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Introduction 

This report documents the outcomes of the 

Schedule 9+10 Smoke Emissions Modelling and 

Smoke Transport Modelling projects (henceforth 

called óthe projectô). The project commenced in 

November 2012 with the aim of ñImproving the 

Department of Environment, Land, Water and 

Planning (DELWPôs) capacity to model the spread 

and accumulation or dissipation of smoke for 

planned and unplanned fire events through 

improved smoke trajectory and accumulation or 

dissipation modellingò.  

At the commencement of the project it was 

recognised that the information needed to improve 

quantitative concentration predictions would include 

the following. 

¶ a better understanding of fuel/fire 

behaviour/emissions; 

¶ state-of-the-art meteorological modelling (to 

improve uncertainty in model forecast fields); 

¶ state-of-the-art high-resolution modelling of 

smoke plume transport (and chemical 

transformation) processes; 

¶ validation of model components by field and 

remote sensing monitoring. 

The project was designed to provide DELWP with 

the following deliverables. 

¶ A definition of state-of-the art smoke modelling 

science, modelling and technology and good 

practice; 

¶ an appropriate smoke modelling, monitoring and 

improvement framework; 

¶ training and development of DELWP personnel 

in smoke management science - including 

prediction and monitoring; and 

¶ new knowledge of smoke modelling through 

PhD and post doctoral research 

A key driver of the project is the imperative to 

undertake prescribed burning for bushfire risk 

mitigation in a manner which also minimises 

population risk from smoke exposure. Bushfires in 

southern Australian forests can have catastrophic 

effects on the land, property and people. A Royal 

Commission into the 2009 Black Saturday fires 

(which took the lives of 173 people and devastated 

over 450,000 ha of land), concluded that one of the 

contributing factors was the heavy fuel load present 

in the areas burnt, and consequently recommended 

that the annual rate of prescribed burning for fuel 

reduction should increase to 5% of total State 

managed forest area. 

Fuel reduction burns are designed to be of low 

intensity and to be well contained within a 

designated burn zone. As such, the program of 

prescribed burning is generally limited to light winds, 

minimal convection, low ambient temperatures, and 

moderate humidity. However, such conditions are 

also characterised by low levels of atmospheric 

ventilation and the potential for a build-up of air 

pollution. This can be further exacerbated if the 

burning season extends into the early winter when 

the smoke emissions add to those of domestic wood 

heaters and other near-surface sources of air 

pollution. When considering wood combustion, the 

principal pollutant of concern for population health 

(with a well-established risk for mortality) is fine (less 
than 2.5 m˃) particles (PM2.5). There is also an 

attendant risk of smoke damage to some agricultural 

sectors (e.g. vineyards where smoke taint can be of 

particular concern).  

Due to recent significant incidents, there is a 

heightened awareness within Victoriaôs community 

about the risk of fire and smoke, and thus an 

increased pressure on fire and land management 

agencies to achieve planned burning while 

minimising the impact of smoke on communities. 

¶ In February 2014, the Hazelwood mine fire 

burned over 45 days and caused a significant air 

pollution event affecting some 45,000 residents 

in nearby towns (EPA Victoria 2015a; EPA 

Victoria 2015b). This event prompted the 

development of a Stateïwide smoke 

management framework to manage public 

health impacts from large scale extended smoke 

events. It also highlighted the importance of 

understanding health impacts and predicting the 

movement of smoke from prescribed burning 

and bushfires and predicting smoke levels at the 

local, state and regional levels. 
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¶ In October 2015 the LancefieldïCobaw fuel 

reduction burn breached containment lines and 

developed into a fire that burned over 3,000 

hectares and destroyed dwellings, sheds and 

fences. A subsequent inquiry into prescribed 

burning practices led to 22 recommendations 

aimed at improving the management of 

prescribed burning in Victoria (Carter et al. 

2015). The State Government also abandoned 

the annual 5% target for fuel reduction burns in 

favour of a new riskïbased strategy. 

¶ The 2015 Separation Creek/Wye River bushfire 

resulted in a subsequent enquiry into the use of 

back burning to reduce the risk of bushfire 

progagation and intensification. 

Because prescribing burning generally occurs under 

conditions that may also lead to air pollution 

accumulation, there is an imperative for access to 

tools which can identify/forecast conditions in which 

the build-up of existing particle pollution is low, and 

in which smoke plumes from prescribed burning will 

have a low probability of impacting populated areas. 

For situations in which the latter is not possible, fire 

managers need the capability to provide advance 

warning to populations potentially affected by high 

smoke levels. This will enable at-risk individuals to 

take steps to minimise their exposure to the smoke. 

Numerical weather and smoke forecast modelling 

are now being widely adopted by land management 

agencies around the world to help manage 

prescribed burning.  

¶ The BlueSky smoke modelling framework 

developed by the U.S. Forest Service (Larkin et 

al. 2009) combines models and data 

encompassing weather, fires and fuels, 

emissions, and terrain into a unified framework 

to predict smoke concentrations and trajectories. 

The framework has been implemented by 

several agencies in the US and Canada 

(http://firesmoke.ca; 

http://www.bcairquality.ca/bluesky/west/index.ht

ml) to create smoke forecasts for land and fire 

managers, and for use as a tool for public health 

protection (Yao et al. 2013; Yuchi et al. 2016). 

Other smoke modelling systems have been 

developed from BlueSky such as a regional 

system in the Pacific Northwest of the US 

(OôNeill et al. 2008), and the Southern Smoke 

Simulation System (Liu et al. 2010).  

¶ The National Oceanic and Atmospheric 

Administration (NOAA) have developed a similar 

daily operational Smoke Forecasting System to 

provide guidance to air quality forecasters and 

the public about fine particles emitted from large 

wildfires and agricultural burning (Rolph et al. 

2009). 

In Australia, the routine operation of smoke transport 

and smoke emissions forecasting models has 

primarily been restricted to the Bureau of 

Meteorology where a unit-emissions tracer model 

formed the basis of The Australian Smoke 

Management Forecast System (Wain and Mills 

(2006)). Although useful to the smoke management 

community, this system was not designed to include 

other sources of fine particles, nor particle 

production due to atmospheric chemistry. The 

inclusion of these processes is essential for 

developing a ówhole-of-airshedô assessment of 

smoke impacts within the context of existing sources 

of air pollution. Given this, it then follows that a more 

comprehensive modelling framework optimised for 

Victoria is a critical step if land management 

agencies are to be well equipped to assess the 

potential impacts of prescribed burning events on 

our rural and urban communities. 

This document describes the development of a 

prototype forecast modelling framework which is 

based on state-of-the-art observational data sets, 

models and protocols which has been optimised for 

Victoria. The framework leverages research 

programs operated by the university and 

government research teams contributing to the 

project and broader research within the national and 

international research communities and builds on 

operational systems previously developed by CSIRO 

and the Bureau of Meteorology for meteorological 

and air pollution forecasting. 

The remainder of the main body of this report 

comprises the following. 

¶ The system design and the knowledge gaps 

which had to be addressed by the project. 

¶ A synthesis of the different project components 

which targeted the knowledge gaps. 

¶ A synthesis of case studies in which the 

forecasting framework was tested. 

¶ Considerations for making the framework 

operational. 

¶ Considerations for onïgoing research. 

Detailed descriptions of key project components are 

given in the Appendices. 

http://firesmoke.ca/
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Part I Modelling system design and knowledge 
gaps 

 

In February 2013, a workshop was undertaken with 

DELWP to gain an understanding of the operational 

procedures for undertaking prescribed burning, and 

hence to identify where contemporary science and 

modelling systems could be used to aid this process. 

Figure 1 summarises key decision points and time 

frames in the prescribed burning management 

process, together with the modelling tools which can 

be deployed to guide the process. It can be seen 

that tools can be deployed which are able to inform 

the planning process for a period extending from 

subïdaily to 10 days. Figure 1 suggests that the 

management process and supporting tools can be 

represented by three tiers of information and 

technology. 

1. Tier 1 generates forecasts of general- and fire 

weather parameters (i.e. forest fire danger index 

(FFDI), grass fire danger index (GFDI)) - median 

and uncertainty, out to 10 days. The purpose of 

this tier is twoïfold 1/ for advising on periods 

suitable for prescribed burning, 2/ for periods of 

potential bushfire hazard. 

2. Tier 2 generates regional air pollution forecasts 

out to three days. These forecasts incorporate all 

inventoried sources of air pollution (with a focus 

on particulate matter) at an outer scale of the 

Australian continent; downscaling to 3 km grid 

spacing across Victoria and Tasmania. The 

purpose of these forecasts is to inform district 

managers of the current and forecast airshed 

loading of air pollution- including the persistence 

of smoke from earlier fuel reduction burns and 

bush fires. The Tier 2 product provides critical 

information on the capacity of an airshed to 

assimilate additional air pollution associated with 

fuel reduction burning. 

3. Tier 3 generates high resolution fuel reduction 

smoke forecasts out to 24 hours. Designed to be 

run using a next day inventory of proposed burns 

provided by the district planners, this product 

combines regional pollutant loading and forecast 

smoke emissions and smoke transport to provide 

advice on the likely individual and combined 

airshed loading of smoke from the inventory of 

fuel reduction burns. 

The framework of the prototype smoke forecasting 

system developed in this project is shown in Figure 

2 and is based upon the BlueSky framework 

(http://www.airfire.org/bluesky) with several modules 

replaced by localised products. Specifically: 

¶ The fire information reporting system uses 

DELWP active fire area data within Victoria, 

similar land agency data in other states, or either 

the European Centre for Medium-range Weather 

Forecasts (ECMWF) products or daily satelliteï

based observations of fire hotspots for regions 

outside of Victoria without real-time local fire 

reporting. 

¶ Fuel loading for Victoria uses a fuel inventory 

developed specifically for this project which has 

been calibrated for fine fuels and coarse woody 

debris (CWD) using in situ empirical data sets. 

Information on the distribution of CWD for 

Victorian vegetation was identified as a 

knowledge gap at the start of the project and so 

resourcing was deployed within the project to 

address this issue. Fuel loading for the rest of 

Australia uses the approach described in Meyer 

et al. (2008). 

¶ Fire behaviour uses PHOENIX FireFlux, which 

includes PHOENIX RapidFire for bushfires and 

a new burn simulator for fuel reduction burns. 

The ability to generate robust fire behaviour 

diagnostics using data from a planned burn 

proposal was identified as a knowledge gap and 

addressed within the project. The use of remote 

sensing to relate observed fire intensity to 

smoke emissions and plume rise was also 

investigated within the project. 

¶ Emissions of aerosols and gases from the 

combustion of fine and CWD fuel layers are 

modelled using a purpose-built module. 

Emissions specific to Victorian fuels was 

identified as knowedge gap which was 

addressed in the project by undertaking 

http://www.airfire.org/bluesky
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laboratory and field experiments which 

measured emission factors. 

¶ Meteorological modelling uses output from 

Bureau of Meteorology (BoMôs) Australian 

Community Climate and Earth System Simulator 

(ACCESS) Global and Regional Ensemble 

Prediction System (AGREPS), ACCESS-R and 

ACCESS-C forecast runs.  

¶ Transport-dispersion modelling uses the CSIRO 

chemical transport model (CTM) that has been 

coupled to ACCESS. 

¶ Fuel reduction smoke modelling. The existing 

HYSPLIT module in the BlueSky framework was 

replaced by the CTM running smoke tracer 

forecasts at 1 km resolution. 

 

Figure 1 The three-tier, cascading time scale forecasting system developed for the project. 
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Figure 2. The numerical modelling framework used for generating smoke forecasts.  
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Part II Addressing the knowledge gaps 

The smoke forecasting model builds on a number of 

components as shown in Figure 2. This section 

covers the knowledge gaps pertinent to both the 

forecasting system and to the application and future 

development of the forecasting/planning system 

(some of which were identified in the last section). 

The main findings for each component are 

highlighted here with more detailed information on 

each section provided in the appendices. At project 

inception, the data gaps pertinent to the forecasting 

system included: 

¶ Fuel load maps, with a particular focus on 

coarse woody debris which is relevant to 

low-level and persistent emissions of smoke 

from smouldering. 

¶ The links between fire behaviour and coarse 

fuel load (6-50mm in diameter). 

¶ Observational data on the characteristics of 

gaseous and particle emissions from 

prescribed burns in sclerophyll forests of 

south-eastern Australia and from residual 

smouldering of coarse woody debris. 

¶ Predictive fire consumption models for 

prescribed burns. 

Data gaps pertinent to the application and future 

development of the forecasting system include: 

¶ Mercury emissions from fires and prescribed 

burns and impacts on firefighters and 

downwind communities (Appendix E) 

¶ The use of fire radiative power as a 

predictive tool for smoke emission 

characterisation, and the heat flux of fires. 

Fuel load maps 

Fuel maps are essential for fire and smoke 

prediction since fuel type and fuel amount affect 

combustion and emission during wildfires and 

prescribed burns.   

In south-eastern Australia fuel characterization and 

classification approaches have focused on providing 

inputs for predicting fire spread (McArthur Meter and 

PHOENIX fire spread model) and have focused only 

on fine fuels components (McArthur 1967). Fire 

spread is driven by flaming combustion and is a key 

determinant of the progression of a surface fire. 

Typical fire spread models however are not 

designed to estimate fire effects associated with 

post-frontal combustion so that heavy fuels (i.e. 

CWD), are not well simulated/described in fire 

spread models. Post-frontal combustion of heavy 

fuel has potential for high impact on smouldering 

emissions.  

In this study we used two new empirical fuel load 

data sets (Volkova and Weston 2015) (V&W), and 

State Government forest monitoring data (DEPI 

Victorian Forest Monitoring Program (VFMP)) 

(Figure 3) to develop fuel maps. To derive 

comprehensive maps of fine and CWD fuels we 

tested two approaches for estimating fuel loads. 

The first approach assumes that fuel accumulation is 

an attribute of vegetation class (see the fuel load 

component of the PHOENIX Rapidfire model 

(Tolhurst et al. 2008)) (Figure 4). 

The second approach applies a process-based 

carbon cycle model used mostly for continental and 

global scale carbon budget studies (the 

biogeochemical model, BIOS2 (Haverd et al. 2013)).  

While neither of the approaches were accurate over 

a full range of fuel loads, we concluded that BIOS2 

biases can be corrected with a single linear 

correction (Figure 5). 
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Figure 3  Map of the VFMP and V&W collection points used in the analysis and IBRA (Interim Biogeographic Regionalisation 

for Australia) boundaries  

 
Figure 4 Map of fine fuel loads for Victoria before and after correction. Fine fuels include duff, and litter and twigs with 

diameter Ò6 mm. Fuel loads are expressed in t ha-1 
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Figure 5 Map of data collection points (top); map of CWD fuel loads for Victoria before and after correction. CWD fuels include 

twigs and logs with diameter >6 mm.  

 

Fire behaviour: How coarse fuel loads 
affect fire behaviour 

Current Australian forest fire behaviour prediction 

systems such as the McArthur Forest Fire Danger 

Meter (FFFM,(McArthur 1967)), the Western 

Australian Forest Fire Behaviour Tables 

(FFBT,(Sneeuwjagt and Peet 1998)) and the Dry 

Eucalypt Forest Fire Model (DEFFM, (Gould et al. 

2007a; Gould et al. 2007b; Cheney et al. 2012)) 

consider only the contributions to fire behaviour from 

the fine (<6 mm diameter) fuels. Combustion of 

these fine fuels and their influence on the behaviour 

and spread of a bushfire has been the focus of much 

of past research into bushfire behaviour. 

Combustion of CWD (e.g. fallen branches, boughs 

and toppled stems) has not received much attention 

in this regard. 

However, the combustion of CWD fuel components 

does play a significant role in other aspects of 

bushfire behaviour, particularly behind the fire front, 

including the radiant heat flux and firefighter safety 

(Sullivan et al. 2002), the fire intensity, severity and 

burning depth (Cruz et al. 2012). 

This component of the project undertook controlled 

burning experiments involving fallen branch material 

in the range 6 ï 50 mm in diameter to quantity the 

effect of CWD on fire behaviour (in particular rate of 

spread) for fires burning under a fixed set of wind 

and fuel moisture conditions. Fuel conditions for the 

experimental burns were fine fuel litter only (Control) 

and fine fuel litter to which 2t/ha, 6t/ha and 12t/ha of 

CWD respectively was added (three treatments). 

The experimental results have shown that there was 

little difference in combustion efficiencies either 

across treatments or fire spread mode as measured 
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after the experiment. However, there were clear 

differences observed in the way in which fuels were 

consumed. Residual burning after the passage of 

the flame zone was highest in the heading fires and 

highest in the CWD, many of which continued 

flaming long after the fine fuels had ceased 

combustion. The backing fires had very little residual 

combustion in the CWD as a result of the slower 

rates of spread. 

We found that, under the same burning conditions, 

the presence of CWD had a direct impact on the rate 

of forward spread of fires (Figure 6) but not on the 

rate of backing spread of fires. In heading fires the 

rate of spread in the presence of CWD was 

approximately half that of heading fires in the 

absence of CWD, regardless of the amount of CWD 

Figure 7. For backing fires, no significant effect of 

CWD was detectable (Figure 8). This suggests that 

the mechanisms that influence the speed of a fire 

burning into the wind through fine fuels occurs over 

the same time scale as the ignition of the CWD and 

that the relative time scales of these processes 

between heading fires and backing fires is markedly 

different. 

 

Figure 6: Box plot of the distributions of mean cumulative 

rates of spread for the control (fine fuel only) and three 

treatments (2t/ha, 6t/ha and 12t/ha of CWD). The control is 

clearly statistically different from all the treatments. 

 

 

 

Figure 7: Summary graphs of the heading fire experiments 

rates of spread. Top) The interval rate of heading spread. 

Bottom) The cumulative rate of heading spread. 

 

 

 

Figure 8: Summary graphs of the backing fire experiments 

rates of spread. Top) The interval rate of backing spread. 

Bottom) The cumulative rate of backing spread.
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Emission factors 

Emission factors (EFs) are a critical input into 

dispersion models to analyse or forecast 

smoke dispersion and estimate impacts on air 

quality and populations. EFs specify the mass 

of a gas or aerosol species emitted per unit 

mass of fuel burned. 

EFs are usually derived from emission ratios 

(ERs) of combustion products (see Appendix 

D). They can be determined either through 

controlled measurements in the laboratory, 

smoke plume measurements using aircrafts or 

ground level sampling in the field. In this study 

both laboratory and ground-level field 

measurements are used to derive EFs for key 

pollutants. The study aimed at finding 

explanatory variables (such as combustion 

efficiency) that can be easily measured or 

estimated and can explain much of the 

observed variation in EF. These explanatory 

relationships can then be used to extrapolate 

measured EFs to a wider range of fuel and 

burning conditions. The derived particle EFs 

and chemical characteristics along with the 

explanatory relationships will help to better 

forecast and manage air quality impacts from 

prescribed burns on nearby communities. 

Laboratory measurements 

Controlled burning experiments involving fallen 

branch material in the range 6 ï 50 mm in 

diameter were done to quantity the 

greenhouse gases (GHG), particulate matter 

(PM), reactive volatile organic compounds 

(VOCs) and mercury emissions released by 

CWD under a fixed set of wind and fuel 

moisture conditions using the CSIRO pyrotron. 

Table 1 lists the EFs of carbon dioxide (CO2), 

carbon monoxide (CO), methane (CH4), PM2.5 

mass, a number of PM chemical components 

and selected VOCs for the different fuel 

treatments. Table 1 also lists the modified 

combustion efficiency (MCE), which is used to 

characterize the relative amount of flaming and 

smouldering combustion (see Appendix D).  

Fine fuel (6mm) vs coarse fuel (6-50mm) 

As can be seen in Table 1, the coarse fuel 

fraction had no effect on the MCE or on the 

PM2.5 and VOC EFs. In terms of chemical 

composition of PM2.5, the ratio of levoglucosan 

to non sea-salt potassium (nssK) (both wood 

smoke tracers) increased with increased 

coarse fuel fraction, suggesting that 

levoglucosan is dominantly emitted from 

coarse fuel while nssK is emitted from fine fuel 

(e.g. leaves), consistent with a previous 

research study (Schmidl et al. 2008). 

Evolution of the smoke plume  

Three distinct phases could be identified for 

each burn: 

¶ flaming propagation which covers the 

period between ignition and time when fire 

reached the end of the fuel bed 

¶ flaming stationary which covers the period 

between the end of forward spread and 

the extinction of fine fuels 

¶ smouldering combustion 

The results for the three combustion phases 

are shown in Table 2 and indicate that the EFs 

for PM2.5 and VOC species show a strong 

dependence on MCE. The highest EFs were 

observed for the smouldering phase, while the 

lowest EFs were observed for the flaming 

propagating phase, which consumed on 

average about 50% of the fuel in the Pyrotron 

fires (Table 2). 

Emissions in the field 

Until this study there were no reliable EFs of 

PM2.5 from fires or burns in sclerophyll forests 

of south-eastern Australia and also very little 

on emissions from residual smouldering 

combustion of CWD. In order to attempt to fill 

this gap, measurements of PM2.5 and trace 

gases were carried out at prescribed burns in 

Victoria focusing on both the flaming and 

smouldering combustion. 

The team attended four prescribed burns in 

Victoria in 2015. Emissions in the field were 

determined by two sampling approaches: via 

direct sampling close to the emission source 

(i.e. within 1 m) and via open path infrared 

spectroscopy adjacent to or within the fire 

boundary. 
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Table 1: Emission factors (g kg-1 fuel) of CO, CO2, CH4, PM2.5 and selected VOCs by fuel load. 

 
0 t/ha CWD 

Control 

2 t/ha CWD 6 t/ha CWD 12 t/ha CWD Average 

heading 

Average 

backing 

Method 

MCE 0.94 0.94 0.93 0.94 0.94 ± 0.1 0.94  

CO2 1714 

1734 

1725 

1725 

1707 

1715 

1716 

1707 

1716 ± 22 

1719 ± 24 

1714 

1697 

CRDS 

OP-FTIR 

CO 72.8 

65.7 

65.9 

64.8 

76.2 

65.8 

70.5 

63.6 

71 ± 13 

64.9 ± 13.0 

71.9 

79.0 

CRDS 

OP-FTIR 

CH4 1.89 

1.9 

1.89 

1.5 

2.44 

1.7 

2.35 

2.2 

2.17 ± 0.55 

1.8 ± 0.4 

2.21 

 

CRDS 

OP-FTIR 

PM2.5 6.57 6.07 5.15 5.00 5.57 ± 1.21 7.0  

Levoglucosan 0.75 0.84 0.73 0.89 0.82 ± 0.19 0.92  

nssK 0.015 0.010 0.009 0.007 0.010 ± 0.003 0.014  

Levo/nssK 54.6 82.4 85.3 127.2  81.3  

Na+ 0.011 0.010 0.015 0.005 0.010 ± 0.005 0.014  

Cl- 0.068 0.075 0.051 0.030 0.054 ± 0.023 0.118  

Ca2+ 0.021 0.081 0.066 0.014 0.049 ± 0.070 0.013  

Mg2+ 0.005 0.011 0.015 0.002 0.008 ± 0.013 0.002  

NH4
+ 0.018 0.026 0.016 0.015 0.019 ± 0.008 0.039  

NO3
- 0.008 0.010 0.008 0.007 0.009 ± 0.003 0.014  

SO4
2- 0.031 0.033 0.030 0.020 0.028 ± 0.006 0.028  

Organic carbon (OC) 4.7 3.5 2.8 3.2 3.6 ± 0.8 4.1  

Elemental arbon (EC) 0.88 0.64 0.56 0.62 0.67 ± 0.14 1.00  
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Black Carbon (BC) 1.38 1.07 0.83 0.87 1.04 ± 0.25 1.4  

Acetaldehyde 0.30 0.32 0.30 0.31 0.31 ± 0.08 0.37 SIFT 

Acetic acid 2.07 1.82 1.44 1.2 1.58 ± 0.67 1.4 OP-FTIR 

Acetone 0.25 0.24 0.22 0.22 0.22 ± 0.06 0.29 SIFT 

Acetonitrile 0.039 0.057 0.057 0.059 0.055 ± 0.020 0.068 SIFT 

Acetylene 0.091 0.12 0.11 0.096 0.10 ± 0.03 0.20 SIFT 

Ammonia 0.97 0.66 0.76 0.74 0.76 ± 0.16 0.8 OP-FTIR 

Benzene 0.16 0.21 0.19 0.21 0.19 ± 0.05 0.22 SIFT 

Butadiene 0.054 0.058 0.034 0.030 0.043 ± 0.023 0.030 SIFT 

Butanone 0.069 0.082 0.075 0.084 0.078 ± 0.029 0.099 SIFT 

Ethane 0.20 0.17 0.18 0.20 0.19 ± 0.03 0.22 FTIR 

Ethene 0.73 0.76 0.78 0.74 0.76 ± 0.16 0.78 OP-FTIR 

 0.60 0.57 0.59 0.63 0.60 ± 0.16 0.92 FTIR 

Eucalyptol 0.026 0.032 0.017 0.017 0.023 ± 0.012 0.037 SIFT 

Formaldehyde 0.83 1.00 0.96 0.86 0.92 ± 0.22 0.97 OP-FTIR 

Formic acid 0.23 0.19 0.19 0.18 0.19 ± 0.05 0.23 OP-FTIR 

Hydrogen cyanide (HCN) 0.035 0.11 0.084 0.070 0.080 ± 0.055 0.075 SIFT 

Isoprene 0.14 0.094 0.10 0.090 0.10 ± 0.03 0.20 SIFT 

Methanol 0.63 0.86 0.52 0.44 0.61 ± 0.45 0.73 OP-FTIR 

 0.55 0.59 0.61 0.59 0.59 ± 0.19 0.67 SIFT 

Monoterpenes 0.078 0.11 0.028 0.042 0.064 ± 0.052 0.10 SIFT 

Pyrrole 0.032 0.026 0.020 0.016 0.023 ± 0.015 0.031 SIFT 

Trimethylbenzene 0.062 0.067 0.059 0.057 0.061 ± 0.028 0.09 SIFT 

Toluene 0.43 0.42 0.39 0.39 0.41 ± 0.13 0.49 SIFT 

Xylenes 0.21 0.072 0.077 0.080 0.10 ± 0.11 0.39 SIFT 
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Table 2: Emission factors (g kg-1) and MCE for different fire phases 

 Flaming propagation Flaming stationary Smouldering 

MCE 0.98 ± 0.01 0.93 ± 0.03 0.82 ± 0.04 

CO2 1790 ± 20 1690 ± 50 1470 ± 90 

CO 20 ± 10 80 ± 30 190 ± 40 

CH4 0.5 ± 0.3 2.6 ± 0.7 7.3 ± 1.7 

N2O 0.06 ± 0.02 0.07 ± 0.03 0.06 ± 0.02 

PM2.5 3.3 ± 1.6 6.4 ± 2.6 15.0 ± 9.2 

Acetic acid 0.4 ± 0.4  3.0 ± 2.0 5.0 ± 1.0 

Ammonia 0.2 ± 0.1 0.8 ± 0.2 2.2 ± 0.4 

Ethene 0.2 ± 0.1 1.1 ± 0.5 1.5 ± 0.4 

Formaldehyde 0.3 ± 0.2 1.3 ± 0.7 2.1 ± 0.8 

Formic acid 0.06 ± 0.04 0.3 ± 0.1 0.6 ± 0.2 

Methanol 0.3 ± 0.4 0.8 ± 0.6 1.9 ± 0.9 

 

Table 3: Emission factors (g kg-1 fuel) and MCE from ground measurements of flaming combustion 

 

Greendale 

(13/04/2015) 

N = 9 

Castlemaine 

(23/4/2015)  

N = 15 

Bambra 

(30/09/2015) 

N = 8 

Campbells Creek 

(1/10/2015)           

N = 15 

Average all 

MCE 0.94 ± 0.01 0.95 ± 0.01 0.93 ± 0.01 0.95 ± 0.01 0.94 ± 0.02 

CO2 1715 ± 21 1743 ± 19 1691 ± 27 1735 ± 27 1726 ± 29 

CO 71.6 ± 12.0 54.4 ± 11.1 85.6 ± 16.2 58.8 ± 15.9 64.7 ± 17.5 

CH4 2.3 ± 0.7 1.9 ± 0.4 2.7 ± 0.7 2.2 ± 0.7 2.2 ± 0.7 

PM2.5 15.4 ± 5.2 14.6 ± 7.9 24.9 ± 8.1 18.2 ± 6.0 17.5 ± 7.5 

Levoglucosan     1.54 ± 0.97 

nssK     0.046 ± 0.028 

Na+     0.014 ± 0.010 

Cl-     0.169 ±0.088 

Ca2+     0.017 ± 0.013 

Mg2+     0.003 ± 0.003 

NH4
+     0.057 ± 0.018 

NO3
-     0.016 ± 0.004  

SO4
2-     0.082 ± 0.028 
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Table 4: Emission factors (g kg-1 fuel) and MCE from ground measurements of smouldering 

combustion 

 

Greendale 

(13/04/2015) 

N = 6 

Castlemaine 

(23/4/2015)  

N = 4 

Bambra 

(30/09/2015) 

N = 8 

Campbells Creek 

(1/10/2015)            

N = 6 

Average all 

MCE 0.84 ± 0.04 0.81 ± 0.02 0.83 ± 0.04 0.85 ± 0.02 0.83 ± 0.04 

CO2 1504 ± 91 1456 ± 36 1486 ± 91 1549 ± 45 1499 ± 77 

CO 192.6 ± 53.9 212.6 ± 27.3 197.2 ± 49.3 161.8 ± 24.9 190.9 ± 43.6 

CH4 9.4 ± 4.0 15.9 ± 3.9 13.2 ± 6.6 11.1 ± 3.8 12.4 ± 5.3 

PM2.5 51.5 ± 37.2 73.0 ± 40.0 55.2 ± 40.1 26.2 ± 12.0 51.0 ± 36.2 

Levoglucosan     7.58 ± 3.11 

nssK     0.022 ± 0.027 

Na+     0.039 ± 0.043 

Cl-     0.219 ± 0.167 

Ca2+     0.024 ± 0.014 

Mg2+     0.010 ± 0.012 

NH4
+     0.11 ± 0.06 

NO3
-     0.012 ± 0.007 

SO4
2-     0.066 ± 0.029 

Emission factors from near source 

sampling 

Near source sampling of CO, CO2, CH4, N2O 

and fine particles (PM2.5) was done for both 

flaming and smouldering combustion and 

results are shown in Table 3 and Table 4. EFs 

for CO, CH4 and PM2.5 were significantly 

higher during the smouldering combustion. 

Figure 9 shows the relationship of MCE vs 

EF(CH4) (left) and vs EF(PM2.5) on the right. 

For both compounds we can see a significant 

increase in the EF with decreasing MCE and 

also a larger scatter in EF values as MCE 

decreases. EFs of PM2.5 for flaming 

combustion range from 3 to 34 g kg-1, while 

the range for smouldering combustion is from 

10-133 g kg-1.  

For the smouldering combustion we observe 

two distinct trends in EF(PM2.5). The significant 

difference in particle emissions during 

smouldering combustion is due to the 

combustion processes as described in 

Bertschi et al. (2003). This is further detailed in 

Appendix D.  

Figure 10 shows the PM2.5 EFs by combustion 

phase with values in the boxplot representing 

the median EF(PM2.5) and recommended 

EF(PM2.5) for Australian temperate forest fires. 

As can be seen in Figure 10, there are 

significant differences in EFs between the 

flaming and smouldering combustion. The 

largest variability is observed for smouldering 

combustion.  

While emissions during the rapid and intense 

flaming combustion are lofted by convection, 

particles emitted during the slow and 

prolonged smouldering combustion remain 

closer to the ground and can therefore 

significantly impact on the air quality of nearby 

communities. 
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Figure 9: Emission factors (g kg-1) as a function of MCE for CH4 (left) and PM2.5 (right) 

  

 

Figure 10: Distribution of PM2.5 EFs by combustion 

phase. Boxplots show median, 25-75%iles (box) and 

10-90%iles (whiskers)
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Surface smoke plume 

Open Path Fourier Transform Infrared 

Spectrometer (OP-FTIR) measurements were 

conducted at two autumn burns in Victoria, 

Greendale and Castlemaine in 2015 and at 

five prescribed burns in NSW in 2012 and 

2013. The results for trace gases are shown 

in Table 5. These EFs fall within the range of 

EFs measured by similar techniques at 

hazard reduction burns in NSW (Paton-Walsh 

et al. 2014).

 

Table 5: Emission factors (g kg-1) of VOCs 

 

Greendale 

(13/04/2015) 

N = 9 

Castlemaine 

(23/4/2015)  

N = 15 

Average 

VIC all 

Average 

NSW all 

Extratropical forest 

(Akagi et al., 2011) 

MCE 0.93 0.91 0.92 ± 
0.01 

0.89 ± 0.02 0.93 

CO2 1670 1650 1660 ± 14 1620 ± 32 1509 

CO 84 101 93 ± 12 118 ± 16 122 

CH4 3.1 3.3 3.2 ± 0.1 3.6 ± 1.1 5.7 

Acetic acid 6 6.5 6.3 ± 0.4 3.9 ± 1.3 4.08 

Ammonia 1.5 1.7 1.6 ± 01 1.6 ± 0.7 2.46 

Ethene 1.1 1.2 1.2 ± 0.1 1.3 ± 0.2  

Formaldehyde 1.3 1.5 1.4 ± 0.1 1.8 ± 0.4 1.92 

Formic acid 0.57 0.53 0.55 ± 
0.03 

0.4 ± 0.2 0.54 

Methanol 1.5 1.7 1.6 ± 0.1 2.4 ± 1.1 2.70 

Plume emission factors from peat/organic 

soils 

In 2016 large bushfires started in January 

across Tasmania and continued burning into 

February. Two distinct smoke plumes were 

observed at the Cape Grim Baseline Air 

Pollution Station, located near the north-west 

tip of Tasmania. During both plume events 

which occurred on 25th January and 12th 

February, measured pollutant concentrations 

were significantly elevated above background 

concentrations. Satellite images of the smoke 

plumes are shown in Figure 11.

   

Figure 11: Satellite images of smoke plumes on 25th January 2016 (left) and 12th February 2016 (right) 
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Figure 12 shows the time series of CO, CO2, 

CH4 and black carbon (BC) concentrations 

measured between 22 January and 16 

February 2016. Emission ratios (ER) were 

calculated using measured ambient 

concentrations during the two smoke plume 

events and from these we derived emission 

factors for CO2, CO, CH4 and BC (Table 6). 

The observed MCEs were lower than those 

measured at fire and/or prescribed burns in 

forested areas and may result from burning in 

peat which burns less efficiently relasing 

more reduced compounds such as CO, NH4 

and particles. Comparing the EFs during the 

smoke plume events against averaged 

literature data suggest that the plume was a 

mixture of emissions from organic peatlands 

and forests. 

Table 6: Emission factors (g kg-1 fuel) and MCE from ambient measurements during smoke plume 

events at Cape Grim, TAS during 2016. 

 

Plume event  

(25-27 January) 

Plume event  

(11-13 

February) 

Peatlands 

(Akagi et al., 

2011) 

Extratropical forest 

(Akagi et al., 2011) 

MCE 0.86 0.87 0.90 0.93 

CO2 1567 1591 1563 1509 

CO 157.9 145.6 182 122 

CH4 6.5 5.0 11.8 5.7 

BC 0.31 0.25 0.2 0.56 

 

 

Figure 12: Time series of Black carbon, CO, CO2 and CH4 measured at Cape Grim between 22 January and 16 

February 2016 
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Emission of mercury compounds 
and impacts on people 

Mercury (Hg) is a globally transported neuro 

toxin that poses significant health risks for 

human populations. Hg stored in vegetation, 

leaf litter and soil can be mobilised into the 

atmosphere during a fire, predominantly in the 

form of gaseous elemental mercury (Hg0) and 

potentially impact on populations. The 

frequency of both prescribed and wildfires 

results in Australia being one of the largest 

contributor to Hg emissions from biomass 

burning, contributing 3% of total Hg global 

emissions (Friedli et al. 2009). Little focus has 

been given to understanding Hg emissions 

and dispersion from Australian bushfires and 

no published work has been undertaken to 

measure real time Hg concentrations from 

fires, prescribed or otherwise.  

This section of the report presents the findings 

from laboratory experiments on Hg from fires 

and on the modelling of the transport and fate 

of Hg from prescribed burns including 

firefighter exposure and risk. 

Emission ratios and emission factors from 

CSIRO Pyrotron experiment 

Hg emissions from each of the individual burns 

show an initial spike in emissions, followed by 

a sharp decrease (Figure 13). Hg 

concentrations return to approximate 

background concentrations (<2 ng m-3) soon 

after the fine fuels have been extinguished. 

The elevated Hg concentrations measured in 

the initial stages of the burn suggest that the 

majority of Hg is released during combustion 

of the fine fuels, with coarse fuels contributing 

little to the overall emissions. 

 

Figure 13: Continuous burn data against time (top), Hg concentrations measured using the bag method (bottom). 
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