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Abstract
Open biomass burning from wildfires and the prescribed burning of forests and farmland is a frequent occurrence in South-East Queensland (SEQ), Australia. This work reports on data collected from 10-30 September 2011, which covers the days before (10-14 September), during (15-20 September) and after (21-30 September) a period of biomass burning in SEQ. The aim of this project was to comprehensively quantify the impact of the biomass burning on air quality in Brisbane, the capital city of Queensland. A multi-parameter field measurement campaign was conducted and ambient air quality data from 13 monitoring stations across SEQ were analysed. During the burning period, the average concentrations of all measured pollutants increased (from 20% to 430%) compared to the non-burning period (both before and after burning), except for total xylenes. The average concentration of O3, NO2, SO2, benzene, formaldehyde, PM10, PM2.5 and visibility-reducing particles reached their highest levels for the year, which were up to 10 times higher than annual average levels, while PM10, PM2.5 and SO2 concentrations exceeded the WHO 24-hour guidelines and O3 concentration exceeded the WHO maximum 8-hour average threshold during the burning period. Overall spatial variations showed that all measured pollutants, with the exception of O3, were closer to spatial homogeneity during the burning compared to the non-burning period. In addition to the above, elevated concentrations of three biomass burning organic tracers (levoglucosan, mannosan and galactosan), together with the amount of non-refractory organic particles (PM1) and the average value of f60 (attributed to levoglucosan), reinforce that elevated pollutant concentration levels were due to emissions from open biomass burning events, 70% of which were prescribed burning events. This study, which is the first and most comprehensive of its kind in Australia, provides quantitative evidence of the significant impact of open biomass burning events, especially prescribed burning, on urban air quality. The current results provide a solid platform for more detailed health and modelling investigations in the future.  
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1 INTRODUCTION 
There are two types of biomass burning events: open biomass burning (such as prescribed burning, agricultural waste burning, field burning, land clearing, savannah and grassland fires, forest fires, bushfires and wildfire) and enclosed biomass burning (such as domestic biofuel burning for cooking and heating, charcoal production etc). Open biomass burning is receiving increased scientific attention at present, since it results in the emission of a substantial amount of gaseous and particulate matter (PM) into the atmosphere, which not only has the potential to degrade local and regional air quality, but it also contributes significantly to regional and global atmospheric dynamics (Ward and Hardy 1991; Ramanathan et al., 2001; Gonzalez-Perez et al., 2004; Reid et al., 2005; Naeher et al., 2007; de Oliveira et al., 2011; Portin et al., 2012; Cisneros et al., 2012; Keywood et al., 2013). One of the main differences between the two types of burning is that soil heating will occur during open biomass burning. When the soil temperature is sufficiently elevated, a greater number of particles and chemicals, such as NOx, N2O, Al2O3, SiO, CaO, FeO, Fe2O3, TiO2, polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD and PCDF), as well as deposited radioactive materials will be released from the soil into the air (Williams et al., 1992; Jimenez et al., 2006; Black et al., 2012; Evangeliou et al., 2014). In addition, combustion efficiency would be lower for open biomass burning, because there is no way to control the fire, and incomplete combustion would result in a wider variety of combustion products. Open biomass burning consumes 65% of all biomass fuel and it is responsible for 65-70% of the carbon emissions from biomass burning globally (Andreae and Merlet, 2001). It also emits a greater amount, and a wider distribution of chemical compounds and particles than enclosed biomass burning. Van der Werf et al. (2010) estimates that global open biomass burning accounts for about 20% of fossil fuel carbon emissions released into the atmosphere each year. 
A large number of open biomass burning events occur around the world each year, however reports of their impact on urban air quality are scarce in the literature. Phuleria et al. (2005) examined the impact of the 2003 Southern California wildfires on air quality in urban Los Angeles and found that wildfires caused the greatest increase in PM10 levels (by a factor of 3-4) and lesser increases in CO, NO and particle number (PN) (by a factor of 2). NO2 levels remained essentially unchanged, and O3 concentrations dropped during the fire episode. The impact of the 2009 Attica wildfires on air quality in urban Athens was investigated by Amiridis et al. (2012). The results showed that PM10, PM2.5 and NOx concentrations increased from 30 µg m-3 to 62 µg m-3, 24 µg m-3 to 59 µg m-3 and 10 µg m-3 to 30 µg m-3, respectively, whilst O3 concentrations decreased slightly during the wildfire period. However, Pfister et al. (2008) and Wonaschutz et al. (2011) reported that O3 concentrations increased during the 2007 California wildfires and during the 2009 Station Fire in Los Angeles County, respectively. Targino et al. (2013) reported that during an agricultural fire, PM10, PM2.5, CO and O3 concentrations in Stockholm increased, exceeding the European Union PM10 daily limit value of 50 µg m-3. The impact of agricultural waste burning on urban air quality in China was studied by Tao et al. (2013) and Cheng et al. (2014), in which overall PM2.5 concentration was found to increase from 116 µg m-3 to 157 µg m-3 in Chengdu and from 82 µg m-3 to 144 µg m-3 in Shanghai, respectively. Recently, Kang et al. (2014) investigated the impact of a series of wildfires in Quebec on downwind urban air quality in Boston and found that the temporal trend in PM2.5 concentration showed a peak of 106 µg m-3 in 2002 and 151 µg m-3 in 2010.
The potential health impacts of exposure to open biomass burning emissions is a growing concern, due to increased evidence linking it with a variety of human health effects (Naeher et al., 2007; Dennekamp and Abramson, 2011; Price et al., 2012). For example, Holstius et al. (2012) recently reported that during the 2003 Southern California wildfires, exposure to wildfire PM in utero was associated with a slightly reduced average birth weight among infants, and the extent and increasing frequency of wildfire events may have ongoing implications for infant health and development. Wegesser et al. (2009) found that wildfire PM contained chemical components which were toxic to the lung, especially to alveolar macrophages, and more toxic than equal doses of PM collected from ambient air in the same region during a comparable season. On an equal mass basis, coarse PM from wildfires is about four times more toxic to macrophages than PM (with the same size) collected from ambient air (without the influence of wildfires) from the same region and season (Franzi et al., 2011). This is due to the wildfire PM, which rapidly killed macrophages in the cell culture, at relatively low doses. 
Wildfires and prescribed burning are a frequent occurrence in Australia, with prescribed burns conducted each year across the country, for fuel management and/or ecological purposes (Reisen and Brown, 2009). About forty thousand fires of various sizes are observed per year in Australia (Bryant, 2008) and their emissions are a major source of air pollution in urban environments, during periods of intensive burning (Radhi et al., 2012). For example, in the city of Sydney, of the 256 days on which PM10 reached or exceeded the 95th percentile, a cause was identified for 172 days (67%), and for 162 (94%) of them it was attributed to bushfire smoke (Johnston et al., 2011). A number of studies on the effect of open biomass burning smoke on health have been conducted for the major cities in Australia, including Melbourne, Sydney, Brisbane and Darwin (Dennekamp and Abramson, 2011), as well as for firefighters (Reisen et al., 2011a). The results indicate that the association between respiratory morbidity and exposure to bushfire smoke is consistent with the associations found with urban air pollution (Chen et al., 2006; Tham et al., 2009; Morgan et al., 2010; Dennekamp and Abramson, 2011). Cardiovascular admissions had the strongest association with exposure to bushfire particles, especially for fine particles (PM2) (Crabbe, 2012). Recently, Johnston et al. (2014) reported that open biomass burning smoke events were associated with an immediate increase in presentations for respiratory conditions and a lagged increase in attendance for ischaemic heart disease and heart failure. However, studies on the impact of open biomass burning on urban air quality and the analysis of open biomass burning smoke are very scarce (De Vos et al., 2009). So far, only three studies have characterised the impact of open biomass burning on air quality in Australia. Reisen et al. (2011b; 2013) reported the impacts in a rural area in southern Australia and in a small town in Tasmania, respectively, while the study by Williamson et al. (2013) was limited to documenting higher PM2.5 concentrations when smoke plumes reached urban areas in Melbourne and Sydney. None of the three studies provided and/or generated a more comprehensive characterisation of the impact of open biomass burning on air quality in a larger urban area within Australia. 
Due to its associated temperature increases, climate change may also increase wildfire activity (Moritz et al., 2012; Oris et al., 2014). Given the scale of open biomass burning that occurs annually, as well as the population density in urban areas, it is necessary to gain an understanding and quantify the impacts of open biomass burning on urban air quality, which was the aim of the current study. The objectives of this study were to: (1) collect data from before, during and after a period of open biomass burning in Brisbane; (2) quantify the impact of biomass burning on urban air quality; (3) analyse the absolute and relative increase of pollutants during the burning period; (4) determine whether pollutant concentrations were spatially homogeneous during the burning period; and (5) compare the results with data available in the literature.

2 MATERIAL AND METHODS
September is typically a period when prescribed burning is conducted. Following significantly reduced visibility in Brisbane city, we confirmed that several open biomass burning events were occurring within SEQ at the time. This gave a signal to commence comprehensive field measurements of particle number concentration, chemical composition, elemental carbon (EC), organic carbon (OC), biomass burning organic tracers and volatile organic compounds (VOCs), in order to characterise and quantify the impact of open biomass burning on urban air quality. Field measurements were conducted from 19-23 September 2011 and regional ambient air quality monitoring data were collected for 10-30 September 2011. The burning period occurred from 15-20 September 2011.
2.1 Open biomass burning information
Based on the Queensland Fire and Rescue Service (QFRS) website (https://www.fire.qld.gov.au/), which provides daily information on open biomass burning events throughout Queensland, we were able to trace the prescribed fires, grassfires and bushfires burning in SEQ during the investigation period (see Figure 1). In terms of land area burnt, the largest burns occurred in the Brisbane Valley, the Boonah area, Springfield Lakes and south of Caloundra. These areas were identified based on satellite images from NASA’s MODIS Rapid Response System (http://rapidfire.sci.gsfc.nasa.gov/ gallery), which provides true-colour 250 m resolution images. There were over 1000 open biomass burning events observed during this period, 70% of which were prescribed burning events. The two largest bushfires were located about 195 km west and 300 km north-west of Brisbane, during this period. 
In order to estimate the origins and trajectories of air arriving at the sampling site, 18 hr back trajectories were calculated every 4 hours between 16-20 September 2011, using the HYSPLIT model (www.arl.noaa.gov/HYSPLIT.php). These back trajectories are also included in Figure 1. Combining the burning event records (location, size and type of burning) and the back trajectories (passing through the prescribed burning areas), it was found that the majority of air masses passed over the prescribed burning areas before arriving at the sampling site (Brisbane CBD).
2.2 Instrumentation, sampling and analytical methods of the field campaign 
Station: Comprehensive field measurements were conducted at QUT’s Gardens Point campus in Brisbane CBD from 19-23 September 2011. The monitoring site was about 10 m a.g.l. on the top floor of a QUT campus building, which lies to the south of the city centre, with a major highway (the Pacific Motorway) carrying about 120,000 motor vehicles per day situated about 100 m away along the southwest of the site. This sampling location is also used by the Queensland Department of Science, Information Technology, Innovation and the Arts (DSITIA), as one of the stations in its SEQ monitory network. 
Particle number: Time series of submicrometer (0.005-3 µm) and supermicrometer (0.53-20 µm) particle number concentrations were measured by a TSI Model 3787 Condensation Particle Counters (CPC, TSI Incorporated, St. Paul Shoreview, MN, USA) and a TSI Model 3314 Ultraviolet Aerodynamic Particle Sizer (UV-APS) (with the fluorescence mode switched off), respectively. The sampling intervals were 10 seconds for the CPC and 20 seconds for the UV-APS, respectively.
Particle chemical composition: The chemical composition of non-refractory submicrometer particles was measured by an Aerodyne compact Time of Flight Aerosol Mass Spectrometer (c-Tof-AMS). A detailed description of the instrument’s working principles can be found in Drewnick et al. (2005). Briefly, the AMS measures size-resolved mass concentrations of non-refractory PM1 (NR-PM1) components, such as organics, sulphates, nitrates, ammonium and chloride (Allan et al., 2004) with a 100% transmission efficiency for 70–500 nm sized particles, and with considerable transmission for particles in the 30–70 nm and 500 nm–2.5 μm ranges (Jayne et al., 2000; Takegawa et al., 2005). Flow, size and ionisation efficiency (using 390 nm ammonium nitrate) calibrations were performed at the beginning of the measurement period. The time resolution was set to 3 min and the AMS cycled through the mass spectrum (MS) mode and particle time-of-flight mode (PToF) every 30 s. Due to an instrument malfunction, AMS data were only collected until 20 September and therefore, AMS data for the non-burning period were collected from the same location in November 2012 and they were used only for comparison purposes.
Particle elemental carbon (EC) and organic carbon (OC): The particle size fractions collected for OC and EC analysis were PM2.5 and PM10. These fractions were collected using two Dekati impactors, set at 2.5 μm and 10 μm, respectively. A critical orifice and needle valve were used to maintain the 20 and 16.7 litre per minute (lpm) flow rates required by the impactor and cyclone, respectively. Three daytime and three night-time (from 20 to 23 Sep.) samples were collected on preloaded 37 mm quartz cassette filters (SKC), resulting in a total of six samples for each size fraction. To avoid rush hour (8-9am and 5-6pm) generated particles, the daytime samples were collected from 10 am to 4 pm (6 hours), while the night-time sampling period was from 7 pm to 7 am (12 hours). After sampling, the filters were wrapped in alfoil, sealed in a ziplock bag and frozen until analysis. OC and EC were analysed by Chester Labnet, Oregon, USA according to the IMPROVE protocol on a thermal/optical transmittance carbon analyser. Also, field blank filters were collected and analysed for QC/QA.
Biomass burning organic tracers: The content of biomass burning organic tracer compounds in PM10, namely levoglucosan, mannosan and galactosan, were collected using a cyclone. A critical orifice and needle valve were used to maintain the 16.7 lpm flow rate required by the cyclone. The sampling times and durations were the same as those for the OC and EC samples, with six samples collected for analysis on 47 mm, 0.2 µm pore size PTFE filters (Whatman) in polycarbonate filter holders. After sampling, the filters were placed in a Petri dish, wrapped in aluminium foil, sealed in a ziplock bag and frozen until analysis. The analysis was performed by gas chromatography coupled with a time-of-flight mass spectrometer (GC-TOF-MS) at the Joint Mass Spectrometry Centre, Helmholtz Zentrum Munchen, Neuherberg, Germany. Full details of the analytical method employed can be found in Orasche et al. (2011). Briefly, the analysis was carried out by solvent extraction of the polar compounds with dichloromethane/methanol (1:1, v/v) in an ultrasonic bath. Derivatization was done by adding of N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA). Immediately after derivatization, the samples were analysed using a GC-TOF-MS. Also, field blank filters were collected and analysed for QC/QA.
Volatile organic compounds (VOCs): In order to understand the diurnal variation of VOC concentrations, it would be ideal if the samples could be collected every 3 hours over a 24 hour period. However, this was not practicable in the current study. Samples (every 3 hours between 7:00 am – 22:00 pm daily) were collected for the qualitative analysis of VOCs and semivolatile organic compounds (SVOCs). Active sampling was conducted on stainless steel desorption tubes (Perkin-Elmer) that were filled with Carbotrap (Chrompack), using a Chematec FLEC pump which operated at 150 mL min-1 for 60 min. Samples were subsequently analysed in the laboratory by a process including tube thermal desorption (320 °C, 10 min; Perkin-Elmer ATD 400) into a GC/MS system (Agilent 6890/5973). The compounds were separated on an HP-5 MS column (60 m × 0.25 mm, 0.25 μm). Initial qualitative analyses were based on a PBM library search, with confirmatory analyses using mass spectra and retention data obtained from authentic compounds. All identified compounds were quantified using internal and external standards. The calibration was conducted using external standards. Calibration curves of the original substances were used for quantification. If no reference standard was available, toluene or a substance similar to the analyte was used for quantification. In all cases the limit of detection was <1 μg m-3. 
2.3 Other material
[bookmark: OLE_LINK1]Regional ambient monitoring data (O3, NO, NO2, NOx, CO, SO2, PM10, PM2.5, benzene, toluene, total xylenes, formaldehyde, visibility-reducing particle levels, as well as weather information) were collected from 13 monitoring stations of DSITIA’s South East Queensland monitory network in September 2011, namely: Arundel, Brisbane CBD, Deception Bay, Flinders View, Lutwyche, Mountain Creek, Mutdapilly, North Maclean, Pinkenba, South Brisbane, Springwood, Woolloongabba. O3, NO2, SO2, and CO concentrations were measured by a UV absorption analyser, Chemiluminescence analyser, Ultraviolet fluorescence analyser and Infrared absorption analyser. At the Springwood station, O3, NO2, SO2, benzene, toluene, xylenes (total), and formaldehyde concentrations were measured by a Differential Optical Absorption Spectroscopy (DOAS) analyser. PM10 and PM2.5 concentrations were measured by a Tapered Element Oscillating Balance (TEOM). All the above listed instruments operated on a time resolution of 5 minutes. Visibility-reduction was measured by an Integrating nephelometer with a time resolution of 15 minutes. All these instruments operated in accordance with the standard methods in the manufacturer manuals. Routine maintenance of the instruments included changing of filter tapes and cleaning of inlets as well as flow audits and calibration. Automatic zero and span checks were conducted regularly. Sampling height was about 4 metres above ground level. The locations and capabilities of these monitoring stations are presented in Figure 2 and in Supplementary Table S1, respectively. Meteorological parameters for Brisbane during September 2011, including wind speed, wind direction, temperature and relative humidity, were obtained from the Queensland Bureau of Meteorology weather station located in Brisbane. 
2.4. Data processing
The data were grouped as either being during the burning period (15-20 September) or during the non-burning period (10-14 and 21-30 September). Paired hourly monitoring data were used to determine inter-site associations and the spatial variability for each pollutant (PM10, PM2.5, NO2, O3, CO and SO2). Correlation coefficients were used to measure the strength of association between two variables and to compare the differences between burning and non-burning periods. The hourly benzene, toluene, xylenes (total) and formaldehyde concentrations were only monitored at the Springfield station and therefore, paired analysis was not possible for the four VOCs. High r values for pollutant concentrations at two sites indicated that the source contributions of pollutants were similar for both sites throughout the period. Coefficients of divergence (COD) provide information on the uniformity (or the degree of spatially homogeneity of pollutants between monitoring sites) and is defined as (Krudysz et al., 2008): 
                                                        (1)
where xif is the ith concentration measured at site f over a 1-hour sampling period, xih is the ith concentration measured at site h over a 1-hour sampling period, f and h are two different sites, and n is the number of observations of the day. In this study f and h could be any one of the 13 monitoring stations, respectively. Small COD values imply similarities between the concentrations measured at various sites, while COD values approaching unity indicate significant differences between sites. In general, a COD of 0.20 indicates the spatially homogeneity of air pollutions and provides a valid point of reference when determining spatial variability (Krudysz et al., 2008). These two statistical parameters (r values and COD) can, therefore, provide a more complete assessment of spatial and temporal variability. 
In order to further understanding of the impact of biomass burning on urban air quality, daytime (at 9:00am and 3:00pm) atmospheric mixing layer heights (MH) before, during and after biomass burning events were estimated by applying a commonly-used experimental model developed by Nozaki (Cheng et al., 2002). The Nozaki model assumes that MHs result from the joint action of thermal and mechanical turbulence on the atmosphere, and there exists a potential connection and feedback effect between atmospheric movement and ground-level meteorological parameters (Cheng et al., 2002).
Pollutant concentrations during the burning and non-burning periods were compared using the Mann-Whitney U test for median values and two sample independent t-tests for mean values. A level of significance of p < 0.05 was used in this study, and all analyses and plots were performed using IBM’s SPSS statistical software (v19). 
The AMS data were analysed using Igor Pro 6 (Wavemetrics) with the standard AMS data analysis software (Squirrel v1.51H). The default AMS fragmentation table was modified according to Aiken et al (2008). A particle collection efficiency of 0.5 was used to estimate the NR-PM1 concentrations. For the AMS data, the f44 parameter (i.e. the ratio of the m/z 44 ion to the total organic mass spectrum signal) was shown to be a surrogate for oxygenated organic aerosols (Ng et al., 2011), which are predominantly associated with Secondary Organic Aerosol (SOA), but can also be a result of the oxidation of Primary Organic Aerosol (POA). In addition, levoglucosan, a chemical marker for biomass burning, produces a prominent signal at m/z 60 in the AMS mass spectra (Cubison et al., 2011), and the f60 (calculated similarly to f44) values were used to investigate the influence of biomass burning on Brisbane’s air during the sampling period. The ratio of f44 and f60 was used to characterise the ageing of biomass burning aerosol (Cubison et al., 2011). 

3 RESULTS AND DISCUSSION
In terms of meteorological conditions, the weather was warmer (on average by about 2°C) and drier (on average by about 8%) during the burning period, and average wind speed was lower in comparison to the non-burning period. The dominant wind directions were between SSW and WSW in the morning and between NNE and ENE in the afternoon (see Supplementary Table S2). Estimated daytime (at 9:00am and 3:00pm) atmospheric mixing layer heights before, during and after biomass burning events are presented in Figure 3. It can be seen from Figure 3 that in general MHs during the burning period were higher than those during non-burning periods, especially in the afternoon. The average MHs during the burning period were 1085 ± 117 m at 9:00am and 1719 ± 627 at 3:00pm, respectively. The average MHs during the non-burning periods were 805 ± 230 m at 9:00am and 922 ± 376 at 3:00pm, respectively. The main conclusion from these results would be that the thermal turbulence due to wind speed during the burning period was lower than during the non-burning periods.
3.1 Average daily variation of air pollutants
Based on data from the 13 monitoring stations, 24-hour average PM10, PM2.5 and SO2 concentration, daily maximum 8-hour average O3 and CO and daily maximum 1-hour average NO2 concentration were calculated for 10-30 September 2011 and are presented in Figure 4, Figure 5 and Figure 6, respectively. It can be seen from Figure 4 that both the 24-hour average PM10 and PM2.5 concentrations increased significantly during the burning period. 24-hour average PM10 concentrations were found to be higher than the WHO guideline of 50 µg m-3 at almost all (about 90%) stations on 18 and 19 September, while 24-hour average PM2.5 concentrations were higher than the WHO guideline of 25 µg m-3 at almost all (about 95%) stations from 17-19 September, and on two days they exceeded the guideline by two fold. Figure 5 and Figure 6 show the increase in SO2, NO2, CO and O3 concentration during the burning period. It can be seen that daily maximum 8-hour average O3 concentration exceeded the WHO guideline of 100 µg m-3 at most (about 90%) stations on 17 and 19 September, while 24-hour average SO2 concentrations were higher than the WHO guideline of 20 µg m-3 at some (about 30%) stations from 17-18 September. 
Figure 7 presents the daily 24-hour average concentration of benzene, toluene and total xylenes (BTX compounds) and formaldehyde for all stations in September 2011. A clear increase can be seen for all of these compounds during the burning period, except for total xylenes. 
3.2 Average diurnal patterns of the pollutant concentrations
Differences in the average diurnal patterns of PM2.5, PM10, CO, NO2, O3 and SO2 concentration were observed between the burning and non-burning periods, examples of which are given in Figure 8. It can be seen that, for the whole day, the concentrations of these pollutants were always higher during the burning period, except for O3. During the daytime, average O3 concentrations were higher during the burning period, with an opposite trend observed during the night-time. These results show that open biomass burning does increase pollutant levels during the day and night, except for O3 at night. The night time ozone levels decreased during both burning and non-burning periods, which is consistent with typical ozone diurnal variation. During the daytime, photolysis of NO2 takes place, which gives rise to ozone, but during the night time, ozone levels drop, as there is no sunlight and ozone is not produced from the precursors, and it reacts with NO and VOCs. Therefore, the greater decrease in ozone at night during the burning period might be due to the higher levels of pollutants, such as NO and VOCs, which would result in a more intense depletion of ozone during that time. Based on the measured PN data, although there were some particle concentration peaks during the rush hours, there were no clear diurnal patterns for submicrometer and supermicrometer particle number concentrations, for either period. The main reasons for this result might be the complexity of particle sources and atmospheric dynamic conditions (such as wind direction and mixing height diurnal variations) during the measurement period. The average diurnal patterns for O3 found in this study are similar to those reported by Wonaschutz et al. (2011), who investigated the impact of a large wildfire (2009) on water-soluble organic aerosols in Los Angeles. 
Figure 9 shows the average diurnal variation of BTX and formaldehyde concentrations for the burning and non-burning periods which showed similar temporal dynamics for both periods. In general, the burning events contributed to increased benzene, toluene and formaldehyde concentration levels from midnight to noon, but not from the afternoon to midnight. For total xylenes, average concentrations were almost always lower during the burning period.
Increasing MH and changes in wind direction from a land breeze (burning areas) to a sea breeze (clean air) in the afternoon resulted in the decrease in air pollutant concentrations and in the changes of the average diurnal patterns of the concentrations. Previous studies (Reinhardt et al., 2001; Na and Cocker 2008) showed that both formaldehyde and benzene concentrations increased during burning periods. However, based on our knowledge, there are no toluene and xylenes data available in the literature for comparison with the results of this study. Based on the data reported in the Lemieux et al., (2004) review paper, although the emissions factor for xylenes is about 10 times lower than for toluene, benzene and formaldehyde, this factor might still not be enough to explain why total xylenes were low during the burning episode. 
3.3 Comparison of average concentrations for burning and non-burning periods
In general, average pollutant concentrations from all of the 13 monitoring stations showed statistically significant (p < 0.05) increases during the burning period compared with the non-burning period, except for total xylenes, which decreased by about 20%, however the difference was not statistically significant. A summary of the statistical analysis for average submicrometer (×103 p cm-3) and supermicrometer PN concentrations (p cm-3), overall 24-hour average PM10, PM2.5, SO2, benzene, toluene, total xylenes and formaldehyde concentrations, overall average maximum 8-hour O3 and CO concentrations, and overall average maximum 1-hour NO2 concentrations, as well as their maximum values, together with their respective concentration ratios for burning to non-burning periods are given in Table 1. It can be seen from Table 1 that, except for total xylenes, overall concentrations during the burning period were from 20% to 430% higher than those during the non-burning period, while the maximum values during burning ranged from 200% to 900% higher than those during the non-burning period. In addition, overall average visibility-reducing particle levels (average light scattering coefficient, bsp, level) were 600% higher during the burning (90 Mm-1 with maximum 1-hour value 411 Mm-1) compared to the non-burning period (15 Mm-1), while the overall median PM2.5/PM10 ratio also increased significantly from 0.42 to 0.69 during the burning period. All of these differences were statistically significant (p < 0.05), demonstrating the magnitude of the impact of open biomass burning on air quality in Brisbane city and its surrounding area. The observed PM2.5/PM10 ratios in this study are comparable with the reported values in Australia, but are lower than those reported elsewhere. In Australia, Johnston et al. (2014) reported values of 0.65 during burning and 0.56 during non-burning in Sydney (1996-2007) and Reisen et al. (2013) reported values of 0.65 during burning and 0.60 during non-burning in a small town (Geeveston, Tasmania, Australia) (2009-2010). However, Kang et al. (2014) reported a ratio of 0.89-0.99 during burning and 0.57-0.81 during non-burning, from a series of wildfires in Quebec, while Chen and Xie (2014) reported a ratio of 0.83 during burning and 0.76 during non-burning in Chengdu, China. 
Based on an analysis of annual and monthly air pollution data in the Brisbane region for 2011 (from 13 monitoring stations), it was found that the average concentrations of O3, NO2, SO2, benzene, formaldehyde, PM10, PM2.5 and visibility-reducing particles were higher during the burning period than the rest of the year. The average concentrations during the burning period were more than 10 times higher than annual average levels, including those for PM2.5 and NO2 concentrations. 
There was only one set of supermicrometer PN concentration data available in the literature for open biomass burning events. Recently Dominick et al., (2015) reported that the average supermicrometer PN concentrations (with the size range from 0.27 to 4.5 µm) were 471 p cm-3 for the burning period and 67 p cm-3 for the non-burning period in Kelantan, Malaysia. This increase (6 times) was significantly higher than in the current study. For average submicrometer PN concentration during burning events, Phuleria et al. (2005) reported an increase of 28% (from 14×103 p cm-3 to 18×103 p cm-3) in Los Angeles, while Targino et al. (2013) reported an increase of 38% (from 8 ×103 p cm-3 to 11 ×103 p cm-3) in Stockholm. Recently, Xu et al., (2015) reported an increase of 53% (from 350 ×103 p cm-3 to 537 ×103 p cm-3) in Singapore. In this study, the 20% increase in PN concentration (from 7.8 ×103 p cm-3 to 9.3×103 p cm-3) (see Table 1) was slightly lower than those reported in the above three studies. 
Four studies (Phuleria et al., 2005; Amiridis et al., 2012; Kang et al., 2014 and Johnston et al., 2014) found that the PM2.5 ratios were always higher than PM10 ratios for burning to non-burning periods. The PM10 ratios ranged from 1.30 to 3.40, with a median value of 3.04, while PM2.5 ratios from 2.46 to 5.14, with a median value of 3.55. The PM ratios in this study (2.20 for PM10 and 5.33 for PM2.5) are comparable with these previously reported values. 
Comparing the ratios of PN (1.2 - 1.38), PM2.5 (3.55 - 5.33) and PM10 (2.2 - 3.04) for the burning to non-burning periods, it can be concluded that PM2.5 particles were dominant. Based on previous studies on biomass smoke emissions, PM2.5 represented around 80% of the PM10 mass (Andreae and Merlet, 2001). In some cases the PM2.5/PM10 ratio was very high. For example, Alves et al., (2010) reported that the PM2.5 and PM2.5-10 reached concentrations of up to 12.5 and 1.14 mg m-3, which means that the PM2.5/PM10 ratio in smoke plume was about 0.92. On the other hand, based on the recently reported data of Pirjola et al., (2015), who conducted mobile ground-based measurements of aerosol with size distribution in a range from 0.007 to 10 µm during a prescribed burning experiment in boreal forest in Finland, it could be seen that the coarse particles deposited more significantly during the transport from source over a distance of just 1.6 km. Thus, the fall-out of coarse atmospheric particles during their long-range transport is likely to occur, which means that the PM2.5/PM10 ratio could increase as well due to the enhanced deposition lose of coarse particles. It also implies that if the PM2.5/PM10 ratio is about 0.80 in the fresh smoke plume, it will be higher than 0.80 after the plume had undergone long-range transport. Therefore, both higher PM2.5 emission rate and higher coarse particle deposition rate could contribute to the increasing PM2.5/PM10 ratios. Considering that the PM2.5/PM10 ratio of 0.69 in the current study was lower than above mentioned values (0.80, 0.92), the increase in PM2.5/PM10 ratio (from 0.42 to 0.69) during burning events was more possibly due to higher emissions of fine particles compared to coarse particles, and not due to the fall-out of coarse atmospheric particles during their long-range transport in the current study. 
For average CO and NO2 concentrations, the values reported in this study (hourly CO: 635 µg m-3, hourly NO2: 30.5 µg m-3; 1-hour maximum CO: 2829 µg m-3, 1-hour maximum NO2: 126µg m-3) are lower than those reported by Phuleria et al. (2005) (hourly CO: 17220 µg m-3, hourly NO2: 114 µg m-3) and Na and Cocker (2008) (1-hour maximum CO: 5535 µg m-3, 1-hour maximum NO2: 177 µg m-3), who investigated CO and NO2 concentrations during burning and non-burning periods. Detailed comparison data are given in Supplementary Table S3. NO2 is one of several combustion-related criteria pollutants. Increased levels of NO2 during burning episodes have been reported in a number of previous studies, such as Na and Cocker, (2008) and Amiridis et al., (2012). However, Phuleria et al., (2005) found that NO2 levels remained essentially unchanged during the fire episode. Only one study (Bein et al., 2008) reported SO2 concentrations during a burning episode and showed that the wildfires were not a significant source of SO2, and indicated that nearby coal-fired power plants were the sources of increased SO2. In the current study, we could not confirm whether the coal-fired power plants in the South East Queensland region were the main cause of increased SO2 concentration levels during the burning episode.

3.4 Overall spatial variations
Overall spatial variations of PM10, PM2.5, O3, NO2, CO and SO2 concentrations for burning and non-burning periods were analysed by calculating the inter-site correlation coefficients and coefficients of divergence (COD). The results are summarized as box plots in Figure 10. It can be seen that, for all pollutants, the overall correlation coefficients increased, while the overall CODs decreased during the burning period, except for O3. These changes were statistically significant (p < 0.05), except for SO2 correlation coefficients and PM10 CODs. These results provide evidence that during the burning period, pollutant concentrations showed more positive correlation among the stations than during the non-burning period, which is indicative of a widespread air pollution event covering the entirety of the air quality monitoring network. Since all of the average COD values for both periods were higher than 0.20, none of these pollutants showed homogeneous spatial distributions. However, with the exception of O3, they were closer to spatial homogeneity during the burning period. Thus, while concentration of O3 was found to increase at all of the sampling sites during the burning period, the impact of biomass burning on O3 concentration appeared to be location-specific. As the ozone concentration is dependent non-linearly on both NOx and VOC levels, differences in local NOx and VOC sources near the sites (e.g. road traffic) could account for the observed spatial variation. Given that O3 is also a strong oxidizing agent, it can be lost through chemical reactions with other air pollutants that are locally emitted. Such a loss could also contribute to the observed spatial variation.  
3.5 Particle EC, OC and biomass burning organic tracers 
Table 2 presents a summary of statistical analysis for the average concentrations of OC, EC and the three biomass burning organic tracers (galactosan, mannosan and levoglucosan), as well as their burning/non-burning ratios. The average of daytime and night-time PM10 OC/EC ratios during the burning period was 8.3, which is within the range reported by Keywood et al. (2011) (7.64±1.27) for 24 hr samples collected in an urban location affected by a bushfire event in Melbourne, Australia. All of the burning/non-burning concentration ratios for tracers were higher than one, especially for galactosan (5.93), mannosan (5.26), levoglucosan (4.20), PM10 OC (3.15) and PM10 EC (3.78) during the daytime. All of the daytime ratios (10:00 – 16:00) were higher than those during the night-time (17:00 – 7:00). Crilley et al. (2015) characterised the chemical composition of ambient airborne particles (PM2.5) at 25 urban schools during school hours within the Brisbane Metropolitan area over a two year period (2010 – 2012). Crilley et al. (2015) reported average values for OC, EC and OC/EC ratios were 2.67 (µg m-3), 0.58 (µg m-3) and 6.7, respectively, which are lower than the observed values in the current study (daytime, burning, Table 2), providing further evidence of the impact of open biomass burning on particle mass concentration levels, especially during the daytime, when the fires were more active (due to favourable meteorological conditions). 
For biomass burning organic tracers, the literature data show that typical levoglucosan/mannosan ratios, based on combustion chamber studies and field measurements, ranged from 3 - 5 and 14 - 15 for softwood and hardwood, respectively (Schmidl et al.,2008a), from 40.3 to 46 for wheat straw (Fu et al., 2008), from 14.9 to 60.7 for rice straw (Engling et al., 2009, Engling et al., 2013), and were 5.5 and 11for peat (a type of biomass typically burned in Indonesia) (Iinuma et al., 2007) and grasses (Schmidl et al., 2008b), respectively. This study found that the levoglucosan/mannosan ratios were in the range from 28 to 34, which is closer to the ratios for agricultural residues (wheat straw and rice straw). Therefore, in terms of biomass burning organic tracers, these finding imply that prescribed burning of agricultural residues was the main cause for the decline in Brisbane air quality, not the wildfires (grass, softwood and hardwood burning). With regards to the organic tracers, as shown in Table 2, higher concentrations were seen during the night time, whereas for the PM10 and OC, higher concentrations were seen during the day. As Brisbane has a sub-tropical climate, the influence from wood burning for residential heating is minimal. The highest levoglucosan concentrations were observed on the night of the 20th, which was at the end of burning period and suggest that this was due to the peak of the biomass burning plume. Furthermore, the highest PM10 and OC concentration were observed on the 20th, and this might be due to the increased formation of SOA within the biomass burning plume, as indicated by the increasing O:C ratio (Figure S2).
3.6 Particle chemical composition 
The AMS results showed that average NR-PM1 mass loadings were 22 µg m-3, with a maximum of 45 µg m-3 during the burning period, whilst the average background (non-burning period) NR-PM1 mass loadings were 6.4 µg m-3, with a maximum of 21 µg m-3. The time series for chemical components measured by the AMS is shown in Supplementary Figure S1. During the burning period, the NR-PM1 contained a substantial amount of organics (75 ± 8 % of the total AMS mass), followed by sulphate (9.3 ± 5.7%), nitrate (7.8 ± 3.7%), ammonia (7.0 ± 2.3%) and a trace of chloride (0.7 ± 0.4%). Similarly, the largest fraction observed during non-burning periods was the organic component of PM1 (52%), followed by sulphate (31%), ammonium (13%), nitrate (3.9%) and chloride (0.2%). A comparison of the average chemical compositions measured by the AMS during the burning (from this episode) and non-burning periods (from November 2012) is presented in Figure 10. It is evident from the figure that during burning the fractions of organics, nitrate and chloride were significantly higher than those during the non-burning period. 
Cubison et al. (2011) demonstrated that by plotting f44 values against f60 (calculated in the same way as f44), the influence of organic aerosols from biomass burning could be distinguished from the background. In Figure 12, a plot of f44 and f60 is presented using data from the bushfire period, as well as background measurements, from which it can be seen that the two datasets are clearly different. The high f44 values calculated during the burning event, with an average of 0.16 ± 0.03, show that the organic aerosols produced during biomass burning were highly oxidized, but overall, they were comparable to the f44 values from measurements during the non-burning period (Figure 12). This suggests that organic aerosol associated with the biomass burning event was of predominantly secondary nature. f44 values were used to calculate the O/C ratio, based on the correlation derived by Aiken et al. (2008). The calculated O/C ratio for the biomass burning period varied between 0.64 and 0.90, with an average value of 0.75 (±0.04). This value is comparable with previous ratios (0.97) for biomass burning in Brisbane (Crilley et al., 2014). The time series of O/C ratios for the burning period is shown in Supplementary Figure S2. O/C values are used to estimate the oxidation state of organic aerosols, which is related to their photochemical ageing in the atmosphere. According to Ng et al. (2010), the average f44 and O/C ratio values for highly oxidised low volatility oxygenated organic aerosol (LV-OOA) are 0.17 ± 0.04 and 0.73 ± 0.14, respectively. Therefore, f44 and O/C values for the biomass burning period are characteristic of those for LV-OOA, demonstrating that the organic aerosols produced during the biomass burning period were aged in the atmosphere before reaching the sampling site. This is not surprising considering that the dominant sources of PM during the biomass burning period were from 50 to almost 300 km away from the sampling site (Figure 1.) However, as shown by Cubison et al. (2011) and demonstrated in this study, even substantially aged biomass burning aerosols will still have f60 values above the background level. {Aiken, 2008 #715}
3.7 Overall VOC concentrations 
In total, 6 samples were collected during the burning period (on 20 September) and 14 samples were collected during the non-burning period (from 21-23 September). One VOC data-point on 20 September was removed because it was unusually high (about 15 times higher than the others and did not much the diurnal patterns). A total of 17 individual compounds (plus different alkenes, sesquiterpenes) were identified in the air samples. The most frequently detected compounds (iso-pentane, n-pentane, n-hexane, n-heptane, toluene, m, p-xylene, 2-methylpentane, 3-methylpentane, n-butanol, benzene and ethylbenzene) were similar for both burning and non-burning periods. However, the sum of all measured compounds, VVOC (very volatile organic compounds) (<C6) and VOC (C6-C16) concentrations during the burning period were slightly higher than those during the non-burning period (see Table 3). Detailed VOC comparison data are given in Supplementary Table S4.  The average diurnal pattern for VVOC (<C6) and VOC (C6-C16) concentrations were similar for the burning and non-burning periods. It is also interesting to note that, unlike total xylene, which showed decreasing concentrations at Springwood station during the burning period, the average m, p-xylene concentration measured at the CBD station increased during the burning period, from 3.88 to 5.2 µg m-3. 
4 CONCLUSIONS
A number of air pollution indicators were analysed to quantify the impact of open biomass burning on air quality in and around Brisbane during 15-20 September 2011. The results showed that during the open biomass burning period, Brisbane’s air quality deteriorated significantly, especially in terms of particle mass, O3 and SO2 concentrations, which exceeded air quality WHO guidelines. The average diurnal variation of pollutant concentrations, together with particle OC and EC data, particle chemical composition data from the TOF-AMS and the characterisation of biomass burning organic tracer compounds (levoglucosan, mannosan and galactosan) provided further information on the impact of open biomass burning events on urban air quality. 
When comparing data reported in the literature with the data reported in the present study, it can be seen that the impact of burning events on urban air quality is highly variable and some results are contradictory, such as those for O3. Therefore, more research needs to be conducted in order to understand these phenomena.   
The major limitation of the study is that the elemental composition of PM10 and PM2.5 was not analysed and therefore, the influence of soil-derived particles from open biomass burning on Brisbane air quality could not been estimated. In addition, to quantifying the impact of the open biomass burning, it would have also been useful if the PM10 and PM2.5 samples were collected closer to the actual fires and their elemental composition were analysed. This would have made it easier to track the impact of the event and obtain a better picture of the aging of the particles.
In this study, the inter-site associations and spatial variability analysis provide evidence that, during the burning period, the pollutants showed a more positive correlation among stations than during non-burning period, which implies a more homogeneous distribution (except for O3) and a widespread air pollution episode. When considering the information about the burning events and the back trajectory results, together with the levoglucosan/mannosan ratios, it is clear that prescribed burning was the main cause of the decline in air quality in Brisbane during 15-20 September 2011. The results of this study can be used for future studies investigating the impact of this event on human health. This data set is also useful for calibration and validation of chemical transport models that consider biomass burning emissions and its implications for atmospheric chemical and physical processes. Developing an early warning system would also be useful, especially for people at risk from cardiovascular/respiratory complaints, in order to avoid or reduce their exposure by moving to less polluted areas during biomass burning events. 
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Table 1. Statistical summary of the overall average concentration of pollutants (unit for supermicrometer PN: p cm-3; for submicrometer PN: × 103 p cm-3).
	 
	Burning
Average       S.D
	Non-burning 
Average       S.D 
	Ratio*
	Max**


	Supermicrometer PN#
	4.37
	3.85
	2.93
	1.26
	1.50
	16.3

	Submicrometer PN#
	9.30
	3.38
	7.81
	6.36
	1.20
	18.1

	PM10 (µg m-3)
	40.6
	7.0
	18.4
	3.2
	2.20
	75.9

	PM2.5 (µg m-3) 
	29.8
	5.9
	5.6
	3.7
	5.33
	58.2

	CO (µg m-3)
	1070
	338
	640
	169
	1.67
	2214

	O3   (µg m-3)
	107
	27
	73
	9
	1.46
	192

	NO2 (µg m-3)
	60
	10
	38
	9
	1.58
	126

	SO2  (µg m-3)
	7.0
	2.9
	2.6
	1.4
	2.7
	23.7

	Benzene (ppb#)
	1.5
	0.3
	1.0
	0.1
	1.40
	1.9

	Toluene (ppb)#
	2.6
	1.3
	1.1
	0.4
	2.33
	4.2

	Total Xylenes (ppb)#
	3.0
	0.6
	3.7
	0.8
	0.83
	3.8

	Formaldehyde (ppb)#
	6.1
	1.7
	3.9
	0.8
	1.55
	8.0


Note: *: Ratio of average concentrations during the burning period to the non-burning periods; **: maximum 10-minute PN, maximum 8-hour O3 and CO, maximum 1-hour NO2, maximum 24-hour PM10, PM2.5, SO2, benzene, toluene, total xylenes, formaldehyde concentrations during the burning event; #: one station data



Table 2. Statistical summary of average concentration of particle OC, EC, the three biomass burning organic tracers in PM10 and ratios.
	 
	Day (10:00 – 16:00)
B#               NB+           Ratio*
	Night (19:00 – 7:00)
B#              NB+           Ratio*

	PM2.5 OC (µg m-3)
	8.52
	4.31
	1.98
	5.82
	3.43
	1.70

	PM2.5 EC (µg m-3)
	0.81
	0.45
	1.80
	0.99
	0.72
	1.38

	PM2.5 OC/EC
	10.5
	9.55
	
	5.87
	4.79
	

	
	
	
	
	
	
	

	PM10 OC (µg m-3)
	17.3
	5.49
	3.15
	6.78
	4.13
	1.64

	PM10 EC (µg m-3) 
	1.68
	0.45
	3.78
	1.07
	0.79
	1.35

	PM10 OC/EC
	10.3
	12.3
	
	6.34
	5.22
	

	
	
	
	
	
	
	

	Galactosan (ng m-3)
	0.16
	0.03
	5.93
	0.28
	0.18
	1.60

	Mannosan (ng m-3)
	0.30
	0.06
	5.26
	0.62
	0.31
	2.00

	Levoglucosan (ng m-3)
	8.40
	2.00
	4.20
	21.0
	7.8
	2.69


Note:  B: Burning period; NB: Non-burning period; #: one sampler; +: two samplers; *: Ratio of average concentrations during the burning period and the non-burning periods


Table 3. Statistical summary of average concentration of VOCs (µg m-3).
	 
	Burning
Average       S.D
	Non-burning 
Average       S.D 
	Ratio*

	Sum of all measured compounds 
	47
	28
	36
	26
	1.28

	VVOC (<C6)
	19
	11
	15
	9
	1.31

	VOC (C6-C16)
	23
	18
	18
	17
	1.30


Note: *: Ratio of average concentrations during the burning period and the non-burning periods 
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Figure 1. Location of main bushfires during 15 - 20 September 2011 in South-East Queensland, including 18 hr back trajectories calculated every 4 hr using HYSPLIT. 
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Figure 2. Locations of monitoring stations (QEPA 2011 report). There is no data available at Toowoomba and Rocklea stations.
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Figure 3. Estimated daytime (9:00am and 3:00pm) atmospheric mixing layer heights, as well as wind speeds at 9:00am and 3:00pm. 








[image: ][image: ]Figure 4. The 24-hour average PM10 (A) and PM2.5 (B) concentrations at the Brisbane monitoring stations in September 2011
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Figure 5 The daily maximum 8-hour average O3 (A) and CO (B) concentration at Brisbane monitoring stations in September 2011


[image: ][image: ]Figure 6 The daily maximum 1-hour average NO2 (A) and 24-hour average SO2 (B) concentration at Brisbane monitoring stations in September 2011. 
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Figure 7. The 24-hour average volatile organic compounds benzene, toluene, total xylenes and formaldehyde concentrations in Brisbane in September 2011. The missing data were due to an instrument error.
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Figure 8. Examples of the average diurnal variation of CO, NO2, SO2, O3, PM10 and PM2.5 concentrations during the burning and non-burning periods. 
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Figure 9. Average diurnal variation of benzene, toluene, total xylenes, formaldehyde concentrations during the burning and non-burning periods. 



[image: ] [image: ]
Figure 10. Overall inter-site correlation coefficients (A) and CODs (B) of PM10, PM2.5, O3, NO2, CO and SO2 for the burning (B) and non-burning (NB) periods. 
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Figure 11. Average chemical compositions measured by the AMS for burning and non-burning period. 
[image: ]Figure 12. Plot of f44 vs f60 for the burning and non-burning periods.  





Supporting Information

Table S1. Ambient monitoring stations, including pollutants measured and locations  
	Station 
	Distance
From CBD
(km)
	CO
	NO2
	O3
	SO2
	PM10
	PM2.5
	Visibility

	Urban Area:
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Pinkenba
	11
	√
	√
	√
	√
	√
	
	

	Wynnum
	12.5
	
	√
	
	√
	√
	√
	

	Lutwyche
	4.5
	
	
	
	
	√
	√
	

	Brisbane CBD
	0
	
	
	
	
	√
	
	√

	Woolloongabba
	2.5
	√
	√
	
	
	√
	√
	

	South Brisbane
	0.9
	√
	√
	
	
	√
	√
	

	Springwood*
	17
	
	√
	√
	√
	√
	√
	

	
	
	
	
	
	
	
	
	

	Suburban Area:
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Mountain Creek
	80
	
	√
	√
	
	√
	
	√

	Deception Bay
	30
	
	√
	√
	
	
	
	

	Flinders View
	35
	
	√
	√
	√
	√
	
	√

	North Maclean
	38
	
	√
	√
	
	
	
	

	Mutdapilly
	54
	
	√
	√
	
	
	
	

	Arundel
	65
	
	√
	√
	
	√
	√
	


Note: *: including benzene, toluene, total xylenes, formaldehyde measurements.


Table S2. Summary of the meteorological parameters: wind speed (WS), minimum temperature (T), maximum temperature (T), relative humidity (RH), and rainfall during the burning and non-burning periods. 
	 
	Burning
Range
	Non-burning 
Range

	Average WS (km h-1)
	4.7 ± 1.2
	6.3 ± 1.6

	WS (km h-1) at 9:00
	2 - 6
	2 - 19

	WS (km h-1) at 15:00
	6 - 11
	6 - 22

	Average T (°C)
	20.4 ± 1.2
	18.4 ± 1.8

	Minimum T (°C)
	10.2 – 13.9
	7 – 17.5

	Maxmum T (°C)
	26.3 – 32.3
	19.6 – 26.3

	Average RH (%) 
	56 ± 10
	62 ± 10

	RH (%)
	21 -65
	27 - 69

	Rainfall (mm)
	0
	0 – 14.6







Table S3. Summary of the hourly average CO and NO2 and 1-hour maximum CO and NO2 concentration in this study and literature (unit: µg m-3) 
	 
	Burning
CO 
	Non-burning 
CO
	Burning
NO2
	Non-burning 
NO2

	Hourly Average
	
	
	
	

	Phuleria and Fine, 2005 
	17220
	8610
	114
	77

	This study
	636
	381
	30.5
	16.2

	1-hour maximum
	
	
	
	

	Na and Cocker, 2008
	5535
	2952
	177
	128

	This study
	2829
	1968
	126
	85.3




Table S4. Statistical summary of detail average concentration of VOCs (µg m-3) 
	 
	Sum of all measured compounds 
	VVOCs 
	VOCs
	Ratio*

	Burning  
	47
	19
	23
	-

	1 day after burning
	30
	13
	16
	1.40

	2 days after burning
	24
	10
	14
	1.73

	3 days after burning**
	46
	21
	24
	1.02


Note: *: Ratio of average sum of all measured compounds concentrations during the burning period and the non-burning day. ** without acetic acid (22µg/m³) which was found only in one sample.  
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Figure S1. Time series of concentrations of the chemical components of PM1 measured by the AMS during the burning period.
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Figure S2. Time series of the O/C ratio.
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