red).
Fire perimeter at 10 minute intervals from the feedback ‘on’ simulation is overlain
in black.

High resolution topographic grids at 25 m DEM and high resolution vegetation
grids at 10 m were provided by DEWNR. Figures 3a and 3b respectively show the
fuel map and topography in the simulations. From the description given by Rob
Ellis from DEWNR (contained in Peace and Mills (2012)) higher fuel loads in the
gully compared to the adjacent ridge top were thought to have been an important
factor influencing fire behaviour. Fuel load differences were therefore created in the
input file with mass loading doubled in the gully compared to the adjacent ridges,
using a simplified vegetation map edited from the version provided by DEWNR.
Fire spread data provided by DEWNR (Department of Environment and Heritage
2008) showed fire spread was restricted to the east by a bitumen road, so a no-fuel
area (shaded yellow in Fig 3a) was included to constrain fire spread.

The fuel parameter values for mallee were taken from McCaw (1998), which de-
scribes a study of experimental burns in mallee-heath fuel in Western Australia.
This experimental analysis evaluated a range of fire spread prediction models, in-
cluding the Rothermel model, and the mallee values from that study are the fuel
parameters used here. A constant value of fuel moisture of 0.10 was used, based
on advice from DEWNR. A wind scaling factor of 0.2 was used in order to achieve
reasonable values of fire spread, since unmodified winds produced unreasonably fast
fire spread, based on information that the fire arrived at a road at the top of the
gully in the late afternoon. A value of 0.2 is lower that the standard USA fuel types
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in the SFIRE model, but within the range for forests within established canopy
described by Baughman and Albini (1980). Initial runs were made with output at
10 minute intervals. However, this gave a very fragmented time series of fire plume
evolution. Accordingly, the simulations were re-run from a restart file with output
at one minute intervals for the time period 0600UTC to 0830UTC (data storage for
a longer period was prohibitive).

Results

Four portable Automatic Weather Stations (AWS) were deployed on Kangaroo Is-
land during the fire campaign. CFSD provided observations closest to the fire (see
Fig. 1 for location). Figure 4 shows a comparison of meteorological parameters for
CFSD observations and output from nest 2 of the WRF grids. Apparent in the wind
speed through the afternoon and evening are three features: temporal oscillations
in the observations, a gradual backing trend (southwest to south-southwest) and
decreasing wind speed.
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Figure 5: Fire perimeter for feedback ‘on’ and feedback ‘off’ simulations with output
at 10 minute intervals.

Figure 5 shows the fire perimeter at 10 minute intervals for the feedback ‘on’
and feedback ‘off’ simulations. Fire spread was constrained at the southeastern
flank and northern edge by roads that are included as areas of no-fuel (see Fig. 3a).
Isochrones for the feedback ‘on’ simulation are more tightly packed along the north-
eastern flank of the fire than in the feedback ‘off’ simulation. This restricted fire
spread occurred along a ridge line that can be seen in Fig. 3b. In the feedback ‘on’
simulations, convergence of the fire-modified winds along the ridge-line prevented
the fire from spilling-over to the eastern side of the ridge. By comparison, there
was no convergence in the unmodified winds in the feedback ‘off’ run, so the fire
moved unrestricted to the northeast. Some of the difference in fire area in the two
simulations is due to timing of fire spread relative to the backing environmental
winds. However, the dominant mechanism for producing the different fire perime-
ters was interactions between topography and fire-modified winds, which prevented
fire growth to the east of the ridge line.

In these simulations, the total fire area is greater for feedback ‘off’ than for
feedback ‘on’ (see Fig. 5). This result differs from our previous simulations of the
D’Estrees Bay fire (Peace et al. submitted), in which total fire area was greater with
feedback on.

Although it was suggested by fire managers that differential fuel loads between
gully and ridge-top contributed to the observed fire behaviour, examination of the
simulations as the fire crossed different fuel loads showed no difference in fire perime-
ter growth.

Figure 6 shows the sensitivity of simulated fire spread to a slight variation in
wind direction. The bottom plot is difference in fuel fraction at each time step and
is a measure of area burnt at each time step (on the atmospheric grid cells). Note
the rapid increase in fuel consumed from 0630UTC. At this time, the backing trend
in wind direction settled to a direction of 210◦ (middle plot of Fig. 6). The increase
in fuel consumption occurred as the 210◦ wind direction steered the fire past the
‘no-fuel’ region to the southeast of the fire area (yellow area in Fig. 3a). The slight
change in wind direction directed the head fire to the north of the no-fuel zone and
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hence caused the jump in fire spread, in spite of the continuing slow decline in wind
speed (top plot of Fig. 6). This is an important result with respect to operational
wind forecasts and amendment criteria. The difference in wind direction would
generally not be included in a fire weather forecast since a wind shift of 30◦ does
not trigger amendment criteria. An operational forecast would most likely ‘split the
middle’ with a forecast 220◦ or 230◦, thus omitting information on wind direction
which in this case, had an impact on fire spread direction relative to a fire break.
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Figure 6: Times series of wind speed (10m winds) (upper) and wind direction (mid-
dle) and difference in fuel fraction (on the atmospheric grid) at each time step of
the simulation (bottom).

Figure 7: Fire perimeter for feedback ‘on’ and feedback ‘off’ simulations for the
period 0600UTC to 0830UTC at 1 minute intervals.

Figure 7 is similar to Fig. 5, but showing output at one minute intervals be-
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tween 0600UTC and 0830UTC. The difference in position of the inner perimeter
is a consequence of the variation in fire spread prior to 0600UTC arising from the
fire-modified winds. A feature of the one minute data is that fire spread is not
steady state throughout. The feedback ‘on’ and feedback ‘off’ simulations both
show ‘pulses’ where the isochrones are closer together, then further apart, reflecting
slower and faster spread periods of the fire. However, the pulses are much less evi-
dent in the feedback ‘off’ simulations than in the feedback ‘on’ simulations. It thus
appears that what would otherwise be weak pulses in wind driven fire spread are
amplified by the fire-atmosphere feedback. From the formulation of the Rothermel
model and its implementation in WRF and SFIRE, the rate of spread (ROS) of
the fire can only be affected by fuel type, wind and slope. As the pulses in rate of
spread occurred across a constant fuel type and topography is the same for both
simulations, the differences in ROS must be due to the fire-modified winds. The
cause of the surges and lulls in fire spread is explored in the remainder of this study.

Figure 8: One minute fire isochrones for the feedback ‘on’ run with faster runs in
in red and slower fire runs in blue. 10 minute intervals (UTC) are in black and
annotated. Significant fire runs highlighted with green circles at A, B and C are
discussed in the text.

Figure 8 shows detail of fire spread in the one minute data. Note that the
variation is generally over intervals of less than 10 minutes, so would be averaged
out with 10 minute output. Pulses in fire activity and particular time periods of
interest are annotated. Figure 9 shows maximum fire spread at each one-minute
output time step (151 time steps). The maximum rate of spread is from the WRF
and SFIRE output parameter “maximum fire rate of spread” (F-ROS is in any
direction, not necessarily perpendicular to the fire front). Fire spread at all times
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is faster for feedback ‘on’, with significant oscillations. The maximum fire ROS for
feedback ‘on’ ranges from 3 to 6 m s−1, whereas for feedback ‘off’, maximum ROS
slowly declines from around 2.8 to 2.2 m s−1, qualitatively consistent with the slow
decline in environmental wind speed during this time (see Fig. 6). The absence of
oscillations in maximum ROS in the feedback ‘off’ simulations shows that the surges
and lulls in the feedback ‘on’ simulations result from fire-atmosphere feedback. As
a consequence of the formulation of the Rothermel equations in SFIRE, the surges
can only be attributed to speed of the near surface fire-modified winds.

Figure 9: Maximum rate of spread (m s−1) at each timestep for feedback ‘on’ (blue)
and feedback ‘off’ (green).

Figures 10 and 11 show vertical motion (up-motion in red/yellow, down-motion
in blue) for the feedback ‘off’ and feedback ‘on’ simulations respectively. A pattern
of cellular convection is seen, qualitatively consistent with the satellite image in
Fig. 2 and fitting a description of Rayleigh-Bènard convection cells (Stull 1988).
The convection is open cellular, with up-motion on the edges and down-motion in
the centre. Cells are approximately 8 km across, and extend from the surface to 500-
600 m elevation. The convection cells move from southwest to northeast with time,
in the same direction as the environmental winds. A comparison of the feedback
‘on’ and ‘off’ runs in the two figures indicates the cells are distorted near the fire,
but similar away from the fire, suggesting the influence of the fire is relatively local.
The cells were not present through the entire 24 hour simulation. In the 10 minute
data series they were a distinguishable feature between 0500UTC and 0800UTC.
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Figure 10: Vertical velocity (w, m s−1) for the feedback ‘off’ simulation at model
level 6, which corresponds to a height above topography of approximately 195 m
(height varies with sigma level). Times as annotated. The fire perimeter for the time
step is shown in black in each plot. The blue line provides a stationary reference for
Figs. 10 to 13.

Figure 11: Vertical velocity (w, m s−1) for the feedback ‘on’ simulation. Details are
as for Fig.10 but for feedback ‘on’.
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Figure 12: Wind speed (m s−1) showing bands for feedback ‘off’. Height above
topography is the same as above (approx 195 m). Times as annotated (UTC). Fire
perimeter in black. Blue line provides a stationary reference.

Figure 13: Vertical motion (w, m s−1) at four times of fast fire spread (A,B and
C from Fig.8 above - with two stages of B). Height approximately 195 m, times as
shown. Diagonal lines in pink show the cross sections taken for the next figure.

Figure 12 shows the horizontal wind speed for the feedback ‘off’ simulation at
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the same height as the vertical motion plots in Figs. 10 and 11. Bands or waves
in the wind speed, with maxima and minima oriented northwest-southeast (normal
to the wind direction) are seen, with speeds varying from around 6 to 11 m s−1.
The wind speed bands are linked to the convective cells, are spatially coherent and
moving at the same speed. The wind speed bands were vertically coherent and the
cells were similarly vertically coherent, with no directional shear with height. Wind
speed bands were also seen in the feedback ‘on’ case, although the wave structure
was distorted by the fire-atmosphere interactions in the vicinity of the head fire.
The wind speed bands were present for the same time period as the cells, but were
identifiable to a slightly higher level (approximately 1 km elevation, a similar height
to the inferred cloud base). The bands in wind speed were present at the surface,
again varying by a factor of two, but slightly reduced in speed (approximately 5 to
9 m s−1). This raises the question as to whether the bands in wind speed directly
caused the surges in fire spread described earlier. Figure 9 shows that the variation
in rate of spread for feedback ‘off’ was insignificant compared to feedback on. Since
the fast and slow wind speed bands were present in both simulations, only a small
part of the variation in fire spread can be attributed directly to variations in near-
surface environmental (non-fire-modified) wind speed.

Figure 13 shows vertical motion and fire perimeter at times of fast fire spread
highlighted as A, B (b1, b2) and C in Fig. 8. ‘B’ includes two fast fire runs, one
just before and one just after 0700UTC, which are shown separately here. The plots
show snapshots of a feature that is clearly evident in an animated time series. As the
leading edge (yellow upmotion) of each cell passes over the head fire, a strong pulse
of (blue) down-motion develops just behind the head fire. This generally fits with
observations that a fire spreads fastest when driven by down-drafts. In contrast,
strong updrafts tend to slow the spread of a fire, because the convective in-draw
results in more vertical flames and this reduces pre-heating of fuels ahead of the
flaming zone. In the 2.5 hour simulation at one minute intervals, 12 individual cells
pass over the head fire and a downwards pulse occurs with each. The fast fire runs
coincide with the passage of the leading edge of cells (up-motion) over the head fire.
The cellular structure and associated down pulses are less coherent after 0800UTC,
most likely because the daytime boundary-layer structure is weakening.

Figure 14 shows wind cross sections at the times shown in Fig. 13 through the
lines annotated in pink. There are several features of interest in the plots. Firstly
and most significantly, at each time of fast fire spread (or just before) there is a
surge in downwards motion into the back of the head fire (circled in black). These
surges are localised and low to the ground (500-1000 m deep). The upwards plume
reaches a higher elevation than the downwards plume, with stronger velocities seen
in the upwards plume. The vertical velocities are similar in strength to a small to
moderate size thunderstorm. As mentioned previously the atmospheric grid is 222
m, so peak instantaneous vertical velocities are likely to be significantly faster than
the 5 m s−1 seen here. The plume easily reaches a height of 2-3 km, at which height
the wind speed is a westerly 15-20 m s−1. Modification of the wind fields by the fire
occurred to a height of 5 km or more. Because the plume is interacting with the
airmass at higher levels, there exists a mechanism for momentum entrainment.
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Figure 14: Cross sections of vertical velocity (w, shaded) and wind speed (m s−1).
Times shown are as in Fig. 13 above through the pink cross sections shown from
southwest (left) to northeast (right).

136.75

136.8

136.85

136.9

136.95 35.95
35.9

35.85
35.8

0

200

400

600

800

1000

1200

1400

Latitude (deg)Longitude (deg)

Al
tit

ud
e 

(m
)

(a) View from southeast

136.74 136.76 136.78 136.8 136.82 136.84 136.86 136.88
35.95

35.9

35.85

35.8

Longitude (deg)

La
tit

ud
e 

(d
eg

)

(b) View from above

Figure 15: Backwards trajectory plot showing downwards motion of air parcels.
Time 0720UTC to 0735UTC, end point 136.864E, 35.825S. Open circles show parti-
cle positions (10 members) at one-minute intervals. Red outline shows fire perimeter.
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Figure 16: Cross sections of vertical velocity (w, shaded) and wind speed (m s−1) at
times of relatively slower fire spread. Times shown are as annotated with the cross
section as marked in pink in Fig. 13 from southwest (left) to northeast (right).

Figure 17: Relative humidity difference between feedback ‘on’ minus feedback ‘off’
simulations, with wind vectors for feedback on. Blue regions are moister air, red
areas show drier air. Cross sections are taken along the same sections as Fig 13
above, but with selected times as annotated.
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Figure 15a shows back trajectories from a location in the peak of the downwards
motion for 15 minutes back in time from 0735UTC. The descent of air parcels from
an elevation of around 1100 m into the back of the fire can be clearly seen. The
topography beneath the descent minimum is approximately 270 m, so particles are
around 100m above the surface fire. The location matches the peak in downwards
motion at Fig. 14 lower right. Figure 15b shows the directional clustering of the tra-
jectory parcels, aligned with the southwest winds. Similar trajectories from locations
displaced away from the fire showed parcels maintaining a course at near-constant
elevation.

Figure 16 shows vertical motion cross sections at a selection of times that coincide
with slower fire runs than those displayed in Fig. 14. In comparison to Fig. 14, Fig. 16
shows that when the head fire is moving more slowly, a strong downwards surge is
either not present, or the downwards motion is comparatively weaker.

In summary, the simulations show surges and lulls in fire spread in the one minute
data. The surges in fire spread match the passage of Rayleigh-Bénard convection
cells over the head fire. Velocity fluctuations in the background winds, seen as bands
or waves in the wind speed, are spatially coherent with the convection cells. Fire-
atmosphere interactions distort both the wind speed bands and convective cells. The
fast fire spread coincides with the passage of the leading edge of the convective cells
and downwards pulses of vertical motion.

The hypothesis developed in the case study (Peace and Mills 2012) postulated
that fire activity was enhanced due to mixing of dry air from above the subsidence
inversion, thus reducing near surface relative humidity from 40-50% to below 10%
and providing a mechanism for pre-drying of fine fuels (dependent on turbulent
mixing and entrainment processes).

The hypothesis is explored in Fig. 17, which shows cross sections of the difference
in relative humidity for the feedback ‘on’ and feedback ‘off’ runs. The boundary-
layer interface (which in the feedback ‘off’ simulation is at around 1.5 km) is very
active. Significant perturbations due to turbulent mixing by the fire plume extend
upwards (moist intrusions, blue) and downwards (dry intrusions, red). Fluctuations
in relative humidity extend up to 10 km laterally from the head fire. The dark blue
areas show that fire-atmosphere interactions increased the depth of the planetary
boundary-layer by more than 500 m. Some dry air entrainment from above the
inversion (red and orange) can be seen. However, it is difficult to determine likely
implications for fuel moisture, as when these images are animated the relative hu-
midity reductions near the surface are varying, meaning that the likely response of
the fine fuel moisture content would be relatively small. Until a fine fuel moisture
response is included in these simulations its contribution to additional simulated fire
activity cannot be quantified. However, it appears likely that such effects would be
secondary to the effects of wind.

In this case, static stability across the interface was extremely strong and would
therefore impede vertical mixing. However, in other atmospheric configurations,
where dry levels are present with lesser static stability, entrainment may be more
likely so it is worth examining a number of cases before making broad conclusions.
Dry air above unusually active fires features in several case studies (e.g. Mills (2008b)
describes a case of extreme drying). However, in many of these cases meteorological
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mixing mechanisms were identified that operated on broader spatial scales and longer
time scales that the fire plume circulation presented here.

Figure 18: Wind speed (shaded in m s−1) and vectors at 0812UTC on the lowest
sigma level showing convergence into the head fire. Fire area in red, wind inflow
circled in black.

The simulations provide an interesting insight into the observations of fire ac-
tivity that were made as the fire reached the northern end of the gully in the late
afternoon. As the fire reached the top of the gully and burnt close to observers
watching from a road, they saw a spot fire ignite to the north of the main fire and
get ‘drawn back’ into the main fire, against the prevailing winds. At this time,
AWS observations indicate the FFDI had fallen below 10. Figure 18 shows that
the simulated fire-modified winds to the northeast of the head fire between 0800-
0830UTC were in the opposite direction to the background winds. The unmodified
background winds were around 10 m s−1 with the opposing inflow 5 m s−1. The
simulations therefore show the wind structure to be consistent with the observation
of a spot fire being ‘drawn back’ into the main fire front.

Conclusions

The WRF and SFIRE simulations of the Rocky River fire provide insights into dy-
namical interactions that may occur between a fire and the surrounding atmosphere.
The simulations showed that fire spread was very sensitive to small changes in speed
and direction of both the environmental winds and the fire-modified winds. The sim-
ulations produced fire spread constrained along a ridge line due to convergence of
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fire-modified winds along topography. Output at one minute intervals shows surges
and lulls in the ROS of the fire front. This variation in ROS occurred as a con-
sequence of interactions between the fire plume and low-level mesoscale convective
cells. The faster surges occurred as the leading edge of convective cells passed over
the head fire. Trajectories show the entrainment of higher momentum air from above
the surface, with air parcels accelerating downwards into the back of the fire plume.
The hypothesis that dry air entrainment may occur due to mixing by the fire plume
was shown to have a weak signal only. However, that finding may be specific to
this particular case, since static stability across the subsidence inversion was very
strong, and vertical entrainment of dry air may be more likely in an atmosphere
with weaker stability.

The pulses in fire front propagation match the surge and stall behaviour described
by Dold (2011) as well as the non-steady state fire spread described by Viegas (2004),
who both described rate of spread of a fire as non-constant. Viegas (2004) attributed
non-steady state spread to convection and radiation, whereas Dold (2011) attributed
what he termed ‘surge and stall’ behaviour to subtle variations in fire line intensity.
These simulations show surges in fire spread linked to the passage of mesoscale
convective circulation cells (Rayleigh-Bènard cells) in the PBL over the fire. As the
ascending branch of each cell crosses the head fire, the ascent plume is enhanced,
and enhanced subsidence behind the head fire transports higher momentum air
downwards and drives an increased ROS. The simulated pulses are also consistent
with fire ground observations and photographic evidence that fire progression tends
to show surges and lulls in activity.

A steady state relation between environmental wind speed and fire spread is
generally assumed to occur over a time period of minutes to hours. Here we have
presented simulation output at one minute intervals, noting that a steady state
condition would be seen in a longer sampling period and that the WRF and SFIRE
model was not designed to be used at such small time intervals and has not been
comprehensively tested at such scales. Nevertheless, the energy fluxes from the fire
and dynamical processes in the atmospheric model should be rendered appropriately
in the model numerics, so the insights provided here remain useful and provide an
avenue for future, more detailed investigation.

Further investigation is warranted, as dynamic, non-steady-state fire spread im-
pacts fire-fighters at very short time periods, therefore knowledge of fire-atmosphere
interactions occurring at very short intervals is valuable information. In addition,
development of tools that identify meteorological environments that are conducive
to non-steady state fire spread would be of great benefit.

It is necessary to understand meteorological processes impacting fire behaviour
in order to determine the appropriate inputs for fire weather forecasts. These sim-
ulation results demonstrate how sensitive fire spread is to wind direction and, as a
consequence, illustrate the critical detail required for predictions. Wind predictions
for a fire are extremely challenging, since the wind propagating the fire front arises
from the combination of background winds at the surface and through the lower
troposphere, wind interactions with terrain, wind interactions with the fire plume,
and fire interactions with topography. An additional factor is that Australian fuels
are highly susceptible to spotting, which is driven by the wind and fire plume. The
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evidence seen here, as well as in other recent events suggests that a greater under-
standing of the subtleties of wind structure and modification of the environment in
the vicinity of fire plumes could add valuable information to fire weather forecasts
in Australia.
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Chapter 4

The Layman fire meteorological
case study

This chapter appears as published in the Australian Meteorological and Oceano-
graphic Journal.

http://www.bom.gov.au/amoj/papers.php?year=2012
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Chapter 5

The Layman fire WRF and SFIRE
simulations

The meteorological case study of the event is included as Chapter Four.
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WRF and SFIRE simulations of the Layman fuel
reduction burn

Mika Peace∗ Lachlan W McCaw† Jeffrey D Kepert‡

Graham A Mills§ Trent Mattner¶

Abstract

The Layman fire commenced as a routine fuel reduction burn in south-
west Western Australia in October 2010. Late morning on the day following
ignition, the fire was more active than fire management officers had expected
under the prevailing conditions of wind, temperature and humidity in the
local jarrah and marri fuels. A convective smoke plume developed over the
fire, extending to a height of approximately 4000m. Traditional measures for
assessing fire behaviour gave no indication of the extent of the crown fire that
occurred.

This paper describes simulations of the fire using the coupled fire-atmosphere
model WRF and SFIRE. The simulations show that a northeast to northwest
wind shift and surface convergence occur over the fire just after the fire’s
buoyant plume grows through the overnight nocturnal layer into the residual
mixed layer of the planetary boundary layer (PBL) from the previous day.
The simulation results show that the timing of the wind shift and vertical
growth of the fire plume is a close match for the observed development of the
convective smoke plume above the fire.

As a consequence, we suggest that future research be directed towards
understanding the role of the PBL structure in influencing fire-modified winds
and producing changes in fire behaviour in order to develop ways in which
this information can be included into operational fire weather forecasts in
Australia.

∗Bushfire CRC; Applied Mathematics, Adelaide University; Bureau of Meteorology
†Department of Parks and Wildlife, Western Australia
‡Centre for Australian Weather and Climate Research, Bushfire CRC
§Applied Mathematics, Adelaide University
¶Applied Mathematics, Adelaide University
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Introduction

The Layman fuel reduction burn took place in southwest Western Australia. The
fire was ignited during the afternoon of 16 October 2010, along the eastern side of a
10 km stretch of north-south road. Late morning on the day following ignition, fire
activity increased; the fire transitioned to a crown fire and an extensive convection
column developed. This fire activity was far greater than the fire management
crews expected in the local jarrah and marri fuels under the prevailing conditions of
temperature, wind and relative humidity. Extensive (80%) crown scorch occurred,
when only 20-30% was expected.

(a) Terra satellite 0200UTC (10.00am local
time)

(b) Aqua satellite 0620UTC (2.20pm local
time)

Figure 1: NOAA MODIS satellite images Sunday 17 October 2010. Red pixels
identify the fire as a heat source.

Figures 1(a) and 1(b) show MODIS images at 10:00am and 2:20pm local time
(unless otherwise stated, times are in Western Standard Time (WST) which is 8
hours ahead of UTC) on the day of the unanticipated fire activity. The area of
smoke from the Layman fire (the western fire) increased dramatically over this four
hour period, while that from two smaller fires to the east of the Layman fire did
not show a similar increase in smoke production during the same period. Thus,
conditions appear conducive to a greater rate of fuel consumption at the Layman
fire compared to the fires further east, even though fuel characteristics were reported
as similar.

While not a quantitative measure, fire managers at the fire reported “an order
of magnitude increase in fire activity” during the late morning period.

There was another change in fire activity later in the day, when a southerly sea-
breeze wind change moved across the fire ground. Such wind changes are a regular
feature in weather patterns over southern Australia and typically, when such changes
move across a fire ground, they produce a change in spread direction of the head
fire and an abrupt increase in intensity and/or rate of spread. In the case of the
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Layman fire this did not occur - instead, the fire ceased to crown and the smoke
column became far less deep and active.

The Layman fire was not an experimental fire with well documented quantitative
observations of fire activity, it was an operational fuel reduction burn. Accordingly,
descriptions of changes in “fire activity” are qualitative, but they are of a sufficient
magnitude that they can be accepted as fact.

In local media reports the fire was described as “getting out of control at about
noon”. Discussions with local fire mangers from the local land management agency
Department of Parks and Wildlife, Western Australia (DPaW) indicate that the
increase in fire activity occurred late morning, between 10:00-11:30am.

In the remainder of this paper, when we refer to changes in fire activity, we
are referring to either the mid-morning change to extensive crowning fire behaviour
with the development of the deep convection column or to the afternoon transition
to more benign fire behaviour following the passage of the sea-breeze front.

Figure 2: Aerial photograph of the convection column above the Layman fire, looking
towards the south, between 1.20pm and 1.30pm. Photograph from Department of
Parks and Wildlife, Western Australia.

Figure 2 shows the smoke column above the fire in the early afternoon, with
convergence in the near-surface flow clearly evident. The meteorology of the fire
environment is described in detail in the case study by Peace et al. (2012), which
explores three-dimensional meteorological processes that could explain the observed
fire behaviour. Analysis of the meteorological observations (Peace et al. 2012) indi-
cate the convective smoke column in Fig. 2 extended to a height of approximately
4000m.

From a meteorological perspective, the event was noteworthy because the fire
activity cannot be reconciled with conventional inputs to a fire-weather forecast.
Late morning temperatures were 15-20oC, relative humidity 35-45% and wind speed
3-5 ms−1, resulting in conditions generally favourable for prescribed burning. In the
meteorological case study the structure of the planetary boundary layer (PBL) was
identified as a potential contributor towards the observed fire activity.
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Fire weather forecasts in Australia are underpinned by the metrics developed
by McArthur in the 1960’s. However, his Forestry and Timber Bureau Leaflets,
particularly ‘Fire Behaviour in Eucalypt Forests’ (McArthur 1968), contain a great
deal of information that is not included in the Australian fire ratings system, de-
tail that is similarly not incorporated explicitly into operational weather forecasts.
McArthur states . . . ‘ Atmospheric instability must also play an important part in
determining flame height and crown fire formation’. . . . ‘(it) also plays a significant
part in the spotting process . . . depth of unstable airmass and wind strength aloft
play a vital part.’ He explicitly makes the point that atmospheric stability is not
incorporated in the metric, and the exclusion is due to simplification for ease of use.

It is worth considering why McArthur did not include atmospheric stability in-
formation in the metric, despite his obvious appreciation of its important influence
on fire behaviour. In the 1960’s, weather information (especially predictive data)
was less detailed, less accessible, and spatially widely spread compared to today.
Observation sites were sparsely located and weather parameters were typically mea-
sured and recorded twice a day at 9am and 3pm. The network of automatic weather
stations in place today across Australia was installed from the early 1990’s. Weather
balloons (providing information on the vertical structure of the atmosphere), were
first launched in the early 1900s, but only at a handful of sites.

In the early 1960’s Numerical Weather Prediction (NWP) was non-existent, the
first real-time NWP simulations for portions of the southern hemisphere were made
by the Australian Bureau of Meteorology in 1969. Available predictions had limited
accuracy by today’s standards and information on vertical structure of the atmo-
sphere in the field was sparse. Since the 1960’s, there have been vast improvements
in the temporal and spatial detail provided by NWP, and predictive accuracy has
benefitted tremendously from advances in computational capacity. However, these
improvements have had very limited integration into fire weather forecasting. The
focus on surface conditions of temperature, relative humidity and wind speed is
institutionally ingrained and insufficiently questioned.

Current understanding of exactly how three dimensional structure of the at-
mosphere influences fire behaviour, and of the interactions that occur between the
atmosphere and a fire in three dimensions is limited. In a large part, this is due to
the difficulty of obtaining detailed observations from a fire burning in the landscape.
The Haines index (Haines 1988) and C-Haines index (Mills and McCaw 2010) pro-
vide some information, but the Haines model is not process based and it is limited
to specific atmospheric levels.

Numerical simulation models provide a path forwards. First, by using research
models that resolve fire-atmosphere interactions, we can develop improved concep-
tual models of time-evolving fire-atmosphere interactions in three dimensions. This
method provides a way of supplementing the limited observations available from fire
sites. Then, the knowledge gained from these fire-atmosphere simulations can be
used to define what information should be extracted from non-coupled operational
NWP models in order to best convey the required detail in operational fire weather
forecasts.

This study follows the first path above. It uses the coupled fire-atmosphere
model WRF and SFIRE to further explore some of the four-dimensional interac-
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tions between the fire and atmosphere that occurred at the Layman event. In the
discussion we also make suggestions on approaches for operational implementation.

Simulations and observations of the Layman fire highlight two periods when the
meteorology and fire behaviour are of particular interest. The first period (and the
main feature) is when the fire plume and fire activity developed rapidly in the late
morning. The second period matches the passage of a southwest sea breeze frontal
change over the fire during the afternoon (2pm to 4pm). After the southwest change,
the observed fire activity decreased, despite an increase in wind speed during what
is usually the hottest period of the day. Thus, there were two periods when fire
activity changed, an increase in activity in the late morning and decrease in activity
in the mid-afternoon.

This paper proceeds by describing details of the WRF and SFIRE configuration,
then the results of the simulations. The simulations have been run twice, with
feedback from the fire to the atmosphere ‘on’ and ‘off’, in order to examine how the
energy fluxes from the fire modified the surrounding atmosphere. The aim of this
study was not to reproduce the observed fire perimeter, but to better understand
the processes that led to the vertical growth of the fire plume. In the discussion we
present some ideas on information that can be included in fire weather forecasts in
order to better anticipate fire activity in the future.

WRF and SFIRE

The model used in this study is WRF and SFIRE, sourced in mid-2012 from
https://github.com/jbeezley/wrf-fire/. WRF is described by Skamarock et al. (2008)
and the fire component is described in detail by Mandel et al. (2011). The motivation
behind the use of WRF and SFIRE as well as the configuration for the simulations
shown here is described in more detail in (Peace et al. submitted), which also con-
tains a description of other studies using the coupled model.

The simulations were run using E-research South Australia IT infrastructure and
initialised with European Centre for Medium-Range Weather Forecasts Re-analysis
(ERA-Interim) data (Dee et al. 2011). Simulations were run in both feedback ‘on’
and feedback ‘off’ mode, with the difference being inclusion of energy fluxes from
the fire to the atmosphere. With feedback ‘on’, at each time step, heat and moisture
fluxes are calculated from the amount of fuel consumed on the fire grids and the
fluxes are inserted into the atmospheric grids. When feedback is ‘off’ no fluxes are
inserted, so the atmosphere is unaware of the fire and no coupling occurs.

The numerical integration ran for 24 hours from 1200UTC 16 October 2010 to
1200UTC 17 October 2010. The simulation ran with four nested domains, Fig. 3
shows nests 2, 3 and 4. The outer domain (nest 1) covered a 600 km x 600 km area
with a gird spacing of 6km. The inner domain covered a 22 km x 22 km area with a
grid spacing of 222 m. The ratio of grid spacing on the four nests was 1:3:9:27. The
fire grid was refined on the inner atmospheric grid at a ratio of 1:10, resulting in a
surface fire grid of 22 m. Each of the four nests had 100 grid points in the north-south
and east-west directions. Fifty-one sigma levels were included in the vertical, with
higher resolution near the surface. The outer nest time step was 36 seconds, with a
1:3:9:18 ratio giving time step of two seconds on the inner nest, which was sufficient
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Figure 3: Map of southwest Western Australia showing the location of the Layman
simulation nests. The outer box is nest 2 of the WRF grids, nests 3 and 4 are
annotated. The fire is near the centre of nest 4. Labelled towns show the locations
of Automatic Weather Stations in Fig. 5. Coloured contours show elevation (in
metres) above mean sea level.

to maintain numerical stability and be computationally efficient. Following Hu et
al. (2010) the Yonsei University boundary layer scheme was used, in combination
with the Monin Obukhov surface physics scheme and Dudhia short wave radiation.
Vertical velocity damping was not used and the third order turbulence and mixing
option was used. No cumulus physics were included and the Noah Land Surface
Model was used.

Fire ignition was 355 minutes after model start, just prior to 8:00am local time
(restarts were run from 8am). The fire ignition was along a north-south line 10
km long at 115.41oE, approximating the actual fire line at that time (the actual
fire ignition was along a north-south road on the previous afternoon). As with our
previous simulation(s) (Peace et al. submitted), a wind scaling factor of 0.2 was
used in order to achieve rates of spread which reasonably matched the observed fire
spread. Baughman and Albini (1980) describes the wind scaling parameter in detail
and although the value of 0.2 is lower than those used in the 13 fuel models included
in the standard USA fuels implemented in WRF and SFIRE through the Rothermel
equations, it does fit within the tabulated ranges in Baughman and Albini (1980).

The Rothermel fuel model implemented in WRF and SFIRE requires specific
fuel input information. The values used for the jarrah and marri fuels at the fire are
as follows: ground fuel moisture 0.07 kg kg−1, initial mass loading of surface fuel 1.8
kg m−2 (18 t ha−1), fuel depth 0.2 m, surface-area-to-volume-ratio 5000 m−1, fuel
moisture content of extinction 0.21 kg kg−1, weighting parameter 180. These fuel
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values were either established at the fire site or are standard for eucalypt fuels. The
largest uncertainty is in the fuel depth of 0.2 m. This uncertainty is compounded by
the surface-to-crown fire transition that was observed, but not able to be simulated
by the version of WRF and SFIRE used in these simulations. Initial runs produced
output at ten minute intervals and the simulation was re-run from a restart file at
1800UTC with output at one-minute intervals to give higher temporal resolution
output through the period of rapid increase in fire activity.

Results
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Figure 4: Automatic Weather Station (AWS) observations and WRF output from
nest 2 for the sites labelled in Fig. 3. Time period is 17 October 2010, midnight to
midnight.

Figure 4 compares the WRF simulations with the available meteorological observa-
tions from the AWS stations shown in Fig. 3. The simulations reproduced temper-
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ature and dewpoint temperatures well, also trends in wind direction. Differences in
wind speed between the simulation and observations are likely to be due to local ef-
fects in the light winds. The simulations and observations at Busselton, Manjimup
and Bridgetown all show a gradual shift in wind direction from the northeast to
northwest in the late morning.
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Figure 5: WRF output at the fire site for the feedback on (Fire) and feedback off
(No Fire) simulations at (115.42oE 34.06oS).

Figure 5 shows the surface weather parameters at the fire site (similar to Fig.
4 ) for nest 4 for the feedback ‘on’ (blue) and feedback ‘off’ (black) runs. Figure 5
shows that there was no significant change to the near-surface conditions of dewpoint
temperature between 10am and midday, but there was an increase of a few degrees
in temperature. However, in the late morning, the wind speed was faster (close to
double) for the feedback ‘on’ simulation. Wind direction was distinctly different for
the two simulations, with a gradual change from northeasterly to northwesterly seen
in the feedback ‘off’ simulation, but a distinct change in direction for the feedback
‘on’ simulation. The stronger wind speed and distinct direction shift arising from the
fire-modified winds in the feedback ‘on’ simulation resulted in a marked convergence
zone over the fire area, whereas no convergence was present with feedback ‘off’.

Prior to the wind shift, fire progression to the west was restricted by the north-
south road along which the fire was ignited on the previous day. This road was
implemented into the simulations as an area of no-fuel. The northeast to northwest
wind shift is likely to have been a significant factor in the increase in fire activity
that was observed. The simulated wind shift matches the observed timing of an
increase in fire activity, which occurred around 10:30-11:00am (DPaW staff pers.
comm., December 2011). Figure 4 shows that there was no significant change to the
near-surface conditions of air temperature, dewpoint temperature or wind speed at
the four AWS sites during the late morning.
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Figure 6: Comparison of hourly fire perimeter isochrones in red for the feedback on
(left) and off (right). Time period is 1800UTC 16 October to 1200UTC 17 October.
Rectangle to the west of the fire is the ‘No Fuel’ area. Pink line shows the cross
section shown in later plots. Coloured contours every two metres show elevation
(m) above mean sea level.

Figure 6 shows hourly isochrones of fire-spread. Based on available information,
the simulated fire evolution is a reasonable reproduction of the known fire area
(Fig. 4 in Peace et al. (2012) shows a map of the fire perimeter at 1:30pm). The
close isochrone spacing reflects the light wind speeds. Simulated fire spread in the
overnight and early to mid-morning was mostly a backing fire under northeast winds,
with simulated westward spread prevented by the ‘No Fuel’ area (see Fig 6) in the
fuel grids, which represented the north-south road along which ignition occurred and
which acted as a fire break during the event. The simulated wind shift in the late
morning from northeast to northwest caused fire spread to turn to the southeast. In
the late afternoon, when winds turned southwesterly behind a frontal change, fire
spread turned to the northeast.

The simulated fire rate of spread was relatively slow, around 0.02 to 0.2 m s−1.
Near-surface winds were mostly below 3 m s−1 ahead of the southwest wind shift,
however the fire-modified winds were faster, up to 6 m s−1. Therefore, the observed
extreme fire activity cannot be attributed to strong winds. The length of the fire
line would have influenced the fire behaviour, as the wind shift to the northwest
resulted in a head fire around 10 km long. However, the long fire front does not
fully explain the observed deep convection column, the extreme fire activity and the
extensive crown fire.

The following figures show results from the coupled simulations and the accom-
panying narrative presents an interpretation of how the fire behaviour may have been
influenced by the mesoscale meteorology and fire-atmosphere feedback processes.

Figure 7 shows vertical motion along the cross section line shown in Fig 6,
and shows development of the fire plume through the PBL between 0200UTC and
0300UTC. Prior to 0200UTC (10am) no plume was present in the simulations.
The plume development in the coupled simulation matches the observed increase
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in fire activity and convection column development, which occurred in the same
hour (10:00am to 11:00am). It is less clear how well the simulation reproduced
plume height, since available observations are limited. In the case study (Peace
et al. 2012) plume height was estimated to be approximately 4 km. Figure 7 shows
the initial plume extending to a height of 2 km, and animations of the cross-section
showed pulses from the fire plume extending to a maximum height of 4-5 km.
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Figure 7: Vertical wind speed shaded (w, m s−1) along the cross section shown in
pink (solid pink line) in Fig. 6. Vectors are in the x, z plane. Time as annotated
(UTC). The vertical axes show height in metres above mean sea level. The horizontal
axes show distance in metres from the western end of the line of cross-section.

Figure 8 shows 10m winds at the same time steps as the cross-sections in Fig. 7.
The two features on which we will focus the discussion are the development of a
northwesterly wind shift which moves from the west to lie over the fire ground during
the hour shown, and the presence of a zone of near-surface confluence/convergence
between these northwesterly winds and the pre-existing northeasterly winds. The
two features are dynamically linked and arise from the combination of the pre-
existing environmental northeast to northwest wind shift seen in Fig 4. and the
local fire-modified winds over the fire site seen in Fig. 5.

The convergence in the fire-modified 10 m winds is focussed at the centre of
the fire area at 0220UTC. At the same time, the speed of the fire-modified wind
along the fire line reaches 4-5 m s−1. This peak in wind speed matches the timing
of development of the ascent updraft in Fig. 7. The development of the plume
updraft would act to enhance surface convergence and, consequently the shift to
northwesterly winds. This in turn, would move the fire into unburnt fuels, resulting
in an increase in fire intensity and by this process, create a positive feedback loop.

The hypothesis above is supported by examination of the no-feedback run through
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Figure 8: 10 m winds (m s−1) with every fourth wind vector shown. Black lines
show the fire perimeter at the indicated times (in UTC).

the same time series as Fig 8, which showed that the northwest wind shift and con-
vergence was strengthened by fire modification of the environmental winds. Without
feedback, the 10 m winds between 0200UTC and 0300UTC were less than 2 m s−1

and tended north to northeast at 0200UTC and 0220UTC, then became variable
in direction over the fire at 0240UTC and 0300UTC. They did not turn distinctly
northwesterly over the fire as seen in Fig. 8 (this is also seen in Fig. 5) . Through
comparison with the no-feedback environmental winds, the surface convergence can
be attributed to fire-atmosphere interactions. The direction shift was important,
because the fire-modified northwesterly wind change opened up a 10 km long fire
line to the east.

Figure 9 shows fire-line intensity (note the selected times vary from previous
figures). Fire intensity increased on the eastern flank of the fire by a factor of two
to three after the wind shift, with an uneven distribution of heat flux over the 10
km line. The increase in fire intensity on the eastern flank of the fire occurred after
0300UTC, by which time the fire plume was already well developed (see Fig. 7). So,
from the pattern of plume development, wind evolution and fire intensity increase,
it is apparent that the plume developed from 0220UTC, preceding the shift in wind
direction to the northwest, which created enhanced convergence due to the fire-
modified winds, which was followed by an increase in fire intensity.
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Figure 10: WRF skew-T log-P diagram at the fire site at 0200UTC (upper) and
0300UTC (lower) (feedback ‘off’ simulation shown). The vertical coordinate is air
pressure (in hPa). The horizontal coordinate is temperature (in oC). Air temperature
in red, dewpoint temperature in blue, both skewed.

Figures 10 and 11 show the evolution of the boundary layer in WRF at the time
the simulated fire plume developed. Figure 10 (upper plot) shows a weak inversion
(circled) near 900hPa at 0200UTC. By 0300UTC (lower plot) the inversion has mixed
to a dry adiabatic layer due to diurnal heating. Figure 11 (top left) shows that at
0200UTC (and earlier) the inversion confined vertical motion in the fire plume to the
overnight shallow, stable, nocturnal layer. By 0300UTC (Fig. 11 bottom right) the
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Figure 11: WRF potential temperature cross section (K). Cross-section location
shown in pink in Fig. 6 above. Arrow annotation shows fire position. Ellipse (bottom
right plot) highlights a simulated gravity wave. The vertical coordinate is height
above mean sea level (in metres) The horizontal coordinate is distance in metres
from the western end of the line of cross-section.

PBL is well mixed to a height of 2 km and the fire plume is has developed through
this layer, with pulses of energy extending higher. Thus, between 0200UTC and
0300UTC, diurnal heating increased the depth of the mixed layer and the fire plume
deepened into the residual layer from the previous day.

Figure 11 shows another feature of interest, an internal gravity wave (bottom
right, annotated with an ellipse). The presence of a gravity wave is consistent with
observations from other fires. Wave formations consistent with the presence of a
gravity wave can often be seen in the cloud structure in high resolution satellite
imagery. Gravity waves developing above a fire may have implications for fire be-
haviour, because they are a favourable region for momentum transfer. The upward
region of a gravity wave is also favourable for cloud development and provides a
mechanism for entrainment due to turbulence. Mills (2007) showed similar modelled
gravity waves over the nose of advancing cool changes and hypothesised that mix-
ing associated with these circulations contributed to decreases in humidity observed
immediately before the change passage. High resolution coupled modelling presents
an opportunity for further understanding the dynamics of gravity waves over fires.

In summary, the simulations indicate that the observed increase in fire activity
at the Layman fire can be associated with the fire plume extending into the previous
day’s mixed layer as the overnight temperature inversion weakened, which resulted
in a convection column that extended through a 2 km deep PBL. Plume growth
occurred slightly in advance of a shift from northeast to northwest winds, which

13

CHAPTER 5. THE LAYMAN FIRE WRF AND SFIRE SIMULATIONS

Page 85



was driven by convergence in the fire-modified winds. The wind shift opened up a
10-km-long fire line on the eastern flank of the fire. This longer fireline resulted in
an increase in fire intensity as the fire moved into unburnt fuels. The simulations
suggest an increase in fire intensity of a factor of 2-3 along the eastern flank, how-
ever observers on the ground related an (subjective) order-of-magnitude increase in
intensity. Some of this difference may be due to the lack of a crown-fire process in
the implementation of the Rothermel model in the version of WRF and SFIRE used
for these simulations.
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Figure 12: Water vapour difference (shaded) between the feedback-on and feedback-
off simulations, in the form wvon - wvoff . The vertical coordinate is height (in
km) above mean sea level. Vectors show winds in the x, z plane. The horizontal
coordinate is distance (in km) from the western end of the line of cross section.

Satellite imagery of the event showed a history of dry air over the fire area. Also,
in Fig. 10 a layer of dry air can be seen between 600 hPa and 800 hPa. The presence
of dry air in satellite imagery has been linked to increased fire activity at several
fires (e.g. Mills (2008)). In the meteorological case study of the Layman fire (Peace
et al. 2012), we hypothesised that the intense fire activity may have occurred in part
due to entrainment of dry air to the surface by the fire plume. Figure 12 explores
this hypothesis, where blue shows moist intrusions upwards into the dry layer and
red/orange shows dry intrusions downwards from the dry layer. The simulation
shows turbulent mixing of moisture across the top of the PBL, however there is no
evidence of significant entrainment of dry air to the surface. So, although Fig. 12
indicates that mixing of dry and moist air occurred at the top of the PBL, the mixing
was limited in vertical extent, suggesting that at a fire ground, dry air entrainment
by the plume would be unlikely to have a strong impact on surface fuel moisture.

A frontal wind change passed over the fire ground during the afternoon of 17
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Figure 13: 10-metre winds and fire perimeter at hourly intervals showing the pro-
gression of the southwest wind change. Times in UTC.

October, with northwest winds pre-front turning southwest behind the frontal pas-
sage. Figure 13 shows the progression of the wind change across the fire ground.
Fig. 14 shows the boundary layer structure as the change moved across. Ahead of
the change at 0600UTC, both the PBL and the fire plume extend to a height of 2.5
km. At 0700UTC, the more stable air behind the front has moved over the fire and
consequently the height of the mixed layer has lowered and the updraft strength in
the fire plume has decreased.

An observation in the operational fire diary stated that fire activity decreased be-
tween 3:30pm (0730UTC) and 4:00pm (0800UTC). The timing of the wind change in
the simulations (and discussions with DPaW personnel) indicate that this decrease
in fire activity occurred within an hour of the southwest wind change. It is insight-
ful to consider the local meteorology at the time the fire activity was observed to
decrease. A time series from the fire site (Fig. 5) shows that air temperature in the
post-front airmass dropped slightly (by a few degrees), the dewpoint temperature
did not change significantly, but, interestingly, the wind speed increased behind the
front. The post-front increase in wind speed is also seen in Fig. 13.

This increase in wind speed would be expected to result in an increased rate
of spread of the fire front and a consequent increase in fire intensity, however, this
is inconsistent with what was observed. There are two mechanisms by which the
inconsistency may be explained. The first is that the simulations show that as a
result of the shift in wind direction, the length of the fire front perpendicular to
the wind direction decreased. The resulting increase in fire intensity along a shorter
active fire line may account for a reduction the total energy released from the fire.
The second possible mechanism affecting the observed decrease in fire activity is that
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Figure 14: Cross sections of potential temperature (as in Fig. 11), but for times as
in Fig. 13, showing the change in boundary layer structure ahead of and behind the
southwest wind change.

within an hour of the wind change, the shallow near-surface layer of cooler, moister,
more stable air had reduced the height of the PBL and, consequently reduced the
height of the fire plume, as seen in Fig 14. The observed decrease in fire activity
therefore, may have been influenced by a combination of increased stability of the
boundary layer and a shorter head fire behind the wind change.

Conceptual and applied models of fire behaviour are universally wind dependent;
an increase in wind speed correlates with an increase in fire activity. However at
the Layman fire, the fire behaviour was described as more active when winds were
light and the PBL was relatively deep, and less active when winds increased and the
depth of the boundary layer reduced.

The observations of fire activity from the Layman fire, combined with the WRF
and SFIRE simulation results suggest that the depth of the PBL had an influence
on fire activity. As the weather parameters that were used to anticipate likely fire
activity are temperature, relative humidity and surface wind speed, there was no
indication that extreme fire behaviour was likely and the fire managers were caught
unawares by the fire activity that occurred.

Discussion and conclusions

The simulations of the Layman fire presented here indicate that the development of
the fire plume through the PBL was a significant contributing factor to the observed
increase in fire activity that occurred in the late morning. The coupled simulations
show vertical growth of the fire plume through the PBL as a near surface inversion
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weakened in response to diurnal heating. The timing of plume development in the
simulations matches the observations of convection column development over the
fire. The simulations show a wind shift from northeasterly to northwesterly that
was strongly enhanced by the fire modified winds, and this wind shift occurred over
the fire just after the time of plume development through the PBL. The wind shift,
strengthened by the fire-modified winds, produced convergence over the fire line
which would have been enhanced by the vertical motion in the fire-plume updraft.
Due to the north-south orientation of the fire and the presence of a fire break on the
western flank of the fire, the northeast to northwest shift changed the eastern fire
flank from a backing fire to a 10-km-long head fire. The wind shift and associated
convergence can be attributed to the fire-modified winds, as simulations without
fire-atmosphere feedback enabled did not show a similar wind shift or convergence
over the fire front.

Therefore, the simulations suggest that the observed increase in fire activity
occurred due to the combination of two environmental factors; vertical development
of the plume through the PBL in response to diurnal heating, and a fire-enhanced
shift in wind direction and convergence over the fire front. The timing of events
in the simulations indicates that the plume development through the PBL was the
initial process, closely followed by the wind direction shift and convergence over the
fire front and in combination they are likely to have produced the observed increase
in fire activity. An increase in fire intensity was also seen in the simulations.

A (synoptic) frontal wind change moved across the fire site in the afternoon. The
simulations show that post-wind change, vertical motion in the fire plume decreased
as the PBL height lowered and low-level atmospheric stability increased. Only
small changes to temperature and relative humidity occurred behind the change.
Wind speed increased behind the change, and such an increase in wind speed would
normally be expected to result in an increase in fire activity. However, at the
Layman fire, a decrease in fire activity was observed after the wind change. The
observed post-change decrease in fire activity despite an increase in wind speed is
unusual. From the coupled simulations, we draw the conclusion that the decrease
in fire activity behind the change may be in part attributed to the plume response
to the decrease in PBL depth and low-level stability and in part to a shorter head
fire behind the wind change.

The coupled simulations with WRF and SFIRE indicate that the temporal
changes in fire activity at the Layman fire were strongly linked to the changing
structure of the PBL, as well as changes in wind direction relative to the active fire
line.

There are difficulties with making complete conclusions regarding fire behaviour
at Layman from the results of the WRF and SFIRE simulations. These largely arise
from limitations of the model, particularly as a consequence of the formulation of the
Rothermel model in WRF and SFIRE. We have made inferences regarding fire plume
activity by examining the fire-modified winds, without the presence of any tracer.
The fire intensity in WRF and SFIRE is calculated from static data describing fuel
structure and arrangement as well as terrain slope and the speed and direction of
the fire-modified winds, so for these simulations intensity is primarily a function of
wind speed. A particular limitation is that the current version of WRF and SFIRE
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does not allow for transition from surface fire to crown fire, but intense crown fires
were a feature of the event. Also, observations from the fire indicate that the fire
behaviour was quite dynamic and intensity varied across the fire ground, however
fine scale dynamical effects are not resolved by the model and therefore no insights
can be made regarding such processes or the contribution to plume development.
Notwithstanding these limitations, the coupled simulations give useful insights into
the fire-atmosphere feedback processes that may have occurred.

The Layman simulations are the third case study of unexpected fire behaviour
we have run using WRF and SFIRE (also Peace et al. (submitted) and simulations
of a fire at Rocky River in South Australia). It is important to recognise that in
each case study, we have identified different dynamical processes and consequently
attributed the observed fire activity to different fire-atmosphere interactions. The
three cases demonstrate that WRF and SFIRE is a very useful tool for understanding
fire and atmosphere interactions. It can be used to test hypotheses identified in case
studies and it enables innovative insights into otherwise unexplained events. A
similar analysis of atmospheric structure around a fire cannot be achieved without
simulations due to the logistical restrictions on collecting comprehensive data from
a fire ground.

Although at present the processes are poorly understood, there is a body of re-
search showing that fire activity is strongly influenced by the vertical structure of the
atmosphere and fire-atmosphere interactions. Particular elements of fire behaviour
relevant to the discussion of vertical atmospheric structure include the spotting pro-
cess, fire intensity and crown-fire development as well as smoke-plume development
and pyro-convection.

The evolution of the fire perimeter is usually the leading question in fire pre-
diction, rather than the fire-behaviour elements listed above. As a consequence,
wind speed and direction are accorded high significance in operational fire weather
forecasts in Australia. However the current emphasis of wind prediction is on the
environmental winds, without consideration of the fire-modified winds. A fire mod-
ifies the environmental winds and it is these fire-modified winds that propagate the
fire front. The simulations of the Layman fire show that the fire-modified winds,
not the environmental winds, produced the convergence over the fire front and this
provides an example of how unmodified surface weather parameters give an incom-
plete picture of the local meteorological processes at a fire. Predicting fire-modified
winds in real time remains unachievable with the tools available at present, however,
greater understanding of the process of fire modification of wind fields presents a
research area which could greatly benefit operational firefighting decisions.

In Australia, the weather forecast ingredients for a ‘bad’ fire day are hot, dry and
windy, a combination that commonly occurs in southern Australia in a continental
airmass with a deep PBL. The Layman example shows that extreme fire behaviour
can occur on a day with comparatively mild, moist conditions and light winds if
the PBL structure is conducive to vertical plume development. A particular point
to make in the context of the Layman fire is that salient information on vertical
structure of the atmosphere is largely omitted from Australian fire-weather forecasts
at present.

Further research into how the structure of the PBL impacts fire behaviour is
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warranted and coupled fire-atmosphere simulations are a vehicle for such research.
Further investigation may show that the appropriate ingredients for fire forecasting
are PBL depth (and conditional instability above that height), fuel moisture (in-
cluding temperature and relative humidity response) and the surface reflection of
the fire modified wind speed and direction.

Although further research is required to understand the plume development
through the PBL and how a fire will change the environmental winds, much can
be done now to enhance weather predictions for fires in Australia. Mesoscale mete-
orological information in four dimensions is readily available from contemporary op-
erational NWP, and therefore can and should be included in weather predictions for
fire grounds, notwithstanding the added workload this would place on fire-weather
forecasters. The Layman simulations show that subtle wind direction shifts at low
speeds (as well as more obviously at high speeds) can have an important influence on
fire activity. As a consequence, minor wind shifts are useful information to include
in weather forecasts, even though the detail may not be in line with amendment
criteria. Similarly, descriptions of structure and evolution of the PBL can be readily
incorporated into weather forecasts and such information may include PBL depth,
inversion height, vertical wind speed and direction and temporal evolution of these
layers.
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Conclusions

Background

The impact of bushfires on the Australian community and environment can
be devastating. The research presented in this thesis addresses a knowledge
gap in current understanding of fire behaviour; the nature of dynamical inter-
actions between a fire and the surrounding atmosphere. Although the three
dimensional structure of the atmosphere has long been recognised as an in-
fluence on fire behaviour (for example Byram (1959)), the limited evidence is
mostly qualitative and processes are poorly understood. Anticipating likely
fire behaviour is a key challenge faced by emergency services agencies during
bushfires. Additionally, land management agencies are under increased pres-
sure to perform extensive fuel reduction burns in order to mitigate against
the impacts of large fires, while simultaneously minimising the risk of escapes.
In order to achieve these goals, predicting where and how a fire will burn is
critical information. The question addressed in this research was . . . ‘How do
the three dimensional atmospheric structure and interactions between a fire
and the atmosphere influence fire behaviour?’

In response to the question, this research was conducted in two phases. The
initial phase involved meteorological case studies on three fires where dramatic
and unexpected fire behaviour was observed. Subsequent to the case studies,
the events have been simulated using the coupled fire-atmosphere model WRF
and SFIRE to diagnose how fire-atmosphere interactions affected both the fire
behaviour and the atmosphere surrounding the fire environment. The results
give new insights into dynamical fire and atmosphere interactions.

This study using WRF and SFIRE is significant, as it is one of the first
times the coupled model has been run on real events in Australia, with the
novel aim of examining the three dimensional structure of a mesoscale atmo-
sphere above a fire in detail. Importantly, it represents a shift in thinking
regarding meteorology and fires. In the past, weather predictions have been
compiled by Australian meteorologists and passed to fire managers, with a
distinct delineation between the role of the meteorologist and the fire scien-
tist. The WRF and SFIRE simulations show complex interactions between the
fire and atmosphere can effect significant changes on the structure of the sur-
rounding atmosphere. This shows that there is a clear need to better integrate
meteorology and fire science.

In each of the three simulations presented here, fire-atmosphere coupling
manifested in different ways, but in each case coupling processes were an im-
portant influence on fire behaviour. The findings from the WRF and SFIRE
simulations have implications for the provision of fire weather forecasts in
Australia, because they demonstrate that assumptions made in fire weather
forecasting at present are inadequate. The findings indicate that the current
inputs to fire weather forecasts provide an incomplete summary of meteorol-
ogy impacting fire activity and that a more comprehensive assessment of the
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three dimensional structure of the atmosphere as well as the potential for fire-
atmosphere interactions is required.

The current approach to forecasting fire weather follows the McArthur Fire
Danger Rating System for grassland and forest. The approach is underpinned
by research conducted in the 1950s and 1960s. The input weather elements
are temperature, dewpoint temperature (or relative humidity) and wind speed
at 10 m, along with a measure of fuel dryness. The Grassland and Forest
Fire Danger Ratings pervade all aspects of fire-related decisions in Australia,
however some of the detail contained in McArthur’s writing is commonly and
surprisingly overlooked.

As an example, McArthur (1968) states: ‘The factors which mostly deter-
mine rate of spread (for eucalypts) include fuel moisture content, wind velocity,
fuel quantity, fuel size and arrangement, slope, atmospheric instability and the
spotting process.’. Note that there is no reference to temperature or humidity
here, which is difficult to reconcile with the effort invested into accurate pre-
dictions of the two parameters as fundamental inputs for assessing fire danger
during the summer months. The fire behaviour model of Rothermel (1972)
that underlies the fire component of WRF and SFIRE similarly has no direct
measures of environmental temperature or humidity in its calculations. How-
ever, the Rothermel model does include a dependence on fuel particle moisture
content and on the moisture content of extinction, and environmental temper-
ature and relative humidity do have a direct influence on the dryness of dead
fuel components. The primary influence on fire behaviour of temperature and
relative humidity is due to fuel moisture response. High temperature and low
relative humidity both lead to drying of fuel on short time scales (of the order
of hours), thus providing a measure of fuel dryness indicating how readily a fuel
will ignite and burn. The response of fuel moisture to changes in temperature
and humidity is not instantaneous, with a delay of a few hours.

The importance of fuel moisture is also seen in the index proposed by Sharples
et al. (2009), which places the emphasis on wind speed and fuel moisture as
inputs to a simple fire danger index. The key point is that fuel moisture is
the critical factor and the effort invested into producing temperature and dew-
point temperature forecasts to an accuracy of 1oC may be better directed to
describing wind variations and vertical atmospheric structure.

When questioning the importance of high temperatures in producing ex-
treme fire conditions it is interesting to note the example of recent wildfires in
Norway (February 2014), that burnt over 150 buildings. The uncontrolled fires
burnt in mid-winter in near freezing temperatures, which belies the importance
of hot temperatures in a fire weather forecast. The fire was fuelled by dense
heather and other vegetation that was extremely dry due to lack of precipi-
tation in recent months. Similar unseasonal winter wildfires have occurred in
the USA, again in cold conditions with extremely dry fuels.

The historical correlation between high temperatures combined with low
relative humidities and extreme fire weather in Australia can be considered
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from another perspective; the depth of the planetary boundary layer (PBL).
On very hot, dry days, fuels are parched and the PBL extends to a height of
4-5 km. A key finding of this research is that the convection column above
a fire develops through the depth of the PBL. This is a finding that would
benefit from further research, but it is a compelling idea that a deeper PBL
produces a deeper convection column and increased fire intensity, with a higher
likelihood of surface fire transitioning to active crown fire.

The PBL structure was a feature of both the Layman and Rocky River
simulations. At Layman, the depth of the PBL was a critical determinant of
plume depth. At Rocky River, the structure of mesoscale convective cells and
their interactions with the fire plume was the key feature. This finding on
the importance of PBL structure and interactions with the fire plume through
the layer shows that the current fire weather forecast model is a limited repre-
sentation of the meteorological influence on fires. This limited representation
has the potential to be dangerously misleading, particularly when considering
fire behaviour in environments conducive to plume development. The future
direction of fire weather forecasting must take a more sophisticated approach
that includes consideration of dynamical processes at a fire ground.

Part of the challenge of progressing fire weather forecasting is that fire sci-
ence encompasses diverse and individually complex disciplines. It is insightful
to draw a comparison with the other two elements of the severe weather triad:
thunderstorms and tropical cyclones. In contrast to bushfires, forecasting for
thunderstorms and tropical cyclones is essentially a self contained meteoro-
logical problem, whereas fire science overlaps forestry, land management, fire
behaviour, suppression activities and combustion science. The complexity of
fire as a multi-disciplinary science has analogies with flood forecasting, which
is an extremely challenging predictive problem due to the overlap between me-
teorology, hydrology and catchment management. One of the obstacles faced
by fire scientists and fire stakeholders in Australia is how best to integrate
the various ingredients of fire behaviour prediction into real-time decisions.
The work undertaken for this thesis provides important directions for better
description and communication of fire danger in Australia.

Major findings from WRF and SFIRE simulations

The initial phase of this thesis involved meteorological case studies of three
fires where unexpected fire behaviour occurred. The three fires were Rocky
River and D’Estrees, both on Kangaroo Island, South Australia in Decem-
ber 2007 and the Layman fuel reduction burn, near Margaret River, Western
Australia in October 2010. The events were chosen because unexpected and
dramatic fire behaviour occurred at each, in fire weather conditions that were
benign by traditional measures. For each fire, a meteorological case study was
produced. The case studies enabled development of hypotheses which tied
vertical and spatial features of the atmosphere to the observed fire behaviour.
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Subsequent to the case studies, the three events were simulated with the cou-
pled fire-atmosphere model WRF and SFIRE. The simulations were used to
test the hypotheses from the case studies, and assess the capabilities of the
model. A key aspect of the simulations was that runs were conducted in both
feedback on and feedback off mode, thus allowing comparison of the atmo-
spheric structure with and without a fire present. By comparing the feedback
on and off simulations, it is possible to see how a fire changes the flow around
it. It is extremely difficult to take detailed observations in the real world fire
environment, so use of the feedback switch in simulations allow insights that
had not previously been possible.

There were several important findings from the simulations:

• In one of the D’Estrees initialisations, a large, long lived vortex devel-
oped. The simulated vortex has features analogous to that of a fire whirl,
with implications for likely increased fire activity.

• The D’Estrees simulations initialised using two high-skill numerical weather
prediction (NWP) data sets were highly sensitive to initial conditions.
This has implications for the limitations of deterministic predictive mod-
elling of fire perimeter spread with forecast wind as a primary input.

• In both the D’Estrees and Layman simulations, a frontal wind change
moved quicker and intensified in response to a fire in the domain.

• In the Rocky River simulation, the fire modified winds produced con-
vergence at a ridge-top, thus restricting fire spread across the ridge and
significantly altering the final fire perimeter.

• In the Layman simulations, the depth and daytime evolution of the plan-
etary boundary layer were seen to have a dramatic impact on fire plume
development, and the simulations did a remarkable job of reproducing
the timing of the actual event.

• In the Rocky River simulations, mixing of higher momentum air from
above an inversion and interactions with mesoscale convective cells in
the boundary layer produced surges and lulls in fire spread.

• The findings from the Layman and Rocky River fires provide evidence
of two fire phenomena, ‘blow up’ events and non-steady state fire propa-
gation. Both phenomena are periodically observed at fire grounds, often
with dramatic consequences.

As a body, the results of the WRF and SFIRE simulations show that a fire
can effect significant changes on the surrounding atmosphere, and dynamical
interactions between the fire and atmosphere are important determinants of
fire behaviour. An important conclusion drawn from simulations as a series
is that the dynamical processes and feedback features were different at each
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of the three fires. This precludes a one-size fits all approach to forecasting
the important elements of fire weather, since the critical ingredients appear
different in each case.

Theoretical implications

Fire science is an extremely complex field and an active research area, propelled
by numerous devastating fire events over the past decade. The majority of
recent research in Australia has been conducted under the auspices of the
Bushfire CRC. Several projects pursue closely related themes, these may be
broadly categorised as; high resolution NWP; fire simulation models (the lead
models being Phoenix (Tolhurst et al. 2008) and Australis (Johnston et al.
2008)); understanding extreme fire weather; fuels.

The focus of our study was to run WRF and SFIRE, however the find-
ings from the coupled simulations feed into other projects and give important
context for interpretation of other current research and these will be briefly
discussed.

1. High resolution NWP simulations examining the detailed structure of
the atmosphere over fire events have been a research focus of the Bureau
of Meteorology for several years. Closely related to these, are simulations
examining plume dynamics in the planetary boundary layer. In these sets
of simulations, no impact of fire on the atmosphere has been included.
As recent uncoupled and coupled simulations have been made in parallel,
it has been possible to draw conclusions from the high-resolution NWP
and plume simulations while maintaining caveats on the limitations of
how the uncoupled results apply to a fire environment.

2. The majority of fire spread models are two dimensional uncoupled models
that produce an elliptical fire shape by a mathematical implementation
rather than as a consequence of dynamical process. The results from
the coupled simulations have important implications for setting realistic
expectations for what can be achieved with two dimensional models.
In particular, since the fire-modified winds create the fire perimeter in
nature, efforts to reproduce an accurate fire perimeter with a background
wind as input will inevitably be imperfect and only an approximation
of reality. As a consequence, I suggest that research effort should be
directed towards methods for probabilistic fire spread.

3. Weather conditions conducive to extreme fire behaviour have been a pri-
ority research area in Australia. Wind speed features strongly in weather
assessment of fire danger and in most cases this is entirely appropriate.
However, the Layman case study is an extremely important event as it
provides a clear exception to the rule of wind as the primary ingredient.
Layman shows that extreme fire behaviour can occur in light winds, if
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the boundary layer and stability structure are favourable. The Rocky
River simulations feed into the fire in rugged terrain project as they
show how fire modified winds interacting with topography can influence
fire perimeter. The Rocky River and Layman cases also build on re-
search into the phenomenon of dry slots (Mills 2008), by suggesting that
momentum mixing occurs complementary to the dry air mixing.

4. Fuel moisture is closely linked to meteorology due to the dependence of
soil and fuel moisture on rainfall as well as evaporation and transpiration
processes, which are tied to atmospheric relative humidity, wind and
insolation. Temperature and relative humidity are strongly emphasised
in the operational weather forecast process, however it is not always
recognised that they are primarily important in as much as they relate to
fuel moisture (and PBL depth). Other elements impacting fire activity in
a fuel include the components of litter moisture and suspended dead fuel
moisture, fuel arrangement, insolation (also exposure due to slope face),
whether live fuels burn, long term drought and overnight fuel moisture
recovery, as well as the fuel-size dependent lag time between atmospheric
relative humidity and fuel moisture (2-3 hours). Fuels are peripheral to
this study and much more complex than the brief summary provided
here.

Hot, dry and windy

The model that hot, dry and windy days equals dangerous fire conditions is
a paradigm instilled in all Australians from primary school age. However, it
is worth questioning whether the ingredients of hot, dry and windy are cor-
rect. An alternative model is that the appropriate ingredients are mixed layer
structure, fuels (moisture, loading, variability and structure) and maximum
winds in the mixed layer, as well as topography. The first ingredient of mixed
layer structure is a new proposal arising from this thesis, but the reasoning
behind it is quite simple. On very hot days (40oC), in a continental airmass,
the planetary boundary layer is dry adiabatically mixed to a depth of 4 km or
higher. In such an airmass, the depth of the mixed layer is largely determined
by the difference between surface temperature and dewpoint temperature. It
is likely that it is the manner by which this (T-Td) differential determines the
mixed layer depth, rather than the absolute values of temperature and relative
humidity that has the greater impact on fire behaviour. When temperature is
high and relative humidity is low the boundary layer is deep and well mixed,
allowing the fires convection column to freely develop through the depth of the
well mixed layer. However, it is not just the depth of the PBL that influences
fire behaviour. The Rocky River simulations show that the structure of the
layer is also critically important. In the Rocky River case, the PBL depth mea-
sured in the 100’s of metres, rather than kilometres, but the Rayleigh-Bènard
cellular convection and its interaction with the fire plume had a crucial impact
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on fire behaviour. As a consequence, it makes sense to focus on describing the
depth and structure of the mixed layer in meteorological predicitions, rather
than the T-Td differential.

The second ingredient of fuel has been over simplified to two types and a
drought factor (or curing) by the meteorological community. Fuel loads (tonnes
per hectare) and arrangement (surface or elevated as well as size and packing)
are important elements, however the factor most closely linked to meteorology
is fuel moisture. Reduced reliance on inferred values via rainfall, temperature
and relative humidity measures and more direct measurement of fuel moisture
would provide more accurate inputs to fire prediction. A detailed discussion
of fuel factors is beyond the scope of this study, however the important point
is that current approach and conceptual models are a severe oversimplification
of fuel as an ingredient to fire danger. There is a strong counter argument that
detailed direct measurement of fuel parameters is limited for practical reasons,
therefore a compromise will inevitably be required for operations.

The third ingredient is wind. Wind is the single most important element
determining rate of spread of a fire front. Surface wind speed as a value in space
and time at a point is a dangerous oversimplification of the complexity of wind
processes in fire prediction. The results of this study provide evidence that it
is not just the surface winds, but winds through and above the mixed layer
that determine wind-driven fire spread. An important result (first described
by Clark et al. (1996)) is that the fire modified winds, not the environmental
winds, which propagate the fire front. The finding from the D’Estrees and
Layman simulations, that a fire can change the arrival time and intensity of a
frontal wind shift is particularly relevant to fire spread in southern Australia.
It is worth noting at this point that the impact of a wind change is insuffi-
ciently embedded in the current fire danger rating system. Also, in operational
forecasts, wind interactions with topography are understated and the coupled
simulations show fire perimeter evolves differently with wind speed at high and
low values and varying fire line shape. The current simplification to a wind
speed at a point is insufficient information with which to make an accurate,
objective assessment of fire behaviour.

So the appropriate primary ingredients for predicting fire behaviour may
be fuel moisture, mixed layer depth and detailed wind structure in the mixed
layer. A complete assessment would also include considerations of topography
and an assessment of potential for fire-atmosphere interactions above the mixed
layer.

Policy implications

The results of this study impinge on two areas of policy. The first is operational
forecasts for fire weather produced by the Bureau of Meteorology. The second
is the development and use of fire behaviour models in Australia.
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Policy implications for forecasting operations

The findings from the coupled simulations, in combination with other studies,
show that (1) three dimensional structure of the atmosphere and (2) fire-
atmosphere interactions, are important determinants of fire behaviour. Fire
weather forecasts produced by the Bureau of Meteorology focus on precise
values of temperature, relative humidity and wind speed at a point in time and
space, which are used as input to the McArthur fire danger indices for forest
and grassland. As stated by McArthur (along with numerous other studies in
Australia and overseas subsequent to his 1960’s work), the three dimensional
structure of the atmosphere influences fire behaviour. The coupled simulations
provide evidence to strengthen the argument that three dimensional weather
information is required for comprehensive fire weather forecasts.

It is useful to consider some context for changing the current approach to
fire weather forecasting. NWP has advanced significantly in recent decades,
with high resolution spatial and temporal data fields now allowing detail in
predictions that was previously unachievable. The progress in NWP has ben-
efited fire research, particularly in the past decade, however, uptake of fire
research has been slow. The main change to fire forecasts in recent years has
been presentation of information. Coloured graphics are now provided as a
supplement to point forecasts, but I argue that they do not integrate any im-
proved underlying science to extend the decision making process. It is worth
drawing a comparison with the forecast process for thunderstorms and tropical
cyclones, where adoption of findings from research into operations has been
more expedient.

The difference may be attributed to two main factors, the first is com-
plexity and the second is the diversity of stakeholders in the fire management
arena. The complexity has been mentioned earlier and arises from the fact
that thunderstorms and tropical cyclones are essentially a self contained me-
teorological problem, whereas fire prediction encompasses a range of other
factors including fuels, land management and mitigation efforts as well as ig-
nition location. The stakeholder challenge is due to the difficulty of providing
appropriate information for a diverse number of users coming from varied back-
grounds. Stakeholders range from individuals who have specialisations that are
non-scientific, to users who are science-oriented and extremely well informed
on their local meteorology. There are progressive users in land management
agencies and fire authority organisations across the country and some of them
are accessing and interpreting a range of supplementary data and fire weather
training materials to assist their operational decisions.

The challenge facing fire stakeholders is implementation of research findings
into the operational process. As noted, much of the fire weather research in
Australia in the past decade has been through the Bushfire CRC, where an
identified area for improvement is implementation of research. Feedback from
implementation of fire research in the USA is that uptake success there has all
been localised ‘bottom-up’ interactions, with researchers talking at fire sites
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and at local venues, rather than a strategic ‘top-down’ implementation process.
This USA experience is worth bearing in mind.

So, what changes can be made to operational forecasts? Many features di-
agnosed by NWP (vertical wind, temperature, and moisture structure) are not
currently described in fire weather forecasts. These diagnostics may be used
to anticipate the likelihood of fire behaviour arising from three-dimensional
fire-atmosphere interactions. An appropriate beginning is to apply conceptual
models used in assessing likelihood of thunderstorms, since indications are that
many favourable elements are common to development of thunderstorms and
fire plumes.

There are several tools that may be applied, particular elements include;
wind structure, inversions, dry slots, instability (and FireCAPE), and plane-
tary boundary layer structure. Considering each in turn;

Wind structure includes spatial variation in wind fields, layers of vertical
wind shear (directional and speed) and low level jets. Convergence and di-
vergence zones both at the surface and above a fire and temporal changes
including fronts all have an influence. The wind through the mid-troposphere,
to a height of 5 km or above has been seen to impact fires. Examining the
idea of transport wind (the mean wind speed in the mixed layer) could provide
useful information. Modification of the environmental winds by the fire (the
fire modified winds) is also a consideration, although the detail will not be
known at all fires.

Dry slots and high momentum air to the mid-upper troposphere can be
readily assessed. NWP is reasonably skilled at resolving dry layers and the
origins of most dry air in the upper troposphere can be seen in water vapour
satellite images. The challenge is identifying mechanisms by which dry air or
high momentum air might be mixed to the surface, but this does not preclude
forecasting the presence of features such as dry slots or mid-tropospheric wind
maxima.

The exact role of inversions in influencing variations in fire behaviour is yet
to be established, however there are numerous documented and anecdotal cases
of unexpected fire behaviour when a strong inversion was present. Possible
mechanisms for enhanced fire behaviour include turbulent processes across
the inversion interface arising from interactions between a fire plumes and/or
topography. Although the influence of inversions is not fully understood, this
doesn’t preclude forecasting the height and strength of any inversions above a
fire ground as a possible influence towards enhanced fire activity.

The turbulent structure of the surface mixed layer is influenced by the
magnitude of the surface heat flux and it can take a variety of forms. The
layer may be purely turbulent, have horizontal convective rolls, or cellular con-
vection. Horizontal convective rolls were simulated in high resolution NWP
simulations of Black Saturday and produced spatial variation in the forest
fire danger index (Engel et al. 2013). The Rocky River case has shown that
Rayleigh-Bènard convection cells interacting with a fire plume can strongly
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influence a fire’s rate of spread at a short temporal scale. These, and other
simulations using high-resolution NWP show that the detailed nature of the
surface mixed layer and small scale variations in meteorology that are unre-
solved at (current) operational resolutions have the potential to influence fire
behaviour.

Structure of the planetary boundary layer in a fire environment has been
identified as a very useful indicator of fire plume development. Deep fire plumes
have been linked with a transition to crown fires and consequent increased fire
intensity. In particular, temporal changes occur during the late morning as the
nocturnal layer erodes and the near-surface air can interact directly with the
overlying mixed layer. This process can be critical to fire activity (this has been
seen in a number of case studies and anecdotal observations). Since the timing
of this boundary layer mixing is late morning, rather than near sunrise, it
has potential to surprise fire-ground operations with dangerous consequences.
NWP provides detail on boundary layer depth and temporal evolution that
could be readily included into weather forecasts and could be of great benefit
for assessing potential changes in fire behaviour.

Atmospheric instability is critical to the process of pyroconvection and can
be diagnosed. Predicting the likelihood of extreme pyroconvection in the form
of pyrocumulonimbus and thunderstorms is highly desirable forecast informa-
tion. The model of FireCAPE is readily understandable to anyone familiar
with processes of thunderstorm prediction and development. Appropriate in-
crements of fire-released temperature and fire-released moisture for a Fire-
CAPE calculation remain unestablished, however, this doesn’t prevent assess-
ment of potential instability in a fire environment, with some allowance for fire
energy. Research on quantitative methods of predicting pyroconvection would
be of great benefit.

Including the elements listed above into a fire forecast (or outlook) are all
operationally possible. This requires a shift in thinking from current point
based surface fire forecasts, however the reasons for including information on
three-dimensional atmospheric structure pertinent to fire grounds are com-
pelling. Appropriate use of the information presents a major challenge, and
interpretation is mostly subjective, rather than tied to specific trigger points.
However, including three dimensional information into fire forecasts is a first
step. In my experience, there are stakeholders (in all southern states) who
would incorporate the detail into fire weather assessments and watch for signs
of unexpected fire behaviour based on potential flags. Some stakeholders may
be reticent to adopt more complex fields, however providing extra information
in fire forecasts will initiate dialogue and understanding and may also assist
with flow of information from the fire ground to meteorologists.

Policy implications for fire behaviour modelling

The second policy area this study impinges on is the development and appro-
priate use of fire behaviour models in Australia.
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The role of fire simulation models will grow in coming years. Undoubtedly,
as technological capability increases, it will become easier to run simulations in
real time for fire events. One challenge will be making an assessment of which
fires should be simulated, and what kind of simulation will provide the best
information; an uncoupled fire simulation such as Phoenix, a high-resolution
meteorological run such as ACCESS, or a coupled simulation such as WRF and
SFIRE. WRF and SFIRE and high-resolution ACCESS are a long way from
being run routinely for fires in real time and use of Phoenix is still limited.
However, judicious selection of which fires to run simulations on is non-trivial,
since very significant fires in recent years have developed in seemingly benign
conditions.

The findings from this research should influence future work and devel-
opment with fire behaviour models in Australia because it is clearly shown
that uncoupled fire simulation models will always have limited capabilities
for predicting all elements of fire behaviour in both research and operational
settings. This study provides a framework for appropriate interpretation of un-
coupled models, due to the importance of fire modified winds in determining
fire perimeter. Also, a two dimensional uncoupled model has no capacity to
predict plume development or mixing processes, because the three dimensional
nature of the atmosphere is not explicitly included.

There are clearly relative strengths and weaknesses in the capabilities of
uncoupled and coupled models. However, this study provides no clear prefer-
ence as to the use of either coupled or uncoupled models and use of one over
the other is not advocated. Each is a useful tool, for both research and oper-
ations and each should be subjects for further development as they have huge
potential to mitigate against the impact of fires in the future. Fire research can
further benefit from diagnostic studies using coupled simulations (in non-real
time) due to improved understanding of processes, which can then influence
planning and warnings. However, WRF and SFIRE and other coupled sim-
ulation models have high computational costs and initialisation requirements
which limits their application in real time at present. What clearly stems from
this research is that an uncoupled model will always be restricted in its pre-
dictive capability and anyone using the results to make operational decisions
should be well versed in what the limitations are.

This work should influence future research priorities for fire behaviour sim-
ulation models in Australia. One of the issues with existing fire prediction
systems is that there is no or very limited information on uncertainty or prob-
ability. The lack of confidence that local emergency service agencies had in the
simulations of the Dunalley fire in Tasmania (Hyde 2013) shows there is a sig-
nificant progress required before output can be usefully applied to operational
decisions. For the foreseeable future, uncertainties in fire spread will remain,
due to the impracticality of simulating microscale combustion processes, fuel
arrangement at resolution of meters and temporal fluctuations in weather in-
formation, particularly wind. If predictive models are to be adopted with any
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degree of user confidence, then it is essential to quantify the uncertainty in the
forecast.

Producing a wind driven fire spread model is conceptually and computa-
tionally simple and plotting a series of isochrones similarly so. But, a fire
spread model that encapsulates all the relevant information including fuel,
weather, topography and combustion processes at an appropriate scale is ex-
ponentially more complicated. Producing a model that is sufficiently accurate
and thoroughly verified through a robust testing scheme is a long way off.
This study shows that high resolution weather inputs and consideration of
three dimensional fire and atmospheric structure are imperative to developing
a product that can be confidently used in risk mitigation. Following from this
study, I advocate significant investment in development and testing numeri-
cal simulation fire behaviour models in Australia, as I believe they have the
potential to make a significant contribution towards mitigating the impacts of
bushfires in the future.

Final comments

The findings from this study show that three dimensional structure of the at-
mosphere and fire-atmosphere interactions have an important influence on fire
behaviour. The implications from this study which are discussed above, can be
broadly separated into (1) elements that can be (and should be) implemented
into forecasting operations in the short to medium term and (2) future research
directions for coupled fire simulation modelling.

In the context of provision of fire danger information to the Australian com-
munity, there are a range of challenges associated with substantial progress in
fire-science. These challenges include: the underlying empirical basis of fire
spread models; describing the combustion process; and fuel mapping. How-
ever, in the context of this work, combustion science, nationally consistent fuel
descriptors and deriving a relation for wind driven fire spread are not meteoro-
logical problems. And therein lies a major problem facing fire science. There
are several specialist fields that overlap and no single person or research group
is across all of them, in Australia or internationally. One challenge facing fire-
scientists is the need for an integrated, collaborative approach. As the WRF
and SFIRE simulations show, fire and weather do not occur in isolation, and
as a consequence, neither should the research be pursued by isolated fields.
There is a continued need for strong collaborative research into fire processes
in order to improve scientific understanding, so that a robust service can be
developed and informed decisions can be made.

The contribution of this thesis provides clear evidence that the path forward
for fire research should not neglect coupling between a fire and the surround-
ing atmosphere. A great deal has been learned from a small number of case
studies using WRF and SFIRE and it follows that much more can be achieved
through running coupled simulations. The limitations of the WRF and SFIRE
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model have been discussed earlier. However, it is worth reiterating that the
underlying physical and dynamical processes from which our conclusions are
drawn should be adequately resolved by the model dynamics.

This research shows that fire-atmosphere interactions are an important in-
fluence on fire behaviour and three-dimensional information describing atmo-
spheric structure is critical for anticipating likely fire activity. An important
result is that the fire-atmosphere interactions manifested in different ways at
each of the three simulated events. The results show that more detailed in-
formation on mesoscale meteorology should be included in forecasts for fire
grounds, and that uncoupled models have limitations. Therefore, future re-
search and development on fire simulations and operational fire ground deci-
sions should not neglect the coupling process.

References

Byram, G. (1959), ‘Forest Fire Behaviour. In ’Forest fire: control and use’’,
Editor K.P. Davis. McGraw-Hill: New York.

Clark, T., Jenkins, M., Coen, J. and Packham, D. (1996), ‘A coupled
atmosphere-fire model: Convective feedback on fire-line dynamics’, Jour-
nal of Applied Meteorology 35, 875–901.

Engel, C. B., Lane, T. P., Reeder, M. J. and Rezny, M. (2013), ‘The mete-
orology of Black Saturday’, Quarterly Journal of the Royal Meteorological
Society 139, 585–599.

Hyde, M. (2013), ‘2013 Tasmanian Bushfires Inquiry’. Department of Premier
and Cabinent, Tasmanian Government.

Johnston, P., Kelso, J. and Milne, G. J. (2008), ‘Efficient simulation of wildfire
spread on an irregular grid’, International Journal of Wildland Fire 17, 614–
627.

McArthur, A. (1968), ‘Fire behaviour in Eucalypt Forests’, Leaflet No. 107,
Forestry and Timber Bureau, Commonwealth of Australia.

Mills, G. (2008), ‘Abrupt surface drying and fire weather Part 1: overview
and case study of the South Australian fires of 11 January 2005’, Australian
Meteorological Magazine 57, 299–309.

Rothermel, R. (1972), ‘A mathematical model for predicting fire spread in
wildland fires’, USDA Forest Service Research Paper INT-115.

Sharples, J., McRae, R., Weber, R. and Gill, A. (2009), ‘A simple index for
assessing fire danger rating’, Environmental Modelling and Software 24, 764–
774.

13

CHAPTER 6. CONCLUSIONS

Page 106



Tolhurst, K. G., Shields, B. and Chong, D. (2008), ‘Phoenix: development
and application of a bushfire risk management tool’, Australian Journal of
Emergency Management 23 (4), 47–54.

14

CHAPTER 6. CONCLUSIONS

Page 107



Appendix A

List of acronyms

108



List of acronyms

ACCESS Australian Community Climate and Earth System Simulator

AWS Automatic Weather Station

BCRC Bushfire Cooperative Research Centre

CAPE Convective Available Potential Energy

CAWFE Coupled Atmosphere Wildland Fire - Environment Model

CFS Country Fire Service

DEM Digital Elevation Model

DEWNR Department of Environment, Water and Natural Resources

ECMWF European Centre for Medium range Weather Forecasting

ERA-Interim European Centre for Medium-Range Weather Forecasts
Re-analysis

FFDI Forest Fire Danger Index

GFS Global Forecast System

MODIS Moderate Resolution Imaging Spectroradiometer

MSLP Mean Sea Level Pressure

NCEP National Centre for Environmental Prediction

NWP Numerical Weather Prediction

PAWS Portable Automatic Weather Station

PBL Planetary Boundary Layer

ROS Rate of Spread

SFIRE Surface fire behavior model

UTC Coordinated Universal Time

WRF Weather Research and Forecasting Model
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Appendix B

Kangaroo Island fires CAWCR
Technical Report

The Kangaroo Island fires Technical Report
http://www.cawcr.gov.au/publications/technicalreports.php
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Appendix C

Files for WRF and SFIRE input
and ERA download

1. D’Estrees namelist.wps

2. D’Estrees namelist.fire

3. D’Estrees namelist.input

4. Rocky River namelist.wps

5. Rocky River namelist.fire

6. Rocky River namelist.input

7. Layman namelist.wps

8. Layman namelist.fire

9. Layman namelist.input

10. ERA-Interim 2D grids

11. ERA-Interim 3D grids

12. ERA-Interim download
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!namelist.wps file for DE15febERAF run

&share
 wrf_core = 'ARW',
 max_dom = 4,
 start_date = 
'2007-12-07_12:00:00','2007-12-07_12:00:00','2007-12-07_12:00:00','2007-12-
07_12:00:00',
 end_date   = 
'2007-12-08_12:00:00','2007-12-08_12:00:00','2007-12-08_12:00:00','2007-12-
08_12:00:00',
 interval_seconds = 21600,
 subgrid_ratio_x = 1, 1, 1, 10,
 subgrid_ratio_y = 1, 1, 1, 10,
 io_form_geogrid = 2,
/

&geogrid
 parent_id         =   1,  1,  2,  3,
 parent_grid_ratio =   1,  3,  3,  3,
 i_parent_start    =   1, 33, 33, 33,
 j_parent_start    =   1, 33, 33, 33,
 e_we              =  100, 100, 100, 100,
 e_sn              =  100, 100, 100, 100,
 geog_data_res     = '2m', '30s', '1s+30s', '1s+30s',
 dx = 6000,
 dx = 6000,
 map_proj = 'lambert',
 ref_lat   =  -35.90,
 ref_lon   = 137.60,
 truelat1 = -30.0,
 truelat2 = -60.0,
 stand_lon = 138.0,
 geog_data_path = '/home/users/mpeace/DATA/FireWX/WPS_GEOG/',
 opt_geogrid_tbl_path = '.',
/

&ungrib
 out_format = 'WPS',
 prefix = 'FILE',
/

&metgrid
 fg_name = 'FILE',
 io_form_metgrid = 2, 
 opt_metgrid_tbl_path = '.',
/
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!namelist.fire file for DE15febERAF run

&fuel_scalars                      ! scalar fuel constants
fire_wind_height = 6.096,          ! height to interpolate wind to (m), 
6.096 Behave, 0 to use fwh in each category  
cmbcnst  = 17.433e+06,             ! J/kg combustion heat dry fuel
hfgl     = 17.e4 ,                 ! W/m^2 heat flux to ignite canopy
fuelmc_g = 0.10,                   ! ground fuel moisture, set = 0 for dry
!jc fuelmc_g = 0.09,                   ! ground fuel moisture, set = 0 for 
dry
fuelmc_c = 1.00,                   ! canopy fuel moisture, set = 0 for dry
nfuelcats = 13,                    ! number of fuel categories used
no_fuel_cat = 14                   ! extra category for no fuel
/
! fuel cat 3 has been modified by Mika for mallee
&fuel_categories                 
 fuel_name = 
'1: Short grass (1 ft)',
'2: Timber (grass and understory)',
'3: Tall grass (2.5 ft)',
'4: Chaparral (6 ft)',
'5: Brush (2 ft) ',
'6: Dormant brush, hardwood slash',
'7: Southern rough',
'8: Closed timber litter',
'9: Hardwood litter',
'10: Timber (litter + understory)',
'11: Light logging slash',
'12: Medium logging slash',
'13: Heavy logging slash',
'14: no fuel'
 windrf= 0.36, 0.36, 0.20,  0.55,  0.42,  0.44,  0.44,
         0.36, 0.36, 0.36,  0.36,  0.43,  0.46, 1e-7,
 fwh =   6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
         6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
! roughness length 0.13*fueldepthm except cat 3 fz0=0.1 for consistency 
with landuse 
 ! fz0 =   0.0396,0.0396,0.0991,0.2378,0.0793,0.0991,0.0991,  
 fz0 =   0.0396,0.0396,0.1170,0.2378,0.0793,0.0991,0.0991, 
         0.0079,0.0079,0.0396,0.0396,0.0911,0.1188,0.0396,
 fgi =  0.166, 0.897, 1.150, 2.468, 0.785, 1.345, 1.092, 
!jc fgi=  0.166, 0.897, 1.076, 2.468, 0.785, 1.345, 1.092
        1.121, 0.780, 2.694, 2.582, 7.749, 13.024, 1.e-7, 
 fueldepthm=0.305, 0.305, 0.900, 1.829, 0.61,  0.762, 0.762, 
            0.061, 0.061, 0.305, 0.305, 0.701, 0.914, 0.305,
 savr = 3500., 2784., 3000., 1739., 1683., 1564., 1562.,  
        1889., 2484., 1764., 1182., 1145., 1159., 3500.,
 fuelmce = 0.12, 0.15, 0.16, 0.20, 0.20, 0.25, 0.40,  
           0.30, 0.25, 0.25, 0.15, 0.20, 0.25, 0.12,  
 fueldens = 32.,32.,32.,32.,32.,32.,32. ,
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            32.,32.,32.,32.,32.,32.,32. , ! 32 if solid, 19 if rotten
 st = 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
      0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
 se = 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010,
      0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 
 ! ----- Notes on weight: (4) - best fit of Latham data;
 !                 (5)-(7) could be 60-120; (8)-(10) could be 300-1600;
 !                 (11)-(13) could be 300-1600
 weight = 7.,  7.,  180., 180., 100., 100., 100.,  
         900., 900., 900., 900., 900., 900., 7. ,
! !----- 1.12083 is 5 tons/acre.  5-50 tons/acre orig., 100-300 after 
blowdown
! fci_d = 0., 0., 0., 1.123, 0., 0., 0.,  
!      1.121, 1.121, 1.121, 1.121, 1.121, 1.121, 0., 
! fct = 60., 60., 60., 60., 60., 60., 60.,  
!      60., 120., 180., 180., 180., 180. , 60., 
! ichap = 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0 
 /
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!namelist.input file for DE15febERAF run

&time_control            
run_days                 = 0,
run_hours                = 24,
run_minutes              = 0,
run_seconds              = 0,
start_year               = 2007, 2007, 2007, 2007,
start_month              = 12, 12, 12, 12,
start_day                = 07, 07, 07, 07,
start_hour               = 12, 12, 12, 12,
start_minute             = 00,
start_second             = 00,
end_year                 = 2007, 2007, 2007, 2007,
end_month                = 12, 12, 12, 12,
end_day                  = 08, 08, 08, 08,
end_hour                 = 12, 12, 12, 12,
end_minute               = 00,
end_second               = 00,
interval_seconds         = 21600,
input_from_file          = .true., .true., .true., .true.,
fine_input_stream        = 0, 0, 0, 0,
history_interval         = 180, 30, 10, 10,
frames_per_outfile       = 1000, 1000, 1000, 1000,
restart                  = .false.,
restart_interval         = 5000,
io_form_input            = 2,
io_form_history          = 2,
io_form_restart          = 2,
io_form_boundary         = 2,
debug_level              = 100,
/

&domains                 
time_step                = 36,
max_dom                  = 4,
e_we                     = 100, 100, 100, 100,
e_sn                     = 100, 100, 100, 100,
e_vert                   = 51, 51, 51, 51,
p_top_requested          = 5000,
num_metgrid_levels       = 38,
num_metgrid_soil_levels  = 4,
dx                       = 6000, 2000, 666.667, 222.222,
dy                       = 6000, 2000, 666.667, 222.222,
grid_id                  = 1, 2, 3, 4,
parent_id                = 0, 1, 2, 3,
i_parent_start           = 1, 33, 33, 33,
j_parent_start           = 1, 33, 33, 33,
parent_grid_ratio        = 1, 3, 3, 3,
parent_time_step_ratio   = 1, 3, 3, 2,
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sr_x                     = 0, 0, 0, 10,
sr_y                     = 0, 0, 0, 10,
eta_levels                          = 1.00000 , 0.99880 , 0.99582 , 
0.99105 , 0.98450 ,
                                      0.97619 , 0.96611 , 0.95427 , 
0.94069 , 0.92536 ,
                                      0.90829 , 0.88949 , 0.86897 , 
0.84673 , 0.82278 ,
                                      0.79713 , 0.76977 , 0.74073 , 
0.71000 , 0.67764 ,
                                      0.64392 , 0.60914 , 0.57362 , 
0.53766 , 0.50158 ,
                                      0.46569 , 0.43031 , 0.39573 , 
0.36228 , 0.33027 ,
                                      0.30000 , 0.27172 , 0.24541 , 
0.22096 , 0.19830 ,
                                      0.17731 , 0.15791 , 0.13999 , 
0.12348 , 0.10827 ,
                                      0.09427 , 0.08139 , 0.06952 , 
0.05858 , 0.04847 ,
                                      0.03910 , 0.03037 , 0.02219 , 
0.01447 , 0.00710 ,
                                      0.00000 ,
feedback                 = 1,
smooth_option            = 0,
sfcp_to_sfcp             = .true.,
/

&physics                 
mp_physics               = 3, 3, 3, 3,
ra_lw_physics            = 1, 1, 1, 1,
ra_sw_physics            = 1, 1, 1, 1,
radt                     = 30, 30, 30, 30,
sf_sfclay_physics        = 1, 1, 1, 1,
sf_surface_physics       = 1, 1, 1, 1,
cu_physics               = 0, 0, 0, 0,
bl_pbl_physics           = 1, 1, 1, 1,
bldt                     = 0, 0, 0, 0,
num_soil_layers          = 4,
cudt                     = 5, 5, 5, 5,
isfflx                   = 1,
ifsnow                   = 0,
icloud                   = 1,
surface_input_source     = 1,
/

&dynamics 
w_damping                = 0,
rk_ord                   = 3,
diff_opt                 = 2,
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km_opt                   = 4,
diff_6th_opt             = 0,
diff_6th_factor          = 0.12,
base_temp                = 290.,
damp_opt                 = 0,
zdamp                    = 5000., 5000., 5000., 5000.,
dampcoef                 = 0.2, 0.2, 0.2, 0.2,
khdif                    = 0.05, 0.05, 0.05, 0.05,
kvdif                    = 0.05, 0.05, 0.05, 0.05,
emdiv                    = 0.01, 0.01, 0.01, 0.01,
smdiv                    = 0.1, 0.1, 0.1, 0.1,
epssm                    = 0.1, 0.1, 0.1, 0.1,
mix_full_fields          = .true., .true., .true., .true.,
non_hydrostatic          = .true., .true., .true., .true.,
h_mom_adv_order          = 5, 5, 5, 5,
v_mom_adv_order          = 3, 3, 3, 3,
h_sca_adv_order          = 5, 5, 5, 5,
v_sca_adv_order          = 3, 3, 3, 3,
time_step_sound          = 6, 6, 6, 6,
moist_adv_opt            = 1, 1, 1, 1,
scalar_adv_opt           = 1, 1, 1, 1,
/

&bdy_control             
spec_bdy_width           = 5,
specified                = .true., .false., .false., .false.,
nested                   = .false., .true., .true., .true.,
spec_zone                = 1,
relax_zone               = 4,
/

&namelist_quilt
nio_tasks_per_group      = 0,
nio_groups               = 1,
/

&fire
ifire                    = 0, 0, 0, 2,
fire_fuel_read           = 0, 0, 0, 0,
fire_fuel_cat            = 0, 0, 0, 3,
fire_num_ignitions       = 0, 0, 0, 1,
fire_ignition_start_lon1   = 0, 0, 0, 137.440,
fire_ignition_start_lat1   = 0, 0, 0, -35.960,
fire_ignition_end_lon1     = 0, 0, 0, 137.480,
fire_ignition_end_lat1    = 0, 0, 0, -35.960,
fire_ignition_radius1    = 0, 0, 0, 30,
fire_ignition_ros1       = 0, 0, 0, 0.1,
fire_ignition_start_time1= 0, 0, 0, 36000,
fire_ignition_end_time1  = 0, 0, 0, 36060,
fire_print_msg           = 0, 0, 0, 2,
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fire_print_file          = 0, 0, 0, 0,
/
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!namelist.wps file for RR19marFRST run

&share
 wrf_core = 'ARW',
 max_dom = 4,
 start_date = 
'2007-12-08_12:00:00','2007-12-08_12:00:00','2007-12-08_12:00:00','2007-12-
08_12:00:00',
 end_date   = 
'2007-12-09_12:00:00','2007-12-09_12:00:00','2007-12-09_12:00:00','2007-12-
09_12:00:00',
 interval_seconds = 21600,
 io_form_geogrid = 2,
 subgrid_ratio_x = 1, 1, 1, 10,
 subgrid_ratio_y = 1, 1, 1, 10,
 debug_level = 100,
/

&geogrid
 parent_id         =   1,  1,  2,  3,
 parent_grid_ratio =   1,  3,  3,  3,
 i_parent_start    =   1,  33, 33, 33,
 j_parent_start    =   1,  33, 33, 33,
 e_we              =  100,  100, 100, 100,
 e_sn              =  100,  100, 100, 118,
 geog_data_res     = '2m', '30s', '1s+30s', '1s+30s',
 dx = 6000,
 dy = 6000,
 map_proj = 'lambert',
 ref_lat   =  -35.79,
 ref_lon   = 136.92,
 truelat1 = -30.0,
 truelat2 = -60.0,
 stand_lon = 138.0,
 geog_data_path = '/home/users/mpeace/DATA/FireWX/WPS_GEOG',
 opt_geogrid_tbl_path = './',
/

&ungrib
 out_format = 'WPS',
 prefix = 'FILE',
/

&metgrid
 fg_name = 'FILE',
 io_form_metgrid = 2, 
 opt_metgrid_tbl_path = './',
/

APPENDIX C. FILES FOR WRF AND SFIRE INPUT AND ERA DOWNLOAD

Page 175



!namelist.fire file for RR19marFRST run

&fuel_scalars                      ! scalar fuel constants
fire_wind_height = 6.096,          ! height to interpolate wind to (m), 
6.096 Behave, 0 to use fwh in each category  
cmbcnst  = 17.433e+06,             ! J/kg combustion heat dry fuel
hfgl     = 17.e4 ,                 ! W/m^2 heat flux to ignite canopy
fuelmc_g = 0.10,                   ! ground fuel moisture, set = 0 for dry
fuelmc_c = 1.00,                   ! canopy fuel moisture, set = 0 for dry
nfuelcats = 13,                    ! number of fuel categories used
no_fuel_cat = 14                   ! extra category for no fuel
/
! fuel categories have been modified by Mika for high res and mallee
&fuel_categories                 
 fuel_name = 
'1: Short grass (1 ft)',
'2: Timber (grass and understory)',
'3: Tall grass (2.5 ft)',
'4: Chaparral (6 ft)',
'5: Brush (2 ft) ',
'6: Dormant brush, hardwood slash',
'7: Southern rough',
'8: Closed timber litter',
'9: Hardwood litter',
'10: Timber (litter + understory)',
'11: Light logging slash',
'12: Medium logging slash',
'13: Heavy logging slash',
'14: no fuel'
 windrf= 1e-7, 0.20, 0.20,  0.20,  1e-7,  1e-7,  0.20,
         0.20, 0.20, 0.20,  0.20,  0.20,  0.20, 1e-7,
 fwh =   6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
         6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
! roughness length 0.13*fueldepthm except cat 3 fz0=0.1 for consistency 
with landuse 
 fz0 =   0.1000,0.1170,0.1170,0.1170,0.1170,0.1170,0.1170, 
         0.0079,0.0079,0.0396,0.0396,0.0911,0.1188,0.0396,
 fgi =  1.e-7, 2.300, 2.300, 1.150, 1.e-7, 1.e-7, 1.000, 
        1.121, 0.780, 2.694, 2.582, 7.749, 13.024, 1.e-7, 
 fueldepthm=0.005, 1.800, 1.800, 0.900, 0.005,  0.900, 0.900, 
            0.061, 0.061, 0.305, 0.305, 0.701, 0.914, 0.305,
 savr = 3000., 3000., 3000., 3000., 3000., 3000., 3000.,  
        1889., 2484., 1764., 1182., 1145., 1159., 3500.,
 fuelmce = 0.16, 0.16, 0.16, 0.16, 0.16, 0.16, 0.16,  
           0.30, 0.25, 0.25, 0.15, 0.20, 0.25, 0.12,  
 fueldens = 32.,32.,32.,32.,32.,32.,32. ,
            32.,32.,32.,32.,32.,32.,32. , ! 32 if solid, 19 if rotten
 st = 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
      0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
 se = 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010,
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      0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 
 weight = 7.,  180.,  180., 180., 180., 180., 180.,  
         900., 900., 900., 900., 900., 900., 7. ,
 /
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!namelist.input file for RR19marFRST run

&time_control            
run_days                 = 0,
run_hours                = 24,
run_minutes              = 0,
run_seconds              = 0,
start_year               = 2007, 2007, 2007, 2007,
start_month              = 12, 12, 12, 12,
start_day                = 09, 09, 09, 09,
start_hour               = 06, 06, 06, 06,
start_minute             = 00,
start_second             = 00,
end_year                 = 2007, 2007, 2007, 2007,
end_month                = 12, 12, 12, 12,
end_day                  = 09, 09, 09, 09,
end_hour                 = 08, 08, 08, 08,
end_minute               = 30, 30, 30, 30,
end_second               = 00,
interval_seconds         = 21600,
input_from_file          = .true., .true., .true., .true.,
fine_input_stream        = 0, 0, 0, 0,
history_interval         = 180, 30, 10, 1,
frames_per_outfile       = 1000, 1000, 1000, 1000,
restart                  = .true.,
restart_interval         = 360,
io_form_input            = 2,
io_form_history          = 2,
io_form_restart          = 2,
io_form_boundary         = 2,
debug_level              = 10,
/

&domains                 
time_step                = 18,
max_dom                  = 4,
e_we                     = 100, 100, 100, 100,
e_sn                     = 100, 100, 100, 118,
e_vert                   = 51, 51, 51, 51,
p_top_requested          = 5000,
num_metgrid_levels       = 38,
num_metgrid_soil_levels  = 4,
dx                       = 6000, 2000, 666.667, 222.222,
dy                       = 6000, 2000, 666.667, 222.222,
grid_id                  = 1, 2, 3, 4,
parent_id                = 0, 1, 2, 3,
i_parent_start           = 1, 33, 33, 33,
j_parent_start           = 1, 33, 33, 33,
parent_grid_ratio        = 1, 3, 3, 3,
parent_time_step_ratio   = 1, 3, 3, 4,
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sr_x                     = 0, 0, 0, 10,
sr_y                     = 0, 0, 0, 10,
eta_levels                          = 1.00000 , 0.99880 , 0.99582 , 
0.99105 , 0.98450 ,
                                      0.97619 , 0.96611 , 0.95427 , 
0.94069 , 0.92536 ,
                                      0.90829 , 0.88949 , 0.86897 , 
0.84673 , 0.82278 ,
                                      0.79713 , 0.76977 , 0.74073 , 
0.71000 , 0.67764 ,
                                      0.64392 , 0.60914 , 0.57362 , 
0.53766 , 0.50158 ,
                                      0.46569 , 0.43031 , 0.39573 , 
0.36228 , 0.33027 ,
                                      0.30000 , 0.27172 , 0.24541 , 
0.22096 , 0.19830 ,
                                      0.17731 , 0.15791 , 0.13999 , 
0.12348 , 0.10827 ,
                                      0.09427 , 0.08139 , 0.06952 , 
0.05858 , 0.04847 ,
                                      0.03910 , 0.03037 , 0.02219 , 
0.01447 , 0.00710 ,
                                      0.00000 ,
feedback                 = 1,
smooth_option            = 0,
sfcp_to_sfcp             = .true.,
/

&physics                 
mp_physics               = 3, 3, 3, 3,
ra_lw_physics            = 1, 1, 1, 1,
ra_sw_physics            = 1, 1, 1, 1,
radt                     = 30, 30, 30, 30,
sf_sfclay_physics        = 1, 1, 1, 1,
sf_surface_physics       = 1, 1, 1, 1,
cu_physics               = 0, 0, 0, 0,
bl_pbl_physics           = 1, 1, 1, 1,
bldt                     = 0, 0, 0, 0,
num_soil_layers          = 4,
cudt                     = 5, 5, 5, 5,
isfflx                   = 1,
ifsnow                   = 0,
icloud                   = 1,
surface_input_source     = 1,
/

&dynamics 
w_damping                = 0,
rk_ord                   = 3,
diff_opt                 = 2,
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km_opt                   = 4,
diff_6th_opt             = 0,
diff_6th_factor          = 0.12,
base_temp                = 290.,
damp_opt                 = 0,
zdamp                    = 5000., 5000., 5000., 5000.,
dampcoef                 = 0.2, 0.2, 0.2, 0.2,
khdif                    = 0.05, 0.05, 0.05, 0.05,
kvdif                    = 0.05, 0.05, 0.05, 0.05,
emdiv                    = 0.01, 0.01, 0.01, 0.01,
smdiv                    = 0.1, 0.1, 0.1, 0.1,
epssm                    = 0.1, 0.1, 0.1, 0.1,
mix_full_fields          = .true., .true., .true., .true.,
non_hydrostatic          = .true., .true., .true., .true.,
h_mom_adv_order          = 5, 5, 5, 5,
v_mom_adv_order          = 3, 3, 3, 3,
h_sca_adv_order          = 5, 5, 5, 5,
v_sca_adv_order          = 3, 3, 3, 3,
time_step_sound          = 6, 6, 6, 6,
moist_adv_opt            = 1, 1, 1, 1,
scalar_adv_opt           = 1, 1, 1, 1,
/

&bdy_control             
spec_bdy_width           = 5,
specified                = .true., .false., .false., .false.,
nested                   = .false., .true., .true., .true.,
spec_zone                = 1,
relax_zone               = 4,
/

&namelist_quilt
nio_tasks_per_group      = 0,
nio_groups               = 1,
/

&fire
 ifire                    = 0,0,0,2,
 fire_fuel_read           = 0,0,0,-1,
 fire_fuel_cat            = 0,0,0,0,
 fire_print_msg           = 0,0,0,2,
 fire_print_file          = 0,0,0,0,
 fire_num_ignitions       = 0,0,0,1,
 fire_ignition_start_lon1 = 0,0,0,136.775,
 fire_ignition_start_lat1 = 0,0,0,-35.92,
 fire_ignition_end_lon1   = 0,0,0,136.777,
 fire_ignition_end_lat1   = 0,0,0,-35.92,
 fire_ignition_radius1    = 0,0,0,25,
 fire_ignition_start_time1= 0,0,0,36000,
 fire_ignition_ros1       = 0,0,0,0.01,
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 fire_ignition_end_time1  = 0,0,0,36060,
 /
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!namelist.wps file for LY18novFRST run

&share
 wrf_core = 'ARW',
 max_dom = 4,
 start_date = 
'2010-10-16_12:00:00','2010-10-16_12:00:00','2010-10-16_12:00:00','2010-10-
16_12:00:00',
 end_date   = 
'2010-10-17_12:00:00','2010-10-17_12:00:00','2010-10-17_12:00:00','2010-10-
17_12:00:00',
 interval_seconds = 21600,
 subgrid_ratio_x = 1, 1, 1, 10,
 subgrid_ratio_y = 1, 1, 1, 10,
 io_form_geogrid = 2,
 debug_level = 100,
/

&geogrid
 parent_id         =   1,  1,  2,  3,
 parent_grid_ratio =   1,  3,  3,  3,
 i_parent_start    =   1, 33, 33, 33,
 j_parent_start    =   1, 33, 33, 33,
 e_we              =  100, 100, 100, 100,
 e_sn              =  100, 100, 100, 100,
 geog_data_res     = '2m', '30s', '3s+30s', '3s+30s',
 dx = 6000,
 dx = 6000,
 map_proj = 'lambert',
 ref_lat   =  -33.97,
 ref_lon   = 115.52,
 truelat1 = -30.0,
 truelat2 = -60.0,
 stand_lon = 115.0,
 geog_data_path = '/home/users/mpeace/DATA/FireWX/WPS_GEOG/',
 opt_geogrid_tbl_path = '.',
/

&ungrib
 out_format = 'WPS',
 prefix = 'FILE',
/

&metgrid
 fg_name = 'FILE',
 io_form_metgrid = 2, 
 opt_metgrid_tbl_path = '.',
/
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!namelist.fire file for LY18novFRST run

&fuel_scalars                      ! scalar fuel constants
fire_wind_height = 6.096,          ! height to interpolate wind to (m), 
6.096 Behave, 0 to use fwh in each category  
cmbcnst  = 17.433e+06,             ! J/kg combustion heat dry fuel
hfgl     = 17.e4 ,                 ! W/m^2 heat flux to ignite canopy
fuelmc_g = 0.07,                   ! ground fuel moisture, set = 0 for dry
!jc fuelmc_g = 0.09,                   ! ground fuel moisture, set = 0 for 
dry
fuelmc_c = 1.00,                   ! canopy fuel moisture, set = 0 for dry
nfuelcats = 13,                    ! number of fuel categories used
no_fuel_cat = 14                   ! extra category for no fuel
/
! fuel cat 2 has been modified by Mika for SW fuels using Lachies numbers 
and fuel cat 1 effectively zero
&fuel_categories                 
 fuel_name = 
'1: Short grass (1 ft)',
'2: Timber (grass and understory)',
'3: Tall grass (2.5 ft)',
'4: Chaparral (6 ft)',
'5: Brush (2 ft) ',
'6: Dormant brush, hardwood slash',
'7: Southern rough',
'8: Closed timber litter',
'9: Hardwood litter',
'10: Timber (litter + understory)',
'11: Light logging slash',
'12: Medium logging slash',
'13: Heavy logging slash',
'14: no fuel'
 windrf= 1e-7, 0.20, 0.20,  0.55,  0.42,  0.44,  0.44,
         0.36, 0.36, 0.36,  0.36,  0.43,  0.46, 1e-7,
 fwh =   6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
         6.096, 6.096, 6.096, 6.096, 6.096, 6.096, 6.096,
! roughness length 0.13*fueldepthm except cat 3 fz0=0.1 for consistency 
with landuse 
 fz0 =   0.1000,0.026,0.1170,0.2378,0.0793,0.0991,0.0991, 
         0.0079,0.0079,0.0396,0.0396,0.0911,0.1188,0.0396,
 fgi =  1.e-7, 1.800, 1.150, 2.468, 0.785, 1.345, 1.092, 
        1.121, 0.780, 2.694, 2.582, 7.749, 13.024, 1.e-7, 
 fueldepthm=0.005, 0.200, 0.900, 1.829, 0.61,  0.762, 0.762, 
            0.061, 0.061, 0.305, 0.305, 0.701, 0.914, 0.305,
 savr = 3000., 5000., 3000., 1739., 1683., 1564., 1562.,  
        1889., 2484., 1764., 1182., 1145., 1159., 3500.,
 fuelmce = 0.16, 0.21, 0.16, 0.20, 0.20, 0.25, 0.40,  
           0.30, 0.25, 0.25, 0.15, 0.20, 0.25, 0.12,  
 fueldens = 32.,32.,32.,32.,32.,32.,32. ,
            32.,32.,32.,32.,32.,32.,32. , ! 32 if solid, 19 if rotten
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 st = 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
      0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555, 0.0555,
 se = 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010,
      0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 0.010, 
 weight = 7.,  180.,  180., 180., 100., 100., 100.,  
         900., 900., 900., 900., 900., 900., 7. ,
 /
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!namelist.input file for LY18novFRST run

&time_control            
run_days                 = 0,
run_hours                = 24,
run_minutes              = 0,
run_seconds              = 0,
start_year               = 2010, 2010, 2010, 2010,
start_month              = 10, 10, 10, 10,
start_day                = 17, 17, 17, 17,
start_hour               = 00, 00, 00, 00,
start_minute             = 00,
start_second             = 00,
end_year                 = 2010, 2010, 2010, 2010,
end_month                = 10, 10, 10, 10,
end_day                  = 17, 17, 17, 17,
end_hour                 = 08, 08, 08, 08,
end_minute               = 00,
end_second               = 00,
interval_seconds         = 21600,
input_from_file          = .true., .true., .true., .true.,
fine_input_stream        = 0, 0, 0, 0,
history_interval         = 180, 30, 10, 1,
frames_per_outfile       = 1000, 1000, 1000, 1000,
restart                  = .true.,
restart_interval         = 360,
io_form_input            = 2,
io_form_history          = 2,
io_form_restart          = 2,
io_form_boundary         = 2,
debug_level              = 0,
/

&domains                 
time_step                = 18,
max_dom                  = 4,
e_we                     = 100, 100, 100, 100,
e_sn                     = 100, 100, 100, 100,
e_vert                   = 51, 51, 51, 51,
p_top_requested          = 5000,
num_metgrid_levels       = 38,
num_metgrid_soil_levels  = 4,
dx                       = 6000, 2000, 666.667, 222.222,
dy                       = 6000, 2000, 666.667, 222.222,
grid_id                  = 1, 2, 3, 4,
parent_id                = 0, 1, 2, 3,
i_parent_start           = 1, 33, 33, 33,
j_parent_start           = 1, 33, 33, 33,
parent_grid_ratio        = 1, 3, 3, 3,
parent_time_step_ratio   = 1, 3, 3, 3,
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sr_x                     = 0, 0, 0, 10,
sr_y                     = 0, 0, 0, 10,
eta_levels                          = 1.00000 , 0.99880 , 0.99582 , 
0.99105 , 0.98450 ,
                                      0.97619 , 0.96611 , 0.95427 , 
0.94069 , 0.92536 ,
                                      0.90829 , 0.88949 , 0.86897 , 
0.84673 , 0.82278 ,
                                      0.79713 , 0.76977 , 0.74073 , 
0.71000 , 0.67764 ,
                                      0.64392 , 0.60914 , 0.57362 , 
0.53766 , 0.50158 ,
                                      0.46569 , 0.43031 , 0.39573 , 
0.36228 , 0.33027 ,
                                      0.30000 , 0.27172 , 0.24541 , 
0.22096 , 0.19830 ,
                                      0.17731 , 0.15791 , 0.13999 , 
0.12348 , 0.10827 ,
                                      0.09427 , 0.08139 , 0.06952 , 
0.05858 , 0.04847 ,
                                      0.03910 , 0.03037 , 0.02219 , 
0.01447 , 0.00710 ,
                                      0.00000 ,
feedback                 = 1,
smooth_option            = 0,
sfcp_to_sfcp             = .true.,
/

&physics                 
mp_physics               = 3, 3, 3, 3,
ra_lw_physics            = 1, 1, 1, 1,
ra_sw_physics            = 1, 1, 1, 1,
radt                     = 30, 30, 30, 30,
sf_sfclay_physics        = 1, 1, 1, 1,
sf_surface_physics       = 1, 1, 1, 1,
cu_physics               = 0, 0, 0, 0,
bl_pbl_physics           = 1, 1, 1, 1,
bldt                     = 0, 0, 0, 0,
num_soil_layers          = 4,
cudt                     = 5, 5, 5, 5,
isfflx                   = 1,
ifsnow                   = 0,
icloud                   = 1,
surface_input_source     = 1,
/

&dynamics 
w_damping                = 0,
rk_ord                   = 3,
diff_opt                 = 2,
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km_opt                   = 4,
diff_6th_opt             = 0,
diff_6th_factor          = 0.12,
base_temp                = 290.,
damp_opt                 = 0,
zdamp                    = 5000., 5000., 5000., 5000.,
dampcoef                 = 0.2, 0.2, 0.2, 0.2,
khdif                    = 0.05, 0.05, 0.05, 0.05,
kvdif                    = 0.05, 0.05, 0.05, 0.05,
emdiv                    = 0.01, 0.01, 0.01, 0.01,
smdiv                    = 0.1, 0.1, 0.1, 0.1,
epssm                    = 0.1, 0.1, 0.1, 0.1,
mix_full_fields          = .true., .true., .true., .true.,
non_hydrostatic          = .true., .true., .true., .true.,
h_mom_adv_order          = 5, 5, 5, 5,
v_mom_adv_order          = 3, 3, 3, 3,
h_sca_adv_order          = 5, 5, 5, 5,
v_sca_adv_order          = 3, 3, 3, 3,
time_step_sound          = 6, 6, 6, 6,
moist_adv_opt            = 1, 1, 1, 1,
scalar_adv_opt           = 1, 1, 1, 1,
/

&bdy_control             
spec_bdy_width           = 5,
specified                = .true., .false., .false., .false.,
nested                   = .false., .true., .true., .true.,
spec_zone                = 1,
relax_zone               = 4,
/

&namelist_quilt
nio_tasks_per_group      = 0,
nio_groups               = 1,
/

&fire
ifire                    = 0, 0, 0, 2,
fire_fuel_read           = 0, 0, 0, -1,
fire_fuel_cat            = 0, 0, 0, 0,
fire_num_ignitions       = 0, 0, 0, 1,
fire_ignition_start_lon1   = 0, 0, 0, 115.410,
fire_ignition_start_lat1   = 0, 0, 0, -34.020,
fire_ignition_end_lon1     = 0, 0, 0, 115.410,
fire_ignition_end_lat1    = 0, 0, 0, -34.100,
fire_ignition_radius1    = 0, 0, 0, 30,
fire_ignition_ros1       = 0, 0, 0, 0.1,
fire_ignition_start_time1= 0, 0, 0, 21300,
fire_ignition_end_time1  = 0, 0, 0, 21360,
fire_print_msg           = 0, 0, 0, 2,
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fire_print_file          = 0, 0, 0, 0,
/
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ERA-Interim 2D grids download

#!/usr/bin/python
from ecmwf import ECMWFDataServer

server = ECMWFDataServer(
       'http://data-portal.ecmwf.int/data/d/dataserver/',
       'd61e46158ca1c0f68fa6cb1a5a0ef39a',
       'm.peace@bom.gov.au'
    )

server.retrieve({
    'dataset' : "interim_full_daily",
    'date'    : "20101017/to/20101017",
    'time'    : "18",
    'grid'    : "128",
    'step'    : "0",
    'levtype' : "sfc",
    'type'    : "an",
    'param'   : 
"172/134/151/165/166/167/168/235/34/139/170/183/236/39/40/41/42",
    'levelist' : "all",
    'target'  : "2D20101017SFC1800.grib"
    })

APPENDIX C. FILES FOR WRF AND SFIRE INPUT AND ERA DOWNLOAD

Page 189



ERA-Interim 3D grids download

#!/usr/bin/python
from ecmwf import ECMWFDataServer

server = ECMWFDataServer(
       'http://data-portal.ecmwf.int/data/d/dataserver/',
       'd61e46158ca1c0f68fa6cb1a5a0ef39a',
       'm.peace@bom.gov.au'
    )

server.retrieve({
    'dataset' : "interim_full_daily",
    'date'    : "20101017/to/20101017",
    'time'    : "12",
    'grid'    : "128",
    'step'    : "0",
    'levtype' : "pl",
    'type'    : "an",
    'param'   : "129/130/131/132/157",
    'levelist' : "all",
    'target'  : "3D20101017PL1200.grib"
    })
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! ERA-Interim download script

import urllib
import urllib2
import time
import datetime

class ECMWFDataServer:
    def __init__(self,portal,token,email):
        self.version = '0.3'
        self.portal  = portal
        self.token   = token
        self.email   = email

    def _call(self,action,args):

        params = {'_token'   : self.token,
                  '_email'   : self.email,
                  '_action'  : action,
                  '_version' : self.version}
        params.update(args)
            
        data = urllib.urlencode(params)
        req = urllib2.Request(self.portal, data)
        response = urllib2.urlopen(req)

        json = response.read();

        undef = None;
        json = eval(json)

        if json != None:
            if 'error' in json:
                raise RuntimeError(json['error'])
            if 'message' in json:
                self.put(json['message'])

        return json

    def put(self,*args):
        print datetime.datetime.now().strftime('%Y-%m-%d %H:%M:%S'),
        for a in args:
            print a,
        print

        
    def retrieve(self,args):
        self.put("ECMWF data server batch tool version",self.version);
        user = self._call("user_info",{});
        self.put("Welcome to",user['name'], "from" , user['organisation']);
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        r = self._call('retrieve',args)
        rid = r['request']

        last  = ''
        sleep = 0
        while r['status'] != 'complete' and r['status'] != 'aborted':
            text = r['status'] + '.'
            if 'info' in r and r['info'] != None:
                text = text + ' ' + r['info'] 

            if text != last:
                self.put("Request",text)
                last = text

            time.sleep(sleep)
            r = self._call('status',{'request':rid})
            if sleep < 60:
                sleep = sleep + 1

        if r['status'] != last:
            self.put("Request",r['status'])

        if 'reason' in r:
            for m in r['reason']:
                self.put(m)

        if 'result' in r:
            size = long(r['size'])
            self.put("Downloading",self._bytename(size))
            done = self._transfer(r['result'],args['target'])
            self.put("Done")
            if done != size:
                raise RuntimeError("Size mismatch: " + str(done) + " and " 
+ str(size))

        self._call('delete',{'request':rid})
        
        if r['status'] == 'aborted':
            raise RuntimeError("Request aborted")
        
    def _transfer(self,url,path):
        result =  urllib.urlretrieve(url,path)
        return long(result[1]['content-length'])
        
    def _bytename(self,size):   
        next = {'':'K','K':'M','M':'G','G':'T','T':'P'}
        l    = ''
        size = size*1.0
        while 1024 < size:
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            l = next[l]
            size = size / 1024
        return "%g %sbyte%s" % (size,l,'s')
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