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Abstract 

 

Fuel load reduction burns are an established method for reducing wild-fire hazard in Australia 

but smoke from controlled fires can be hazardous. There are demonstrated linkages between air 

pollution from controlled fires and hospitalizations and death in people with existing pulmonary 

and cardio-vascular conditions. Land managers will need to demonstrate that they have 

considered smoke hazards by modelling plumes from proposed fires. 

Accurately modelling smoke emission from hazard reduction fires in forested areas is complex. 

Model inputs include fuel load and type, topography, weather and atmospheric conditions. 

Modern modelling includes chemical transformations and deposition. 

This research explores the various types of models that have been created for modelling smoke 

from open fires, their history and development.  The reader will gain an understanding of the 

breadth of this field and the principals of plume modelling from open fires. 

A project model was created as part of this research for the purposes of:   

1. Explaining model development and use. The model uses a Gaussian plume model with 

receptors in a dynamic georeferenced grid; and 

2. The model will also be used as a template for further development of simple web-based 

tool for the researcher and departmental colleagues who have an interest in modelling 

small fire plumes with simple inputs.   

The research explores AQFx and the modular template for AQFx, BlueSky.  AQFx is a set of 

models developed by the Bureau of Meteorology and CSIRO to assist land managers predict air 

pollution dispersal from controlled fires. While some components of the model are well tested, 

others require refinement. This research looks at how the model might be improved using data 

from controlled fires in Queensland.  A methodology for gathering data required by the CSIRO 

research team has been developed as part of this project. 
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The research reviews newer satellite imagery technology and its potential use in calibration and 

validation of smoke plume modelling.  The results of this component of the research are of 

interest to other researchers.  This project concludes that Planet Labs daily high-resolution 

imagery provides clear images of plumes across Australia. These images can be used for 

reviewing advection and dissipation formula.  

Finally, this research proposes some achievable steps that can be taken to  

1. Assist the researcher’s employer help staff and landholders model plumes from small, 

hazard reduction burns; and 

2. Gather data required by CSIRO to improve the function of AQFx.  
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Chapter 1 Introduction 

 

‘It’s important not to kill more people with smoke from prescribed burns than would be at risk 

from the bushfires we are trying to prevent’. James Haig, Superintendent and Manager, Bushfire 

Mitigation Queensland Fire and Emergency Services. 

 

1.1 Outline of Study 

The above statement outlines the balance of risks that land managers must consider in carrying 

out controlled or prescribed burns.  It is well accepted that controlled burns can reduce the risk 

of catastrophic fire but land managers must ensure the cure is not worse than the disease. 

There has been growing interest around the world in both the hazard associated with bushfire 

smoke and in modelling dispersal of the smoke. 

In both moral and economic terms, land managers must consider the probability, proportion and 

magnitude of their liability and find the best balance between hazards associated with deliberate, 

controlled burns and accidental, catastrophic fires.   

The federal government as well as a number of state governments have identified the need for 

accurately predicting smoke hazard from controlled burns.  CSIRO and the BoM in Australia 

have been developing the AQFx model over several years. The AQFx model has been successful 

in Victoria and NSW. CSIRO and the BoM have been provided with funding to roll the model 

out on a national basis. 

This study will assist in understanding and explaining the model and test the model’s 

effectiveness in Queensland. The study hopes to assist in calibrating the model for Queensland 

and demonstrating the model’s usefulness for land managers.      
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1.2 Introduction 

Prescribed burns are carried out in Australia for a range of purposes. They are used to reduce 

hazardous fuel loads, control weeds, clear rank grass and for ecological purposes. 

Factors that influence fire behavior include rainfall, relative humidity, air temperature, wind 

speed, slope and fuel load (QLD Dept National Parks Recreation Sport and Racing, 2012). The 

only component of these hazard variables that can be influenced by forest managers and 

firefighters is the fuel load.  Mechanical removal of fuel (slashing or mulching) has successfully 

been used in relatively small areas of green space, but mechanical methods are unaffordable on 

a larger scale (anything more than a few hectares) even within a peri-urban context.   

Hazard reduction burns remain the most viable alternative for fuel reduction.  Prescribed or 

hazard reduction burns are the most effective method of reducing wildfire hazard in most areas 

of Australia. 

Hazard reduction burns carry a number of risks. Land managers in Australia, particularly 

government land managers have historically been reluctant to conduct prescribed burns (The 

Inspector General, Emergency Management, The State of Queensland, 2020).  This is primarily 

due to the hazards associated with prescribed burns.  Hazards include fires ‘escaping’ and 

causing injury or damage, visibility issues from smoke (and associated traffic hazards) and 

smoke inhalation (particularly for high-risk people and personnel carrying out the controlled 

burns). 

Fire behavior in forests has been well researched. Methods for maintaining control of fires are 

well developed. Risk can be managed though preparation (construction of fire management lines 

and fire breaks), planning (planning optimum ignition patterns) and mop-up (patrolling the fire 

and putting out smouldering logs). 

A focal point of recent research has been in identifying the effect smoke from prescribed burns 

has on health. There is a growing body of evidence that smoke from wildfires and controlled 

burns can significantly affect health. Government as well as private landholders are seeking ways 

to manage smoke hazard and balance the risk smoke poses with the risk of catastrophic fire 

events. 
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The visual hazard smoke has on transport infrastructure is also of significant interest to land 

managers.  Mr Julian Gregson from the Department of Resources stated that his interest in this 

study was primarily in managing visual hazard on the Bruce Highway.  

More recent research and funding has been targeted at smoke hazards.  Smoke hazard modelling 

for prescribed burns and wildfires is a complex and interesting topic explored through this 

dissertation. 

Smoke hazard modelling ranges from simple box models through to complex full physical model 

sets that combine fuel load models, fire behaviour models, climate models and atmospheric 

chemistry models for a full air quality model. 

A detailed set of objectives for this study are provided in section 1.4 

 

 1.3 The Problem 

Land managers need to demonstrate that they have managed significant risks to neighboring 

populations posed by their land parcels.  Democratic governments, in particular, are sensitive to 

public perception and criticism about their land management practices. 

Government agencies will use smoke modelling to optimize controlled burn timing if the model 

is demonstrably useful in managing risk. 

This study seeks to increase understanding of smoke modelling, test the AQFx model and 

demonstrate how the model can become more precise through agency input and field calibration. 

 

1.4 Research Objectives 

This study will: 

1. Compare satellite images of visible smoke plumes from prescribed burns in Queensland 

with output from the CSIRO/BoM AQFx model. 
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2. Describe the satellite images of visible smoke plumes from prescribed burns using a 

model built for the project.  This description will include model inputs such as fuel load, 

fuel conversion rates, wind, buoyancy, and dispersal. 

3. Detail the inputs used by AQFx and the methods used to calibrate and validate the model.  

The original project specification aimed to assist CSIRO calibrate the AQFx model for 

Queensland by gathering air quality data in the field during prescribed burns.  Due to 

CSIRO having problems rolling the model out in Queensland and problems sending 

equipment, the CSIRO research team instead asked for a methodology for gathering Fire 

Radiated Power data using drones. The methodology will be used in the next fire season.  

4. Support the National rollout of AQFx by reviewing the relative accuracy of using live 

fire data from Government agencies versus using the Digital Earth Australia Hotspots 

mapping. The study will seek to understand how to optimize collection, collation and 

input of fire data. 

 

 

1.5 Conclusions 

This dissertation aims to explain how smoke from bushfires and prescribed burns is modelled. 

This will be achieved by  

1. leading the reader through the development of various models and explaining the 

engineering science behind them.  Emphasis is placed on the various inputs and 

operation of AQFx; and 

2. Creating a model to demonstrate how smoke models work, and how they can be 

georeferenced, comparing the georeferenced model to real plumes visible in Planet Labs 

imagery and commenting on the comparison.  

The dissertation aims to demonstrate the effectiveness of the AQFx model in predicting smoke 

behavior. This will be achieved primarily through visual demonstration of satellite images of the 
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plumes compared to AQFx outputs (via the AQVx visualization tool).  Variance in plume 

structures will be explained using simple models created as part of this dissertation. 

This research is expected to increase take-up of the AQFx model by land managers in 

Queensland as well as encouraging Queensland government agencies to coordinate and 

contribute burn data to AQFx.  

The initial proposal for this research included a more detailed analysis if AQFx and gathering 

some field data to support AQFx calibration.  CSIRO researchers have collaborated with the 

author.  AQFx rollout was delayed, and the CSIRO team proposed that a better alternative at this 

point would be to develop a method for improving the accuracy of the smouldering plume 

function in AQFx.   

The plume model developed as part of this project will be used by DoR staff as a stopgap measure 

until AQFx becomes available.  The model has been developed with Mr Gregson’s particular 

requirements in mind (relatively small fires, in QLD and with a focus on ground level smoke). 

A review of literature will explain:  

a) the requirement for smoke modelling, 

b) the background of smoke modelling 

c) the inputs required for modern modelling 

d) how plumes can be interpreted from satellite imagery 

 

The outcomes of this study will be used to demonstrate the usefulness of smoke modelling in 

planning prescribed burns. The study will demonstrate the importance, capacity and processes 

agencies can use to supply data to AQFx and make the model more accurate. The study will 

engage key stakeholders and future users of AQFx and smoke modelling.   



 

6 

 

Chapter 2 Literature Review 

Plume modeling from fires (prescribed and unplanned) is a novel area for the researcher.  It was 

necessary to gain an understanding of the problem, the science and math, the technology, and 

techniques.  The literature review moves through the requirement for modelling, the background 

to modelling and techniques used. The review addresses the inputs required for smoke modelling 

which are significantly complex in contemporary models.   

 

2.1 Introduction 

There is little credible dispute that controlled burns are effective in reducing forest fuel load and 

consequentially, the hazards associated with bushfire.  The Victorian Royal Commission into 

Bushfires (Victorian Parliament, 2010) proposes more research into hazard reduction burns.  

Queensland’s 2019/2020 Bushfires review (The Inspector General, Emergency Management, 

The State of Queensland, 2020) is persuasive in the evidence supporting hazard reduction burns 

as a bushfire hazard mitigation tool. 
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Figure 2-1 Extract from the Queensland Bushfire Review 2019/2020, pg. 21 

 

Planned burns are not without risk.  The obvious risk if fires escaping and becoming wildfires, 

this is managed through planning resources, constructing fire breaks, back-burning and picking 

a climatically suitable day to burn.  The less obvious risk is from smoke.  Smoke carries a number 

of hazards including reducing visibility on roads, triggering asthma and exacerbating other 

respiratory as well as cardiovascular disorders. 

Clear linkages have been demonstrated between both increased pollutant levels, particularly 

PM2.5 and hazard reduction burns and between hazard reduction burns and hospitalisations and 

death related to poor air quality (Broome et al 2016) (Desservettaz et al 2019). 

A review of literature about the health effects of bushfire smoke reveals that catastrophic fires 

have a more pronounced affect on the health of populations than planned burns (Arriagada, 

2020). Smoke pollution from wildfires can be more severe and last longer than that of controlled 

burns. 

The statement at the beginning of Chapter 1 takes on a new meaning when consideration is given 

to the idea that the best way to control smoke pollution may be to choose when to release the 

smoke (by use of controlled burns). 

 

2.2 Background and Development of Smoke Modelling 

 

2.2.1 Box Models and Eulerian grid models: 

(Goodrick et.al 2012) provides a simple explanation of the various smoke models in use. A 

simple box model is a volume of air.  The smoke is the emission from a fire in the box.  The 

simple model assumes complete and instantaneous mixing of smoke with the air. The 

concentration of pollutants such as fine particulate matter and Carbon Monoxide are calculated 

and evenly distributed through the box.  For this equation, the variables would be the amount of 



 

8 

 

fuel available for combustion, the amount of fuel consumed and the conversion of fuel to 

pollutants. 

Operational box models incorporate at least some level of complexity – the model will have at 

least an inflow of pollutant rate, an emission rate from a source, a deposition rate and an outflow 

rate and may incorporate chemical transformations as well.   

Simple box models have been used historically to describe simple physical processes such as a 

fire in a valley.  The ultimate mixing height (ceiling of the box) in this case is the height of the 

hills or mountains surrounding the valley and the length and breadth of the valley describe the 

base of the box. 

Box models become more complex as more boxes are added and as more influences on smoke 

transport are explored in the model: 

Adding boxes is the first step in increasing the complexity and accuracy of a box model.  If you 

divide the valley into two boxes, one box above and one below, the emissions enter the lower 

box directly from the fire and enter the second box from the first box.  At this stage, the relative 

buoyancy of the smoke from the first box should be considered in calculating inflow of pollutants 

to the second box.  Inflow of pollutants from the lower box to the upper box will depend on the 

concentration of pollutants in the lower box, the wind speed and direction, buoyancy of air 

entering from the first box (which in turn will depend on ambient air temperature in the upper 

box) and there will also be a rate of movement of pollutant from the upper box back to the lower 

box. 

A complex box model will divide the lower box into hundreds of smaller boxes (a grid), 

application of a fire behaviour model will describe the timing of when and for how long fire is 

present in each box and the amount of pollutant released into the box.  The atmosphere is gridded 

above the ground layer boxes and each atmospheric box is influenced by (generally) six 

neighbouring boxes.  Significant computing power is required for complex Eulerian grids, where 

the grid is fine, and the time intervals are small. 

Most systems for mapping smoke transport thought a Eulerian grid rely on some form of the 

Navier-Stokes equations. Jos Stam (Stam, 1999) writes an interesting article about modifying 
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the Navier-Stokes equation to provide stability to smoke simulations.  It’s interesting that the 

modifications created for computer animation purposes have been picked up by engineers and 

other modelers. 

Equation 2-1 

∇ ∙ 𝑢 = 0 

   and     

Equation 2-2 

𝜕𝑢

𝜕𝑡
= −(𝑢 ∙ ∇)𝑢 −

1

𝜌
∇𝑝 + 𝜐∇2𝑢 + 𝑓 

 

Where u is the velocity field and p is a pressure field (both must be initialized), f is an external 

force (wind, convection), ρ is the density of the smoke, ν is the kinematic viscosity and  ∇ is the 

vector of the spatial partial derivatives: 

Equation 2-3 

∇ − (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑧
) 

 

Joe provides equations for stable diffusion as well which are not included here. There are a 

number of variations that include evolution of temperature and density. 

Equation 2-4  

𝜕𝑇

𝜕𝑡
= −(𝑢 ∙ ∇)𝑇 𝑎𝑛𝑑 

𝜕𝜌

𝜕𝑡
= −(𝑢 ∙ ∇)𝜌  
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which affect buoyancy force: 

 

Equation 2-5 

𝑓𝑏𝑢𝑜𝑦 = −𝛼𝜌𝑧 + 𝛽(𝑇 − 𝑇𝑎𝑚𝑏)𝑧 

  

Where z = (0,0,1) (positive upward), and 𝛼 and 𝛽 are positive constants. 

Smaller scale details to flow are added via a number or means such as semi Lagrangian paths.   

 

2.2.2 Gaussian Plume, Puff Models and Lagrangian Flow: 

 

Gaussian models follow the general form (Davis & Cornwell, 2012): 

Equation 2-6 

𝐶(𝑥, 𝑦, 𝑧) = [
𝑄

(2𝜋𝑢𝜎𝑦𝜎𝑧)
]exp [

−(𝑦 − 𝑦0)2

2𝜎𝑦
2 ]exp [

(𝑧 − 𝑧0)2

2𝜎𝑧
2

] 

 

Where C is the concentration at the specified point (in g/m^2) 𝜎𝑦 𝑎𝑛𝑑 𝜎𝑧 are standard deviations 

for the axis, these terms vary depending on whether conditions are stable or unstable, Q is the 

emission rate in g/s of the species of interest from the fire, x is the centerline of the plume and 

always is in the direction of the wind.  zo is a vertical centerline and is best represented by a 

function such as Briggs plume rise but can be considered linear by adding the height of the smoke 

stack or discharge (for a fire, it could be 1-3 metres) to a simple plume rise equations such as 

Carson and Moses: 
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Equation 2-7  

∆ℎ = 0.29 (
𝑉𝑠𝑑𝑠

𝑢𝑠
) + 2.62(

𝑄ℎ

1
2

𝑢𝑠
) 

 

Where Qh is the heat emission in kW, us is the windspeed at the smoke exit height in m/s, Vs is 

the stack gas exit velocity (could be approximated at 1 or 2 m/s for a fire, and ds is the stack exit 

diameter, this could be several square metres for a fire and many modelers use multiple cores or 

stacks to represent a fire. 

Achtemeier, 2005 explains modifications to the Briggs equations for industrial stacks that will 

help match the puff model Daysmoke to the Equations.  

 

Equation 2-8 

ℎ = (
3

2𝛽2
)

1/3

𝐹1/3𝑥2/3/𝑈 

   

Where:  

Equation 2-9 

𝐹 =
𝑔∆𝑇𝑤𝑑2

4𝑇𝑠
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in this case h is the height of the plume axis above the source, x is the horizontal distance along 

the plume centerline, U is the mean horizontal wind speed through the profile of the atmosphere 

containing the plume, w is the stack ejection speed, d is the diameter of the stack at the exit, ∆𝑇 

is the temperature difference between the smoke and the air at the stack and 𝑇𝑠 is the temperature 

of the smoke at the stack.  β is the entrainment coefficient, Briggs normally uses 0.6.   

There are a number of variations used in Gaussian modelling such as incorporating reflectance 

for near ground concentrations (to account for the smoke sitting at the surface rather than 

penetrating the ground) 

Puff models and Lagrangian models focus on the movement of the smoke or smoke particles 

rather than using a grid of boxes. 

Puff models use cylindrical or spherical puffs of smoke to represent a plume.   

 

Figure 2-2 Daysmoke puff from Achtemeier 2005 
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The puffs expand and become more diffuse as they move away from the fire. Puff models 

generally use a Gaussian equation for the expansion of the puffs. Gary Achtemeier provides an 

explanation of the Daysmoke model. The Daysmoke model uses the Entraining Turret Model. 

This model describes the plume as a series of rising cylinders (or turrets). The cylindrical puffs 

of smoke are surrounded by entraining air (an annulus).   

 

 

Figure 2-3 Turret Puff Achtemeier 2005 

 

Each cylinder is increased in volume from it’s last position by a second cylinder added to the 

bottom of the main cylinder and a second annulus added to the bottom of the main annulus.  

Composition of the cylinder is modified by the wind. No wind means that the second cylinder is 

composed entirely of plume gasses.  A wind that bends the plume over to 45° will change the 

composition of the lower cylinder to half ambient air and half plume air. 

 

2.3 Inputs required for modern modelling: 

Modelling smoke requires inputs relating to the amount of biomass per hectare, the consumption 

rate of this biomass, the effect of wind on smoke dispersal and a mixing height (which is 

influenced by atmospheric stratification and buoyancy of the plume). Consumption rate of fuel 
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is tied to short- and long-term weather (how hot it is, the relative humidity, how dry the fuel is 

and how dry the soil is) The Queensland Parks and Wildlife Service Planned Burn Guidelines 

provide an overview of the inputs required to determine fire severity (Queensland Department 

of National Parks, Recreation, Sport and Racing, 2012). As evident in this document, historical 

inputs for smoke modelling were derived from manual observations of weather, fuel load and 

other factors such as a drought index   

Modern smoke models derive inputs from other models.  Fuel load is often modelled across a 

landscape.  LiDAR is now used to help model fuel load. Eusuf et al, 2020 explain a process of 

mapping forest fuel loads with LiDAR and stratifying the fuel load in the forest profile using the 

Voxel approach.  Many of the stakeholders interviewed referred to LiDAR fuel load mapping. 

Fire behavior modelling is the next input for smoke hazard mapping.  PHOENIX RapidFire is a 

fire behavior simulator currently used extensively by land managers, emergency services and 

planners in Australia. Tolhurst et.al 2008 discusses the inception of the model and in general, 

what it does.  The model has advanced since the article written in 2008.  There is a significant 

body of work about PHOENIX. Other literature discusses the model’s ability to accurately 

predict problem fires. 

Meteorological data and modelling are required inputs of the fire behavior model and the smoke 

model.  The Bureau of Meteorology (BoM) provides the data for PHOENIX and AQFx.  The 

BoM provide a description of the process in their 2018 Operations Bulletin (Bureau of 

Meteorology, 2018). 

 

2.3.1 Emissions - Fuel Load estimation 

Current Methods for Estimating Fuel Load: 

The Queensland Parks and Wildlife Service (2012) provide a fuel estimation method for 

tons/hectare of fuel based on ground cover.  This method is still widely used by Queensland land 

managers.  The method is site specific, and the fuel load is estimated via physical on-site 

measurements. 
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CSIRO 2017, provided the State of Queensland with a model for fuel load estimation based on 

Olsen’s (1963) fuel accumulation model.  The CSIRO model:  

Equation 2-10 

𝑥 = 𝑥𝑠𝑠(1 − 𝑒−𝑘(𝑡+𝑡𝑥)) 

 

Where x is the fuel load at time t, k is the fuel decomposition rate and xss is the maximum 

potential fuel load.  CSIRO estimates k and xss based on empirical data for each vegetation 

structure class and general ecosystem. These values are tabulated in CSIRO’s 2017 document. 

Ecosystem data is provided by the QLD Herbarium.  

 

 

Table 2-1 k values from CSIRO 2017 

 

As well as vegetation structural class mapping, fuel estimation requires input of burn scars from 

previous fires. The term tx refers to the time at which a proportion of fuel which remains 

following a fire, with consideration for the decay constant. 

Equation 2-11 
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𝑡𝑥 =  
− ln(1 − 𝑝)

𝑘
 

The proportion of fuel remaining, p is estimated using the burn scar mapping derived using 

LandSat imagery by The Queensland Government Remote Sensing Centre (Goodwin & Collett 

2014) and the fire intensity at the time of the burn derived from McArthur’s 1967 equations for 

forest fire danger index (FFDI). Proportions remaining following a fire have also been estimated 

from empirical data, related to vegetation structure classes and tabulated: 

 

 

Table 2-2 Proportion of fuel remaining from CSIRO 2017  

 

Recent Research in Fuel Load Estimation: 

Use of LiDAR to map forest fuel loads has been studied extensively. Advances have been made 

and this area of research and the method of modelling fuel load is promising.  Chen et al. studied 

a three step multiple regression analysis to predict fuel load in Victorian Eucalypt forests. Using 

findings from other studies related to the effective canopy cover, years since the last burn, aspect 

and several other variables, Chen et al. produced significant advances in LiDAR modeling of 

fuel load.   Stefanidou et al. confirm and adds to the work of Chen et al.  Stefanidou et al. 

discusses remote sensing data in the visible range as another data source which could be used in 
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the LiDAR analysis.  Another LiDAR approach where significant investment has been made is 

in the Voxel method of analyzing a point cloud within the forest. Eusuf et al. write a recent and 

contemporaneous article on use of the Voxel method in Australian ecosystems.     

  

 

Figure 2-4 Eusuf et al 2020, Voxel space LiDAR cloud interpretation 

 

2.3.2 Emissions – Fire Behavior 

Fire behavior, the fire energy and the proportion of the fuel burnt directly affects emissions. 
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AG McArthur pioneered fire behavior modelling in Australia in the 1960’s. His 1967 leaflet on 

fire behavior in Eucalypt forests describes fire behavior in terms of air temperature, relative 

humidity, wind velocity, drought (6-8 weeks or more without rain) and the stability of 

atmospheric conditions.  McArthur produced a forest fire danger meter (a simple model) which 

is still in use in a modified form today (as per the above section on fuel load mapping). 

  

 

Figure 2-5 Picture of a McArthur Forest Fire Danger Meter CSIRO 
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Tolhurst et al. 2008 created the next generation of fire behavior modelling in Australia with the 

PHOENIX suite of models.  SPARK is the latest model being used in Australia, Miller et al. 

2015.     

 

2.3.3 Weather forecasts and real-time weather data 

Basic models take manual input from directly observed and/or predicted weather.  Many 

agencies still use psychrometers and anemometers on the day of the proposed burn along three-

day forecasts. Modern air pollution models use gridded climatic data derived directly from the 

relevant agency (normally a national weather data provider). The imported data often requires 

gridding and/or conversion (Cope et al. 2020) (BoM 2018). Data will include projected 

(and/or real-time) wind speed, precipitation, relative humidity and solar radiation, often at a 

range of altitudes.   

 

 

Figure 2-6 From McArthur 1967 
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2.4 Detecting and analyzing plumes and fires using remote sensing 

Williamson et.al 2013 encountered issues with visual interpretation of plumes due to controlled 

burns being for short durations.  The satellite has to pass within a smaller time window and there 

needs to be clear skies over the fire at the time of the pass.  Initial reviews of Planet Labs images 

of fires for this research has encountered the same issue.   

Li et.al 2015 demonstrates that work is continuing in the attempt to delineate smoke plumes 

automatically through remote sensing.  There are significant issues relating to the varying 

temperature of smoke plumes (both internally as well as with respect to the ambient temperature), 

chemical composition of the smoke, which varies from fire to fire as well as over time.  These 

researchers met with some success but were unable to generate good results unless the sky was 

almost devoid of cloud. 

Ellicote and Vermote 2012 is an important work in not only understanding the scope of how the 

MODIS platform aboard the Terra and Aqua NASA satellites might be used to find and quantify 

aspects of fires but the University of Maryland team have provided some critical research 

findings in regards to determining FRP using remote sensing methods including satellite and 

UAV. The formula provided by the team:  

Equation 2-12 

𝐹𝑅𝑃 =  𝐴𝑠𝑎𝑚𝑝𝑙𝑒𝜀𝜎 ∑ 𝐴𝑛 𝑇𝑛
4 

Where  𝐴𝑠𝑎𝑚𝑝𝑙𝑒 is the satellite pixel in m2 , 𝜀 is the fire emissivity,  𝜎 is the Stefan Boltzmann 

constant (5.67x10-8J-1m-2K-4), An is the fractional area of the ith thermal component and Tn
4 

is the temperature of the ith thermal component (K). Ellicote and Vermote discuss the issues 
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with atmospheric interference but prove a theory that could likely be used successfully by 

UAV. 

The Himawari satellite is a geostationary satellite which has proved useful in both finding 

fires and comparing visible plumes with modelled plumes Cope et al. 2019.  
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Figure 2-7 Cope et al. 2019 – Himawari satellite image overlain with modelled plumes. 
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2.5 Models used in AQFx 

2.5.1 Plume rise and dispersal modelling 

AQFx uses a range of models for inputs and plume modelling.  AQFx uses a modular approach 

based on the United States BlueSky framework.   

 

 

Figure 2-8 From BlueSky U.S Forest Service 2006 

 

The BlueSky framework uses an emission model based on forest types within the United States 

and uses the United States Weather Service data for climatic input.  The BlueSky framework is 
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modular in it’s inputs and produces a web based display.  AQFx has taken similar modular 

elements and combined them.  AQFx uses BoM weather models (BoM 2018), fuel loads for 

Australian ecosystems as described in the sections above, emission inputs were previously 

derived from a modified version of the fire simulator PHOENIX RapidFire called FireFlux (Cope 

et al. 2019) (which stores data from the burnt area for emission data processing). Very recent 

literature indicates that the SPARK fire behavior model replaces FireFlux as the fire 

simulation/emission model. Plume rise and dispersion models from BlueSky use CALPUFF. 

CALPUFF has a complex dispersion model (Scire et al. 2000). The dispersion model has a range 

of functions which incorporate terrain, including buildings, chemical transformations and 

processes above lakes and oceans.  The basic plume dispersion equations are a hybrid Gaussian 

puff and slug (elongated puff) model.  Equations are taken directly from the CALPUFF User 

Manual (Version 5).  Note that these are the basic equations and represent a very small portion 

of the dispersion modelling. 

Equation 2-13 

𝐶 =  
𝑄

2𝜋𝜎𝑦𝜎𝑧
𝑔 exp [−

𝑑𝑎
2

2𝜎𝑥
2] exp [ −

𝑑𝑐
2

2𝜎𝑦
2] 

 and  

Equation 2-14 

𝑔 =
2

2𝜋
1
2𝜎𝑧

  ∑ exp [−
(𝐻𝑒 + 2𝑛ℎ)2

2𝜎𝑧
2

]

∞

𝑛= ∞

 

 

Puffs follow Gaussian form, C is the concentration in g/m^2 of smoke at the receptor, Q is the 

mass of smoke in the plume, σx,y,z are the standard deviations (note the x standard deviation is 

used in the puff unlike the constant emission model normally associated with Gaussian Plumes). 

da represents the distance to the puff center in the along-wind direction, and dc represents the 

distance from the puff center to the receptor in the crosswind direction, g is the vertical term and 
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this represents reflectance from both the top of the mixing height and the ground. He is the 

effective height above the ground of the puff center and h is the height of the mixed layer. 

For the horizontally symmetrical puffs, the equations can be reduced to 

Equation 2-15 

𝐶(𝑠) = [
𝑄(𝑠)

2𝜋𝜎𝑦
2(𝑠)

] 𝑔(𝑠)exp [−
𝑅2(𝑠)

2𝜎𝑦
2(𝑠)

] 

 

Where R is the distance from the center of the puff to the receptor and s is the distance travelled 

by the puff. 

The slug models are elongated Gaussian puffs stretched in the along-wind direction 

Equation 2-16 

𝐶(𝑡) =  
𝐹𝑞

(2𝜋)
1
2�́�𝜎𝑦

𝑔 exp [−
𝑑𝑐

2

2𝜎𝑦
2  

𝑢2

�́�2
] 

 

And  

Equation 2-17 

𝐹 =
1

2
{erf [

𝑑𝑎2

√2𝜎𝑦2

] − erf [
−𝑑𝑎1

√2𝜎𝑦1

]} 

 

Where u is the vector mean wind speed and ú is the scalar wind speed (ú = (u2 + σv
2)1/2 and σv = 

wind speed variance), q is the source emission rate (g/s), F is the causality function and g is the 

vertical coupling factor as above. The terms 𝑑𝑎2 and 𝑑𝑎1 refer to the distances from slug end 1 
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and slug end 2 to the receptor. The subscripts 1 and 2 on the dispersion coefficients refer to the 

oldest and youngest ends of the slug respectively. 

The CSIRO team advised that AQFx uses a different set of dispersion models.  Lower resolution 

modelling (broadscale) uses the Chemical Transport Model. 

The Chemical Transport Model is a Eulerian modelling framework. It uses a semi-empirical 

advection-diffusion equation for reactive species as the governing equation. The governing 

equation for a single pollutant species from Cope et al. 2009 is: 

Equation 2-18 

𝜕�̇�

𝜕𝑡
+

𝜕𝑈�̇�

𝜕𝑋
+

𝜕𝑉�̇�

𝜕𝑌
+

𝜕𝑊�̇�

𝜕𝜎

=
𝜕

𝜕𝑋
�̇�𝐾1

𝜕�̇�/�̇�

𝜕𝑋
+

𝜕

𝜕𝑌
�̇�𝐾2

𝜕�̇�/�̇�

𝜕𝑌
+

𝜕

𝜕𝜎
�̇�𝐾3

𝜕�̇�/�̇�

𝜕𝜎
+ (𝑃 − 𝐿)𝑉𝑚𝑀1𝑀2 

 

Where 𝑉𝑚 , 𝑀1 𝑎𝑛𝑑 𝑀2 are horizontal and vertical scale factors chosen to match the 

meteorological model the equation is being used in.  �̇� is the scaled concentration (�̇� =

𝐶/𝑉𝑚𝑀1𝑀2) and 𝐶 is the mass density eg g/m^3.  �̇� is the scaled atmospheric density (�̇� =

𝜌/𝑉𝑚𝑀1𝑀2). 𝑈, 𝑉 & 𝑊 are scaled velocities in the X, Y and 𝜎 directions, 𝑈 = 𝑢/𝑀1, 𝑉 =

𝑣/𝑀2 & 𝑊 = 𝑤/𝑉𝑚 where 𝑢, 𝑣 & 𝑤 are the corresponding cartesian velocity components. K1,2 

are the scaled horizontal components of the eddy diffusivities and Kh is the vertical eddy 

diffusivity so  𝐾1 =
𝐾ℎ

𝑀1
2 , 𝐾2 =

𝐾ℎ

𝑀2
2  𝑎𝑛𝑑 𝐾3 =

𝐾𝑧

𝑉𝑚
2  .  P is the chemical rate of change from chemical 

production and emission and L is the loss rate through wet and dry deposition and chemical 

transformation.  
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Figure 2-9 Coordinate scaling factors from Cope et al. 2009 

 

The governing equation is solved using a set of one-dimensional solutions. Advection, horizontal 

and vertical diffusion are solved using partial differential equations.  The wind components and 

mass flux is solved conventionally at the interface of the cells. 

Higher resolution (near field) dispersion modelling uses (or will use) HYSPLIT. HYSPLIT 

stands for Hybrid Single-Particle Lagrangian Integrated Trajectory model. The model uses a 

Langrangian approach for advection and diffusion which has a moving frame of reference.  This 

is  coupled with a fixed Eulerian grid to provide a frame of reference for the user.  The frame of 

reference is also the input grid (and source for the Lagrangian component) for the gridded 

weather data.  HYSPLIT has a long history of development and refinement. The model began 

with hand drawn trajectories in the 1940’s through Gaussian, Gaussian Puff, Puff/Trajectory 

hybrid and through to the global gridded hybrid. Mr Cope explained that HYSPLIT would be 

used for near field species concentrations in the near future, it was unclear which formula 

iteration would be used. 

The governing advection (transport/trajectory) equation for HYSPLIT uses a particulate change 

in position formula for particles and puffs (from Stein et al. 2015): 
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Equation 2-19 

𝑃𝑚𝑒𝑎𝑛(𝑡 + ∆𝑡) = 𝑃𝑚𝑒𝑎𝑛(𝑡) +
1

2
[𝑉(𝑃𝑚𝑒𝑎𝑛, 𝑡) + 𝑉([𝑃𝑚𝑒𝑎𝑛(𝑡) + [𝑉(𝑃𝑚𝑒𝑎𝑛, 𝑡)∆𝑡]}, 𝑡 + ∆𝑡)]∆𝑡  

𝑃𝑚𝑒𝑎𝑛 is the position vector, V is the average of the three dimensional velocity vectors at initial 

and first guess positions. 

Dispersal (diffusion) is governed by turbulence equations and added after the advection term: 

Equation 2-20 

𝑋𝑓𝑖𝑛𝑎𝑙(𝑡 + ∆𝑡) = 𝑋𝑚𝑒𝑎𝑛(𝑡 + ∆𝑡) + �́� (𝑡 + ∆𝑡)∆𝑡 

 

And 

Equation 2-21 

𝑍𝑓𝑖𝑛𝑎𝑙(𝑡 + ∆𝑡) = 𝑍𝑚𝑒𝑎𝑛(𝑡 + ∆𝑡) + �́� (𝑡 + ∆𝑡)∆𝑡 

 

Where �́� and �́� correspond to turbulent velocity components which are derived through the 

modified discreet-time Langevin equation from weather data.  The mean and final particle 

positions X and Z are horizontal and vertical respectively. 

HYSPLIT is a complex, global model containing deposition and chemical transformation 

functions, the degree to which these advanced functions will be used in near field AQFx 

modelling is not known by the researcher (this aspect is possible not clear yet to the developers 

either).  
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The CSIRO team explained to the researcher that the plume rise equation (at least for the 

smoldering plume) is based on the equations used in Luhar et al. 2020 to effectively model a 

smoldering open-cut coal mine fire at Hazlewood: 

For a free burning fire of Diameter L (m): 

Equation 2-22 

∆ℎ = 4.2
[(1 − 𝐸)𝑄𝐻]0.26𝐿0.63

𝑢0.5
 

 

Where E is the fraction of heat released in the environment as thermal radiation (=0.3). QH is the 

total heat rate (kcal/s) and u is the wind speed in m/s. 

Luhar et at. 2020 assumes that when L is 90% of the source is burning, this represents the 

maximum possible output, furthermore, the model took hourly data on the burn rate of the coal 

and made L a function of that so Lnew = 0.9L*(Qhourly/Qmax).  This function in AQFx uses output 

from PHOENIX/SPARK. 

The spread of the plume around it’s centerline is modelled by the equation rp = βΔh where β, the 

entrainment constant is 2/3 and rp is the plume radius. 

2.5.2 Fire behavior and emissions modelling 

Cope et al. 2019 explains that the base fire behavior model used in AQFx is PHOENIX 

RapidFire.  PHOENIX RapidFire is a well-established fire behavior model in Australia. The 

model takes weather, slope and fuel load inputs (as well as assets and firebreaks). The intensity 

calculated from fuel load, humidity and temperature along with wind and slope forces inform 

rate of spread vectors.  These vectors are fitted to elliptical templates of spread to define the fire 

front.  The computational model provides a relatively complex fire front (as complex as the fuel 

load mapping, topography and changes in wind speed and direction). PHOENIX is able to define 

“hotspots” which are important in generating multicore plumes. PHOENIX uses these to inform 

ember spread modelling.  PHOENIX is not designed for plume modelling but in generating the 
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fire spread modeling it is necessary to calculate fuel usage for the heat transfer functions required 

by the spread vectors.  PHEONIX RapidFire was modified to capture the burnt fuel and feed that 

data into AQFx.  The modified program is called PHOENIX FireFlux.  PHEONIX is not ideal 

for modelling prescribed burns.  The model has been calibrated for ‘worst case scenario’ fires. 

The objective of the model is to assist with disaster planning and also to help firefighters target 

break construction and other firefighting efforts during a disaster.  Th model does not work well 

for small, controlled burns. 

SPARK is likely to replace PHOENIX as the fire behavior model used in AQFx.  SPARK is a 

Raster based model rather than a vector based model.  SPARK layers the inputs over a grid: 

 

 

Figure 2-10 From Hilton et al. 2015 

 

The program creates and populates grid tiles around each “burning” tile.  Each burnt tile of the 

grid can provide data on emissions from that tile.  QFES have been rolling this model out through 

Queensland and it is likely to be used more extensively in controlled burn modelling.   
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Both fire behavior models use a set of models for different ecosystems. The McAurthur model 

is used for Eucalypt forests while other models such as CSIRO’s GRASS is used for grassland 

areas. 

 2.6 Conclusions 

Smoke Modeling and AQFx: 

There are a large number of smoke models available for agencies to use directly or to use as a 

template for custom models.  The project uses the Hysplit and Korean forest service Gaussian 

models as a base for the project model.  The simple Gaussian models are relatively easy to use 

and accurate to the degree required for small, controlled burns.  From the starting point of the a 

simple box model, where instantaneous mixing is assumed over a large airspace, smoke 

modelling has become a well-researched and complex field of study.  AQFx is a complex model 

with gridded inputs for fuel, weather, air quality and topography. The model uses a modified 

version of the BlueSky framework, with a modified version of CALPUff, a complex dispersion 

model with a long history of up refinements.  The model incorporates other complexities 

including chemical transformations, multiple plumes and multiple fires as well as anthropogenic 

pollution sources of pollution such as industrial and traffic and natural sources such as dust.  

AQFx requires significant computing power and constant input feeds from the BoM. AQFx is 

built on a tested set of models that will provide a life saving air quality forecasting service. 

 

Satellite Imagery and Smoke Plumes:   

Monitoring and measurement of smoke plumes using satellites is not well advanced.  Most 

literature the researcher discovered where satellite data has been used to research fire plumes has 

focused on the NASA MODIS sensors aboard Terra and Aqua. All satellite data is impacted by 

cloud cover and both the NASA satellites and Himawari offer relatively low resolution. Use of 

Planet Labs daily imagery and speculation about future real-time video have not been well 

researched.      

 

  



 

32 

 

Chapter 3 Research Design and Methodology 

3.1 Finding Plumes to Compare 

There are a number of agencies across Queensland that carry out prescribed burns, these include 

the Department of Resources (DoR), Queensland Parks and Wildlife Service (Department of 

Environment and Science), (DES), and Forestry Plantations Queensland (HQ Plantations). 

Access was obtained to the Queensland Department of Resources burn schedule for prescribed 

burns.  The burns were proposed from June through to October.  Data from DoR includes fuel 

load estimates.  Mr Julian Gregson, Team Leader, State Land Management, DoR is collaborating 

with the author.  An example of the collaboration and subsequent study plume is provided in 

Appendix E. 

HQ Plantations has a public website listing proposed, active and completed burns. 

The other primary Department responsible for conducting burns is the Queensland Parks and 

Wildlife unit of the Department of Environment and Science.  DES has a publicly available 

public dataset spatial dataset. 

Another valuable tool for finding fires is the DEA Hotspot mapping.  Preliminary work on the 

study used DoR advice as well as Hotspot mapping to identify suitable plumes for comparison. 

 

3.2 Access to Modelling 

Access to AQVx was delayed due to ITC issues.  Access to AQVx was provided on 30 September 

rather than 30 June as expected.  There is not currently capability to input projected controlled 

burns, however this should be available in 2022.  AQVx shows plumes in Queensland with the 

capability launched in September 2021. Comparisons between Planet Labs images and AQVx 

output are made but limited numbers of these were available due to the timeframes.   

In leu of model availability, the author has prepared a Gaussian model in order to better explain 

commercial modern model behaviour. These descriptions compare simple Gaussian outputs with 
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Planet Labs imagery to explain how models operate and what advances have been made, 

particularly with AQFx and AQVx. 

 

3.3 Access to Planet Earth 

Access to Planet Earth is arranged through the QLD Department of Resources.  Testing of the 

system to locate plumes was conducted with about half of the fire locations provided by the 

Department of Resources located. A third of the fires provided satisfactory plumes.  

Plumes were located using DoR information and Hotspot mapping.  Planet Labs images over a 

period of several days around the event were inspected. Images that contained plumes were 

downloaded.  Images with Cloud or other interference were not used. 

 

3.4 Describing Plumes with Simple Models 

A model has been created in Microsoft Excel for this research.  The model is a Gaussian model 

with a dynamic geographic grid.  This model uses a common Gaussian equation found in many 

smoke models such as South Korea’s Forestry Department smoke model.  As the primary interest 

is in pollutant at ground level as this affects health and traffic, the model incorporates a 

reflectance term as described in Chapter 2: 

Equation 3-1 

𝐶(𝑥, 𝑦, 𝑧) = [
𝑄

(2𝜋𝑢𝜎𝑦𝜎𝑧)
] exp − [

𝑦2

2𝜎𝑦
2] {exp [

−(𝑧 − 𝑧0)2

2𝜎𝑧
2

] + exp [
−(𝑧 + 𝑧0)2

2𝜎𝑧
2

]}   

 

𝜎𝑦 & 𝜎𝑧 are calculated using the formula 𝜎𝑦 =  𝑎𝑥0.894 𝑎𝑛𝑑 𝜎𝑧 =  𝑐𝑥𝑑 + 𝑓 where a,c,d, and f 

correspond to stability class. The algorithm for the dispersion coefficients matches the charts 

displayed in Appendix C.  Stability classes are derived using the tables shown in Appendix C 
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and then matched to the variables shown in the Tables in Appendix C. These are taken from the 

Cornwall and Davis 2012 text on Environmental Engineering. 

The model uses the plume rise equation provided in Luhar et al. 2020 as described in Chapter 2. 

The model has a dynamic receptor grid with 200 points along the plume centreline and 50 points 

each side of the centreline.  This aspect of the model has likely been used in spatial science but 

has not been noted in any literature. The dynamic receptor grid solves a problem of being able 

to model the plume of a prescribed burn anywhere in Queensland and allows the plume from a 

proposed fire to be modelled several days in advance with some basic weather predictions.  It is 

particularly suited to prescribed burns. 

The grid uses the Australian Mapping Grid, a metric Universal Traverse Mercator.  The user 

defines the length of the centreline and its endpoint coordinates to generate the grid.  The grid is 

optimally designed for a 20km long centreline.  10 to 50 km long centrelines were tested in the 

testing phase and will work well. 

The model uses “IF” statements to test if the centreline has an Eastern or Western bearing and a 

Northern or Southern bearing.  Sin and Cos functions are then used to project the grid off the 

centreline. 

The model is a point source model, using the model for multicore fires and layering of plumes 

will be discussed in Chapter 4.    

The user inputs fuel load and other parameters effecting burn efficiency and burn time such as 

relative humidity, wind speed and days since last rain in accordance with the McAurthur Forest 

Fire Danger Index. 

As the model projects the plume onto a mapping grid, the output can be imported into ArcGis 

(GQIS will also provide excellent results). Concentrations of the target species are attributed to 

each point in the grid.  The data can be rasterized in ArcGis for ease of use by operators if 

required. 

Plumes to be modelled were captured from Planet Earth imagery and then georeferenced in 

ArcGis using the georeferencing toolkit.  The plume images were georeferenced using Earth-I 
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imagery as a base.  Three common points were used to georeference (stretch) the Planet Earth 

image.  Earth-I georeferencing is checked by DoR spatial Science unit. This is an accepted 

method for georeferencing and this method of georeferencing is accurate to the degree required 

for this study.    

The Woodgate plume is used as a demonstration of multicore plume modelling where 4 modelled 

cores (or plumes) are overlain on the plume image. 

The Maryborough plume is used as a demonstration of 3 dimensional modelling where four 

vertical strata at 2, 5, 10 and 20 metres height are modelled. 

Weather observations for the day of the plumes were downloaded from BoM. 

 

3.5 Inputs into AQFx 

AQFx inputs are complex.  The inputs include fuel load modelling, fire behaviour modelling, 

atmospheric modelling and terrain as well as measured data for those parameters.  The study 

describes these inputs and how they interact in more detail in Chapter 4. 

Comparing the project model to Planet Labs plumes is a method used in Chapter 4 to explain 

and understand AQFx inputs and how they work with the model.  Examples of AQFx output (via 

AQVx are provided).   
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Chapter 4 Research Results and Discussion 

Introduction 

The overall themes of this research project were to:  

1. Develop an understanding of plume modelling for prescribed burns, in particular, the 

contemporary Australian model AQFx. 

2. Provide some useful data/or service in support of the rollout of AQFx in Queensland. 

The first component of the results chapter discusses the discovery of intelligence and the network 

of information required by CSIRO to assist in rolling AQFx out in Queensland. 

The second part of this chapter deals with identifying plumes using Planet Labs and commenting 

on the usefulness of this product for calibrating and verifying models. 

The third part of this chapter focusses on the model constructed for this project. Discusses input 

and outputs and compares output to imagery. This part of the project seeks to improve and 

validate the constructed model as well as explain the more complex processes used in AQFx. 

The fourth part of this chapter reviews AQVx output and compares Planet Labs Imagery to 

AQVx output.  

The fifth part of the chapter discusses development of the smoldering plume methodology for 

sampling FRP and plume height.      

 

4.1 Prescribed burns in QLD 

An important component of this project was identifying the various agencies/corporations with 

significant interest in prescribed burns.  The author met with representatives from QFES, HQ 

Plantations and DoR to discuss access to planned burn data, particularly in relation to up-coming 

burns.  AQFx relies on proposed burns being entered into the database for air quality predictions.  

The author found that there is a significant amount of data available. QFES is beginning to take 
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a role in gathering and coordinating this data, QFES has an interest in reporting the total area 

burnt.  There is significant scope for QFES to collate data from a range of agencies to feed into 

the AQFx model.   

Information gathered, as well as contact details for relevant stakeholders will be passed on to the 

CSIRO team as part of this project.  A summary of data is provided below.   

 

Department of Resources:  

The Department of Resources manages approximately 17,000 parcels of Unallocated State Land 

in Queensland.  DoR is responsible for managing fire fuel risks on the parcels.  Many of the 

parcels are small and urban, mechanical means such as slashing are used in these areas.  There 

are many larger areas of land where prescribed burns are used to reduce fuel load.  The 

Department of Resources maintains a database of proposed burns.  The database is not a public 

facing database and access to the information will be through DoR staff. 

 

Table 4-1 Sample from DoR database, green means completed burns, less than 50% of the 

proposed burns have been completed, this is fairly normal across the agencies/corporations. 

 

It is likely that Julian Gregson from DoR will be the contact for this database in 2022. Mr 

Gregson will assist in providing details of up-coming burns.  
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Department of Environment and Science: 

The Department of Environment and Science has responsibility for managing National Parks 

and State Forests. DES maintain a geographical database of a prescribed burn schedule which is 

available in .kml format from the QLD Government’s open data portal: 

https://www.data.qld.gov.au/dataset/queensland-parks-and-wildlife-service-fire-

advisories/resource/db74c713-a1cf-4109-be1f-b78130ec65d5?truncate=30&inner_span=True  

 

Figure 4-1 QPWS planned burn information displayed as a .kml on Google Earth 

 

Queensland Fire and Emergency Services: 

QFES provide a Hazard Reduction Burn update via their website: 

 https://www.qfes.qld.gov.au/safety-education/hazard-reduction-burn-notifications  

 

https://www.data.qld.gov.au/dataset/queensland-parks-and-wildlife-service-fire-advisories/resource/db74c713-a1cf-4109-be1f-b78130ec65d5?truncate=30&inner_span=True
https://www.data.qld.gov.au/dataset/queensland-parks-and-wildlife-service-fire-advisories/resource/db74c713-a1cf-4109-be1f-b78130ec65d5?truncate=30&inner_span=True
https://www.qfes.qld.gov.au/safety-education/hazard-reduction-burn-notifications
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SEQ Water planned burn website: 

https://www.seqwater.com.au/project/planned-burns 

 

HQ Plantations: 

HQ Plantations have a detailed geographical data set for planned burns available at: 

https://www.hqplantations.com.au/our-plantations/fire-protection#fire-map  

 

Figure 4-2 HQ Plantations uses an ESRI platform to map planned burn data for public use. 

 

4.2 Identifying plumes using Planet Labs 

Dept Resources Planned Burns: 

This research investigates modelling plumes from prescribed burns.  The primary focus of 

reviewing plume detection focused on reviewing plumes from known prescribed burns. Mr 

Gresgson from Department of Resources supplied six prescribed burns as examples: 

https://www.seqwater.com.au/project/planned-burns
https://www.hqplantations.com.au/our-plantations/fire-protection#fire-map


 

40 

 

Date Location  Lot on Plan Observable/Notes 

31/05/2021 Woodgate 118/CK3572 Yes – Good 

15/06/2021 Howard 59/AP15500 No – cloudy – Fire scar clearly 

evident in images taken 2 days 

before burn and 2 days after burn. 

21/06/2021 Maryborough 1/AP6551 Yes – Appears to be near the end of 

the burn – small distinct plume. 

29/06/2021 Eidsvold 2/AP13797 No – Image available for 29 June but 

no smoke visible, Clear image from 

04/07/2021 shown no burn scar. 

30/06/2021 Allies Ck 23/NT202 No – No imagery available on the 

day. 

18/07/2021 Torbanlea 

Primary School 

9/AP22166 No – Clear imagery but no plume 

Table 4-2 Department of Resources burns that were reviewed. 

 

Other Fires: 

Plumes were located using DEA hotspot with relative ease.  Plumes located using hotspot data 

are useful for calibration and validation of AQFx in that weather data and fuel data is likely to 

be available for them.  These plumes are less suited to calibration and validation of the AQFx 

model than planned burns conducted by the various government agencies as information about 

them, including the ignition pattern may not be available. 
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A sample of DOA hotspot data located plumes demonstrates that a significant number of plumes 

can be located.  There is such a significant number of plumes available that a filtering process 

could be used; for example, the plumes could be categorized into classes where there is accurate 

fuel load data and accurate weather data (close to a BoM station).   

 

Figure 4-3 a 2 hour test run for plume locations found 10 plumes with high quality imagery in 1 

week of Planet Labs archives (September 30 2021 to October 5 2021). 
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4.3 AQFx and AQVx Output 

The next stage in this research involved comparing plumes located from Planet Labs imagery 

with plumes modelled by AQFx. The AQVx (AQFx web based viewer) was used for this task.  

AQFx (and AQVx) was set to become available from 30 June 2021, however due to delays in 

rollout of the product, the researcher only gained access to the product on 30 September 2021.  

Initial testing of the AQFx system for modelled plumes versus real plumes failed.  The model is 

very much in a testing phase.  Modelled plumes were in very different locations to real plumes, 

to the degree that no real comparison could be made in this study.   Fire locations in National 

Parks in South West and Central Queensland were confirmed with Mr Nathan Morgan, Senior 

Ranger.  These areas were reviewed in AQVx.  Screenshots were saved of the fire areas and then 

compared a few days later to Planet Labs imagery.  Planet Labs clearly shows the plumes but 

these plumes are a significant distance from the modelled plumes.  There were also modelled 

plumes but no fires were detected. 

 

Figure 4-4 Available images from Planet Labs on the 5th October 2021. The red cross in this 

image indicates the center of the main plume circled red in the next image. 
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The source is missing from Planet Images but plumes should be visible near Taroom. There 

could be smoke in the Western areas but it looks more like cloud.  The issues found were 

discussed with the CSIRO team. There were several server outages over the testing period, also, 

AQFx has a function of modelling smoldering plumes over several days based on hotspot data. 

This means that there may be no DEA hotspot where there is a plume shown in AQVx. The 

CSIRO team is currently working on cluster analysis of hotspots to refine this function.  

 

   

Figure 4-5 October 5 AQVx output. The red circle is an area where there was a significant plume 

in Planet Labs – but none shown in AQVx. 
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Figure 4-6 The red circle shows the relevant fire. 
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Figure 4-7 Capture of the fire on the 5th October. 

 

Figure 4-8 Capture from Planet Labs of the same fire plume on the 4th October. 
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Figure 4-9 AQVx output from October 4, red circle indicates where the plume in the above image 

should be. 

4.4 Project Model Development and Use 

A Gaussian model has been designed to assist in understanding inputs and processes of 

prescribed burn plume modelling and to assist the Department of Resources by providing a 

model until a suitable alternative becomes available. 

Model inputs include: 

• Fuel Load in tons/ha 

• Wind speed in km/hr 

• Burn time in hours (how long the burn is expected to take 

• Flame height (calculated from the McAurthur Forest Fire Danger Index). Table included 

in model. 

• Atmospheric stability class and related coefficients. Tables included in model. 

Other variables that can be adjusted include: 

• Burn efficiency in %. 

• Rate of spread in m/hr. 

• Heat released into the environment in %. 

• Target species g/kg fuel burnt. 

 All the above variables are set to an average prescribed burn fire, or a best estimate derived from 

research in Cope et al. except for windspeed and estimated burn time. 
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The user can draw a line in a GIS program to determine the start and end points of the plume 

model.  The line is drawn from the start of the fire in the direction of the predicted wind.   

The model assumes a constant plume, based on the average fire output over the burn time.   

The model outputs a grid half the width of it’s length with 20,000 receptors. Each receptor has a 

calculated g/m^3 of species concentration.  

The receptor output is exported to a table with X and Y coordinates and a concentration of target 

species at each of the 20,000 coordinates in g/m^3 and μg/m^3. 

This table is ready to import into ArcGis or QGIS. Output from the model is found in Appendices 

D and E. 

Woodgate: 

Following testing on mock fires, the Woodgate fire was modelled first: 

The fire was modelled with a 1 hectare fire area, 10 tons of fuel per hectare, a windspeed of 20 

km/hr (from BoM). Moderate solar radiation is assumed to give a stability class of B.  A stability 

class of C could be tested too as the average wind speed was 5.5 m/s for the burn, perhaps a little 

low.  50 to 100 μg/m^3 would be unpleasant and noticeable, 100 to 600 would affect health and 

over 600 would be cloying.  

Tests mapping the whole fire in one plume had an expected result. The plume was much larger 

with greater inaccuracy close to the fire. 
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Figure 4-10 Project model output of multicore plume at Woodgate 
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Gaussian models are not accurate for near fire concentrations.  The point model will overestimate 

concentrations close to the source.  Model outputs are generally fairly good for the single core 

(plume) fire and match expected ranges of concentration for a fairly small fire. 

Mapping with multiple cores increases the accuracy of the plume map.  AQFx uses fire behavior 

modelling which produces multiple cores. BlueSky, CALPUFF, and AQFx models are designed 

to take multicore input.   

The behavior of prescribed burns is influenced by the ignition pattern. The ignition pattern in 

this case is how the fire has taken on the distinct cores present in the image above.  The 

researchers at CSIRO have noted that ignition patterns and their effects on plumes are an area 

where more research is required. 

In this case the researcher has modelled 4 plumes and the limitations of the simple model are 

obvious.  The dynamic grid means that each plume has a distinct grid that can’t be easily 

integrated with the grids from other plumes. The operator can’t simply add all concentrations in 

a grid space together.   

AQFx Chemical Transport Model uses a set grid, breaking the atmosphere up into a Eulerian 

Grid similar to HYSPLIT and CALPUFF. Smoke moves in puffs through the grid.  The set grid 

allows for a number of other features.  AQFx takes a gridded atmospheric input from the BoM.  

Each grid then has forces for wind and accommodates temperature changes with altitude. 

The model developed for this project could be made more effective by running a fire behavior 

model like SPARK, noting cores and then modelling and adding the cores.  The plumes can be 

integrated by rasterizing the vector data and projecting the rasters onto a third, coarser grid which 

calculates totals. 

There is looping motion observed in the Planet Labs imagery that can’t be replicated with a 

Gaussian Plume.  From a review of the literature, this looping behavior should be captured by 

CALPUFF and the Chemical Transport Model.      
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Maryborough Fire: 

The Maryborough fire was a simple, single plume at the time Planet Labs captured it.  The 

imagery showed that a larger area had burnt earlier in the day (a distinct reddish hue in the burnt 

vegetation). 

This plume was modelled at 4 heights, 2, 5, 10 and 20 meters.  The 20-meter plume height 

produced some very high concentrations close to the fire, which indicates an issue with the 

model.  The plumes were not particularly different apart from the aforementioned, which may 

also indicates an issue in using this model at higher altitudes. 

The issue of very high concentrations close to the fire (in the x direction) at higher altitudes is 

caused by the reflectance term at the end of the Gaussian equation used in this model.  The model 

is designed to help understand where there will be smoke inhalation and visibility issues.  A 

model used to visualize a plume will need to reduce or remove the reflectance term above a 

relative height.  This feature is common in more sophisticated models where terrain is also an 

input.  In the student’s model, the issue could be solved using an (IF) function and a non-

reflectance formula if the Z value is over 2 metres. 
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Figure 4-11 Project model output of Maryborough Plume at 2 metre vertical layer. 
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4.5 Proposed smoldering plume methodology  

Introduction: 

There are three primary issues with the AQFx plume model that have been identified to the 

researcher by the CSIRO team.  The first is that there are problems with the plume rise equation 

for the smoldering component of the fires.  The second is the course woody fuel load estimation 

and the third is the volume of pollutant released in the smoldering plumes.  The methodology 

proposed aims to provide data to improve the smoldering plume rise and volume of pollutant 

models. 

The CSIRO team identified that the preferred areas of focus are fire radiated power measurement 

from the smoldering component of the fire and direct measurement of plume heights.  The 

CSIRO team suggests the use of UAV’s equipped with thermal imaging cameras and possibly 

other sensors as a way of measuring fire radiated power and potentially plume height. 

This methodology proposes a method of gathering thermal data and plume heights using a 

combination of UAV’s equipped with thermal cameras and measurement of plume heights with 

an inclinometer. 

 

Background: 

The smoldering plume rise equation used in AQFx and described in Chapter 2 has a number of 

assumptions that will benefit from empirical data.  Particular issues will include the entrainment 

constant and the area of the fire, L may be a more complex function and/or some adjustment to 

the percentage burning. Heat released and patterns in how it is released from smoldering over a 

larger area will be of interest. The combination of patterns of heat release and patterns of plume 

rise over the fire will better inform the equation.  
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Method Concept: 

UAV’s are equipped with a thermal imaging cameras and air quality monitors to provide 

temperature and plume altitude over a smoldering fire. 

 

Problems: 

Calibration and georeferencing thermal images: 

Georeferencing will likely require a set of three hotplates or potentially signal fires.  The 

hotplates or fires will be used in stitching for automated georeferencing programs for a sweeping 

UAV or as a steady signal for a stationary UAV. 

1. The preferred option is to use a UAV capable of remaining at approximately 200 metres 

altitude for an hour.  This option would allow constant surveillance of a fire and detailed 

data to be collected for the duration of interest.  This option would require an expensive 

UAV and an expensive camera.   

2. The most likely option will be to use a standard UAV ($2,500) capable of 30 minutes 

flying time with a $6000 camera such as the FLIR Vue Pro R.     

Either UAV will have GPS/GLONASS receivers and an altimeter.  Most altimeters are 

barometric and may not be reliable while working in convection currents.  Use of hotplates for 

georeferencing lessens the requirements for this data to be accurate. The hotplates can be 

precisely georeferenced with a DGPS unit. 

Calibration is less limiting with modern thermal cameras than has been detailed in historic 

studies.  Modern thermal cameras have better calibration equipment and software than those used 

in the studies discovered in the literature review.  Manufacturers propose a ±5ºC error, although 

that claim may not have considered this particular use.  
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Plume height: 

Plume height can be measured in the daytime with an inclinometer. Sites to measure the plume 

from would need to be located before the fire, based on weather predictions so that the sites are 

located approximately perpendicular to wind from the fire. CSIRO are keen to take the 

smoldering plume heights over an extended period (24 hours if possible). The inclinometer is an 

optical device and will not work at night. 

Another method for determining plume height is to fly a sensor equipped UAV (Plantower 

PM2.5 sensor) up and down through the vertical profile of the plume. This method does not 

consider the flaming fire plume and there is less risk of overheating the drone with smoldering 

plumes. This component of the method would rely on the UAV altimeter.  

 

CSIRO preferred method: 

Options were discussed with the CSIRO team and the preference is to use the cheaper UAV 

platforms.  

Fire radiated power component: The FLIR or similar camera is georeferenced and calibration 

validated with the set of three hotplates. More information is required about the optical bands 

available on the cameras as georeferencing initial images may be able to use optical methods 

(painting a DGPS positioned cross on the ground).  The UAV will fly a pattern over the non-

flaming area of the fire at approximately 40 metres altitude every 20 to 30 minutes (depending 

on the size of the fire).  UAV batteries are changed out each flight and recharged.  The camera 

has a field of view angle of 35º x 27 º which gives tan(35/2)*40m = 25 m x tan(27/2)*40m = 

19m over a resolution of 336 x 256 pixels or 13*13 pixels/m^2 or approximately 80 mm 

resolution. Each pixel will have a calibrated temperature attribute. The full smoldering fire sweep 

will be georeferenced and stitched using an off the shelf product such as Trimble.  There are 

some concerns about smoke interference with the stitching program’s feature recognition 

however the camera manufacturers claim excellent smoke penetration and the heat signatures 

should provide adequate patterning. 
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The plume measurements are best taken at regular time and height intervals.  Similar to the FRP 

measurements, plume height can be measured every 30 minutes. In this case the UAV’s internal 

GPS receiver and altimeter will be used. Some assistance will be required in determining the 

best option for parallel logging of the UAV x,y,z position and the PM2.5 reading.    

Due to the flight plan of the air quality UAV being a vertical zigzag and flight time being 30 

minutes, there will need to be two drones. 

 

Design of BBQ plates: 

Due to the pixel size being approximately 80 mm, the georeferencing heat plates do not need to 

be particularly big. Off the shelf BBQ’s of ¼ square meter will suffice. If they are to be used for 

calibration, it would be ideal to equip at least one of the plates with temperature sensors and a 

better quality heat switch activated gas valve.  It would be relatively simple to set this to 400ºC 

– 500ºC.   

Setting up the BBQ plates would require that they are in a large triangle with sides about 15 

metres long. This will ensure they can be captured in the effective area of the image and suited 

to georeferencing. 

Testing: 

1. If the BBQ plates are used for calibration, test with thermometer to ensure the plate can 

be maintained at a constant temperature. 

2. Ensure that the plates temperature can be captured by the UAV at the desired altitude.  

It would also be ideal to image the plate at a range of altitudes to test limits.  

3. Test to ensure that the BBQ plates can be seen in the presence of a nearby fire.  This test 

would be conducted in an open, cultivated paddock or claypan, a fire < 2*2 metres is lit 

in the middle of the BBQ plate triangle. It would be ideal to add green leaves at some 

point during the test to see how the camera performs with mid-dense smoke. 

4. Test the automatic stitching program to ensure it works. 
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5. Validate the PM2.5 meter with known particulate concentrations.  

 

Expected output: 

Output provided to the CSIRO team will be georeferenced thermal images of the whole 

prescribed burn area taken every 20 to 30 minutes for 24 hours if possible.  Pixel size will be 

below 100mm and each pixel will contain a temperature attribute, accurate to within 

approximately ±10ºC.  PM2.5 data is provided at the same timestep with x,y,z data over the fire. 

Chapter 5 Conclusions 

Introduction 

This research familiarized the researcher with the topic of modelling plumes from open fires, 

particularly plume modelling for prescribed burns.  The researcher has been welcomed into a 

community of air quality scientists and has made valuable, and mutually beneficial connections 

throughout Queensland and Australia.  Access to models, equipment and fires has been difficult 

with pandemic related lockdowns and related pressure on information, technology and 

communications contractors and suppliers. Despite these setbacks, the researcher has been able 

to determine what assistance can be provided for the rollout of AQFx in Queensland and has 

made some significant inroads in providing that assistance, particularly relating to data feeds 

from relevant State agencies.  The researcher discovered interesting results from Planet Labs 

imagery and has provided the CSIRO team with intelligence about data they had not explored.     

 

Conclusions about using Planet Labs to Calibrate and Validate plume 

models: 

Planet Labs offers an ability to calibrate and validate a prescribed burn plume model with 

limitations. It is easy to find plumes with Planet Labs but the data is only in the visual radiation 

range.  Modelling plumes from Planet Labs will need to look at the full depth of the plume (a 

three dimensional model), the researcher is not aware of a way to stratify observations so any 

observations must model the plume through three dimensions and then convert this to a two 
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dimensional concentration through the plume for comparison.  Comparisons will be able to be 

made but will be limited in how much can be validated about plume height and concentrations 

at different height stratums.  

This research found that plumes are able to be discovered in Planet Labs relatively easily 

although the number of planned burns able to be modelled in advance of a burn and then quality 

imagery discovered in Planet Labs is 20%.  There are problems with timing of burns. Land 

managers will cancel or change burn plans due to unfavorable climatic conditions on the day of 

a planned burn. Planned burns often only take a few hours and the satellite must be over the burn 

at the right time.  The reason for achieving 20% good quality results is that Planet Labs often has 

several scenes for an area in 1 day.   

The research looked at proposed burn data from one agency, Department of Resources. 

Department of Resources has a limited proposed burning plan. Agencies including HQ 

Plantations and DES have much larger burning programs. These agencies could provide 

significant number of fires, greatly increasing the number of burns that can be modelled in 

advance and then validated with imagery.  

In terms of finding plumes without pre-planning, Planet Labs offers a large number of these.  

When combined with fuel load data and climatic conditions data, these plumes offer a range of 

calibration and verification options. 

The CSIRO team expressed an interest in Planet Labs when the results from this research were 

discussed with them.  Planet Labs maintains an archive of imagery that can be accessed for 

historic fires that are of interest to the research team 

 

Conclusions regarding the use of AQFx in modelling smoke pollution from 

prescribed burns.       

The focus on AQFx plume modelling from prescribed burns in Australia deals with air quality, 

particularly as it affects major cities.  The scale of the modelling has been developed to show 

concentration loads over large areas.  The AQFx model will be effective in planning burns in 
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peri-urban areas and areas near to populated areas. Agencies responsible for managing prescribed 

burns will find the model useful for this purpose.  An example would be the Department of 

Environment and Science considering a prescribed burn of a large area of forest in the Brisbane 

valley. AQFx will take current atmospheric pollution loads, fuel loads and atmospheric 

predictions. The output will provide information about whether the burn should go ahead and 

which day is optimal for carrying out the burn in the coming week to minimize air pollution 

impact in Brisbane.  

An agency such as Department of Resources will have limited use for the AQFx model.  DoR 

should contribute planned burn data to AQFx to assist with the broader air quality modelling 

effort, however, a small model such as the one created for this project will suit DoR’s needs 

more effectively.  DoR frequently burns areas under 100 hectares.  The smaller scale and focus 

on smoke at ground level are important for smaller prescribed burns where warnings need to be 

issued to close neighbors and nearby traffic hazards identified.  The burn can be planned well in 

advance and modelling outputs provided in map form to neighbors on the day or the day 

proceeding the burn. 

Timing of the research was not ideal for testing AQFx, the model is in preliminary stages of 

rollout in Queensland.  Plumes were modelled where there were no fires and there were 

significant plumes visible in Planet Labs that were not modelled in AQFx.  The model was not 

operating reliably through the 10 days of review, it’s likely that significant testing of systems 

and calibration was occurring in this time. 

AQFX relies on accurate data about proposed burns for the forward air quality modelling 

function.  Data on proposed burns is dispersed across a number of agencies in Queensland. Some 

agencies have are interested in better modelling of air quality as it relates to prescribed burns 

while other agencies are not interests.  There will be issues accessing planned burn data from 

agencies.  This study will assist CSIRO identify and coordinate burn data entry as key 

stakeholders, their mode of operation in this area of business was reviewed and key personnel 

identified. 

Fuel load data is also a problem area for AQFx. Fuel load data has the potential to be damagingly 

inaccurate.  There is a particular issue with the methodology for mapping fuel load where a 

disturbed area will produce a much lower modelled fuel load than an area that has not been 
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disturbed for some time.  This is generally a good rule, however, in drier areas observations are 

that many undisturbed areas have little or no fine fuel load to carry a fire and a high proportion 

of large course woody debris and green shrubs. Many of the disturbed areas have a higher 

proportion of fine fuel capable of carrying a fire.  The resultant emission output in these cases 

with be the reverse of the modelling, where the undisturbed area will not carry a fire.  

In the final meeting with the CSIRO team prior to lodgment of this document, the team discussed 

improvements currently being made including addition of the SPARK module and HYSPLIT 

for the near field plumes.  AQFx is still under development and will be a significant tool for land 

managers across Australia in the near future.   
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Chapter 6 Recommendations and Further Work 

Further work with AQFx 

AQFx requires input from all agencies who conduct significant prescribed burn programs.  A 

focal area for the CSIRO air quality community must be to coordinate input of prescribed burn 

data and plans.  There are a number of agencies in Queensland that could take a lead role in this 

function for Queensland agencies.  DoR is the custodian of much of Queensland’s spatial 

information and could be considered a leader if the data is a spatial set.  DES is the lead 

environmental agency in Queensland, responsible for air quality monitoring. QFES is the lead 

agency for fire related issues in Queensland and could also lead this effort.  Alternatively, the 

Commonwealth can lead this initiative and produce a method of entering the data that is 

relatively easy, accurate and editable to accommodate changes to plans. 

Fuel load mapping is a concern and this area requires more work.  LiDAR will be a viable option 

for mapping fuel load in peri-urban areas but it is unlikely to be cost effective in the near future 

for large areas of State Forest and National Parks.  There is a large body of research and a 

growing feed of spatial data to assist in this problem area.  QFES are undertaking research in this 

area and DoR has begun to assist in that as a result of this project.  DoR officers are now 

collecting data relating to fuel loads in grassland ecosystems.  It’s likely that concerted research 

effort in identifying methods of quantifying and classifying fuel loads remotely will yield results.  

Further work in refining the smoldering plume function in AQFx has been discussed in Chapter 

4. The challenge will be to test and use the proposed methodology through the 2022 prescribed 

burn season. 

 

Further Work for the Department of Resources 

Findings from this research suggest that DoR should create a basic model for use in small 

prescribed burns.  The model should attach to current offerings in QLD Globe.  A Gaussian 

model specifically targeted at the 2 metre height above ground will provide the agency with 

required data on potentially impacted residences and roads.  A similar model to the one created 

for this project would be ideal.  An input box for the basic inputs such as fuel load and expected 
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wind speed and direction and a feature to input the fire area polygon are fairly simple to create.  

Observations of the DoR plumes in this study indicate that greater sophistication such as terrain 

inputs are unnecessary. The ability to export the plume as a .kml and send to neighbors and other 

stakeholders would be useful.  

 

  



 

62 

 

REFERENCES 

Teague, B, McLeod, R & Pascoe, S 2010, 2009 Victorian bushfires Royal Commission final report, 

Parliament of Victoria, Melbourne. 

The Inspector General, Emergency Management, The State of Queensland, 2020, Queensland 

Bushfires Review Report 2: 2019-20, Queensland Government, Queensland. 

Broome, R, Johnston, F, Horsley, J and Morgan, G, A rapid assessment of the impact of hazard 

reduction burning around Sydney, May 2016, Medical Journal of Australia, 205, (9) pp. 

407-408. 

Chen, Y, Zhu, X, Yebra, M, Harris, S, Tapper, N. Development of a predictive model for 

estimating forest surface fuel load in Australian eucalypt forests with LiDAR data, 

Environmental Modelling & Software 2017, vol. 97, pp 61–71. 

Stefanidou, A, Gitas, I, Korhonen, L, Georgopoulos, N and Stavrakoudis, D, Multispectral LiDAR-

Based Estimation of Surface Fuel Load in a Dense Coniferous Forest, Remote Sensing, 

2020, 12, 3333. 

Desservettaz, M, Phillips, F, Naylor, T, Price, O, Samson, S, Kirkwood, J, Paton-Walsh, C, Air 

Quality Impacts of Smoke from Hazard Reduction Burns and Domestic Wood Heating in 

Western Sydney, Atmosphere 2019, 10, 557. 

Eusuf, MSR, Barton J, Gorte B, Zlatanova S, 2020, 'Volume estimation of fuel load for hazard 

reduction burning: First results to a voxel approach', International Archives of the 

Photogrammetry, Remote Sensing and Spatial Information Sciences, vol. XLIII-B3-2020, 

ISPRS Congress Archives (2020 Edition), pp. 1199 - 1206 

Arriagada, N, Palmer, A, Bowman, D, Morgan, G, Jalaludin, B, Johnston, F, 2020, Unprecedented 

smoke related health burden associated with the 2019–20 bushfires in eastern Australia, 

Medical Journal of Australia, March 2020, 213(6) pp 282-283. 



 

63 

 

McArthur, A, 1962, Control burning in eucalypt forests, Forestry and Timber Bureau, 

Commonwealth of Australia, Leaflet No. 80. 

McArthur, A, 1967, Fire Behaviour in Eucalypt Forests, Forestry and Timber Bureau, 

Commonwealth of Australia, Leaflet No. 107. 

Goodrick, S, Achtemeier, G, Larkin, N, Liu, Y & Strand, T, 2012, ‘Modelling smoke transport from 

wildland fires: a review’, International Journal of Wildland Fire, vol. 22(1) pp 83-94. 

Stam, J, 1999, Stable Fluids, ‘SIGGRAPH 99 Conference Proceedings, Annual Conference Series’ 

, pp 121-128, August 1999. 

Eusuf, M, Barton, J, Gorte, B, and Zlatanova, S, VOLUME ESTIMATION OF FUEL LOAD FOR 

HAZARD REDUCTION BURNING: FIRST RESULTS TO A VOXEL APPROACH, Int. Arch. 

Photogramm. Remote Sens. Spatial Inf. Sci., XLIII-B3-2020, pp 1199–1206. 

Tolhurst, K, Shields, B, Chong, D, 2008 PHOENIX: development and application of a bushfire 

risk-management tool. Australian Journal of Emergency Management 23, pp 47–54. 

Miller, C, Hilton, J, Sullivan, A, Prakash, M, 2015, SPARK – A Bushfire Spread Prediction 

Tool, Environmental Software Systems. Infrastructures, Services and Applications, 2015, 

vol 448. 

Queensland Department of National Parks, Recreation, Sport and Racing, 2012, Planned Burn 

Guidelines, How to Assess if Your Burn is Ready to Go, ‘Department of National Parks, 

Recreation, Sport and Racing, Queensland Government, 41 George St, Brisbane, QLD, 

4000’. 

Bureau of Meteorology, 2018, Operations Bulletin Number 115, Operational Implementation 

of the Air Quality and Smoke Forecasting System (AQFx), April 2018, ‘Real-time Data 

Services, Bureau of Meteorology, Commonwealth of Australia, Melbourne, Vic 3001’. 



 

64 

 

Williamson, GJ, Price, OF, Henderson, SB, Bowman, DMJS, 2013, Satellite based comparison of 

fire intensity and smoke plumes from prescribed fires and wildfires in south-eastern 

Australia, International Journal of Wildland Fire, 2013, 22, pp 121-129. 

Li, X, Song, W, Lian, L and Wei, X, 2015, Forest Fire Smoke Detection Using Back-Propagation 

Neural Network Based on MODIS Data, Remote Sens. 2015, 7, pp 4473-4498 

Olson, J. S. (1963). Energy Storage and the Balance of Producers and Decomposers in Ecological 

Systems. Ecology, 44(2), 322–331. Retrieved from 

http://www.jstor.org/stable/1932179 

Newnham, G, Opie, K, Leonard, J, 2017, A methodology for State-wide mapping of annual fuel 

load and bushfire hazard in Queensland, A report to the Queensland Fire and Emergency 

Services, CSIRO Land and Water, CSIRO 2017. 

Goodwin, N, & Collett, L, 2014, Development of an automated method for mapping fire history 

captured in Landsat TM and ETM+ time series across Queensland, Australia. Remote 

Sensing of Environment, 148, 206–221. 

Neldner, J, Wilson, B, Thompson, J, & Dillewaard, H, 2012, Methodology for Survey and 

Mapping of Vegetation Communities and Regional Ecosystems in Queensland, 

Queensland Herbarium, Queensland Department of Science, Information Technology, 

Innovation and the Arts, Brisbane, 2012. 

Ellicott E and Vermote E (2012) The Science and Application of Satellite Based Fire Radiative 

Energy. Accessed through ResearchGate 2021 

https://www.researchgate.net/publication/224828996_The_Science_and_App

lication_of_Satellite_Based_Fire_Radiative_Energy  

Cope, M, Lee, S, Meyer, M, Reisen, F, Trindade, C, Sullivan, A, Surawski, N, Wain, A, Smith, 

D, Ebert, B, Weston, C, Volkova, L, Tolhurst, K, Duff, T, Walsh, S, Tapper, N, Harris, S, 

Rudiger, C, Holmes, A, Kilinc, M, Paton-Walsh, C, Guerette, E, Desservettaz, M, 

Edwards, G, Macsween, K, Howard, D, 2019, Smoke Emission and Transport Modelling, 

http://www.jstor.org/stable/1932179
https://www.researchgate.net/publication/224828996_The_Science_and_Application_of_Satellite_Based_Fire_Radiative_Energy
https://www.researchgate.net/publication/224828996_The_Science_and_Application_of_Satellite_Based_Fire_Radiative_Energy


 

65 

 

Research Report 102, The State of Victoria Department of Environment, Land, Water and 

Planning, 2019. 

Luhar, A, Emmerson, K, Reisen, F, Williamson, G, Cope, M, 2020, Modelling smoke 

distribution in the vicinity of a large and prolonged fire from an open-cut coal mine. 

Atmospheric Environment, 2020, 229, 117471. 

Scire, J, Strimaitis, D, Yamartino, R, 2000, A User’s Guide for the CALPUFF Dispersion Model 

(Version 5), Earth Tech, Inc. 2000. 

Cope, M, Lee, S, Noonan, J, Lilley, B, Hess, D, Azzi, M, Chemical transport model technical 

description. Aspendale: CSIRO Marine and Atmospheric Research; 2009. 

http://hdl.handle.net/102.100.100/111964?index=1 

FLIR Australian Product Website: https://www.flir.com.au/products/vue-pro-

r/?model=436-0020-00S accessed 11 October 2021. 

Stein, A, Draxler, R, Rolph, G, Stunder, B, Cohen, M and Ngan, F, 2015, NOAA’S HYSPLIT 

ATMOSPHERIC TRANSPORT AND DISPERSION MODELING SYSTEM, Bulletin of 

The American Meteorological Society, 2015, Vol 96, 12, pp 2059 - 2077 

Davis, M and Cornwell, D, 2012, Introduction to Environmental Engineering: Fifth Edition, 

McGraw-Hill Higher Education, 2012, ISBN: 007742607X, 9780077426071  

http://hdl.handle.net/102.100.100/111964?index=1
https://www.flir.com.au/products/vue-pro-r/?model=436-0020-00S
https://www.flir.com.au/products/vue-pro-r/?model=436-0020-00S


 

66 

 

Appendix A – Project Specification & Schedule 

A-1 – Project Specification 

ENG4111/4112 Research Project 

Project Specification 

For:   Seamus Batstone 

Title:  A review of smoke dispersion models for smoke pollution hazard mitigation 

associated with controlled, forest fuel reduction burns. 

Major:   Environmental Engineering 

Supervisor:  Ian Craig 

Enrolment:  ENG4111 – ONL S1 – 2021 

ENG4112 – ONL S2 – 2021  

Project Aim:  To critically review the CSIRO AQFx air pollution model prior to adoption by 

the Queensland Fire and Emergency Services and to gain significant skills in 

air pollution modelling.  

Programme:  Version 1, 14/03/2021 

1. Review bushfire smoke modelling developed by CSIRO for Australia (AQFx - the air 

quality forecasting system).  

2. Describe the model inputs and calculations made by the model. 

3. Review the BlueSky model developed by the Unites States Forest Service.  

4. Review industrial pollution plume modelling and contrast this with bushfire smoke 

modelling. 

5. Compare AQFx model outputs with visible smoke plumes for historic fires.  This will 

require acquisition or estimation of historic fuel loads (QFES often have this data) and 

access to Planet Labs daily imagery. 

If time and resources permit: 

6. If possible (dependant on appropriate data and time) attempt to compare BlueSky 

model outputs with historic fires using Planet Labs daily imagery. 

7. Dependant on QFES cooperation, test AQFx model predicted output in the field 

during prescribed burns. 

Resources: 

1. Access to Planet Labs daily imagery. 

2. Access to AQFx model. 

3. Access to BlueSky model. 

And if possible, dependant on the third party: 
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4. If QFES are willing and able to participate in the study, access to air quality monitoring 

equipment will be required (the student will organise acquisition or hire of a SMOG or 

similar air quality measurement device). 
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A-2 – Project Schedule 

Project Specification Schedule: 
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Appendix B – Risk Assessment 

The field work component was not progressed 
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Appendix C – Project Model Charts  

C-1 – Horizontal Dispersion Coefficients Chart 
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C-2 – Pasquill Stability Classes Table 

 

C-3 – Vertical Dispersion Coefficients 
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C-4 – Dispersion Coefficient Variables 
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Appendix D – Project Model Screenshots 

D-1 – Sheet 1 Formula and Inputs  
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D-2 – Sheet 2 Distance, Coordinates and Concentration Calculations: 
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D-3 – Sheet 3 Georeferenced Output 
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D-4 – Attributes Output to ESRI: 
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Appendix E – Project Model Output: 

E-1 – Woodgate Fire 

Plume only on Planet Labs base image: 

 



 

82 

 

Modelled Single Plume: 
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Multicore Plume: 
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E-2 – Maryborough Fire 

Plume only on Planet Labs base image: 
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Maryborough plume modelled at 2m above ground: 
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Appendix F – Collaboration: 

F-1 Department of Resources Typical Communication 
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Burn Plan Provided 
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Corresponding Image Found in Planet Labs 
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F-2 – CSIRO collaboration occurred by meetings, email and MS Teams: 

 




