

  atmosphere-07-00058




atmosphere-07-00058







Atmosphere 2016, 7(4), 58; doi:10.3390/atmos7040058




Article



Wintertime Residential Biomass Burning in Las Vegas, Nevada; Marker Components and Apportionment Methods



Steven G. Brown 1,2,*, Taehyoung Lee 3, Paul T. Roberts 1 and Jeffrey L. Collett Jr. 2





1



Sonoma Technology Inc., 1455 N. McDowell Blvd., Suite D, Petaluma, CA 94954, USA






2



Department of Atmospheric Science, Colorado State University, Fort Collins, CO 80523, USA






3



Department of Environmental Science, Hankuk University of Foreign Studies, Yongin 427-010, Korea









*



Correspondence: Tel.: +1-707-665-9900; Fax: +1-707-665-9800







Academic Editor: Rebecca Sheesley



Received: 8 January 2016 / Accepted: 11 April 2016 / Published: 19 April 2016



Abstract

:

We characterized residential biomass burning contributions to fine particle concentrations via multiple methods at Fyfe Elementary School in Las Vegas, Nevada, during January 2008: with levoglucosan on quartz fiber filters; with water soluble potassium (K+) measured using a particle-into-liquid system with ion chromatography (PILS-IC); and with the fragment C2H4O2+ from an Aerodyne High Resolution Aerosol Mass Spectrometer (HR-AMS). A Magee Scientific Aethalometer was also used to determine aerosol absorption at the UV (370 nm) and black carbon (BC, 880 nm) channels, where UV-BC difference is indicative of biomass burning (BB). Levoglucosan and AMS C2H4O2+ measurements were strongly correlated (r2 = 0.92); K+ correlated well with C2H4O2+ (r2 = 0.86) during the evening but not during other times. While K+ may be an indicator of BB, it is not necessarily a unique tracer, as non-BB sources appear to contribute significantly to K+ and can change from day to day. Low correlation was seen between UV-BC difference and other indicators, possibly because of an overwhelming influence of freeway emissions on BC concentrations. Given the sampling location—next to a twelve-lane freeway—urban-scale biomass burning was found to be a surprisingly large source of aerosol: overnight BB organic aerosol contributed between 26% and 33% of the organic aerosol mass.
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1. Introduction


1.1. Residential Wintertime Biomass Burning and Its Fine Particle Tracers


Biomass burning includes both residential biomass burning for home heating during the wintertime, and smoke transported from wildfires or prescribed burns. In the winter, wildfires and prescribed burns in the Las Vegas area are minimal, so the main biomass burning influence is from residential burning. Understanding the impact of residential biomass burning on aerosol concentrations in urban areas is of particular interest, since emissions are potentially controllable through burn-prevention or fireplace change-out programs [1,2] and because residential biomass burning can lead to high concentrations during the evening and overnight, when emissions are trapped in a shallow boundary layer [3,4]. These short, high-concentration events can have acute health impacts [5,6], and specific health effects have also been associated with inhaling biomass burning aerosol [7,8,9,10]. Biomass burning emissions include not just black carbon (BC) and organic matter (OM), but also carcinogens such as benzene and polycyclic aromatic hydrocarbons (PAHs) [11].



Biomass burning is typically apportioned using: (1) the organic molecule levoglucosan, either via chemical analysis of filters or semi-continuously via instruments such as the Aerodyne High Resolution Aerosol Mass Spectrometer (HR-AMS); (2) potassium; and (3) multi-channel Aethalometer data. Levoglucosan is an anhydrous sugar produced in the combustion of cellulose [12,13,14,15,16]. It is typically quantified by extracting aerosol collected on quartz fiber filters and analyzing the aerosol by gas chromatograph-mass spectrometer (GC-MS) or other analytical techniques. While levoglucosan is a good tracer for biomass burning, Sullivan et al. and others have found that the relationship of levoglucosan to organic aerosol in biomass burning emissions can vary widely by fuel type and burning conditions [16]. Levoglucosan may not be fully conserved during transport due to atmospheric oxidative processes [17,18,19,20,21], so using levoglucosan observations may not capture the complete impact of primary biomass burning smoke emissions at a receptor. Hennigan et al. [17] in a laboratory study, found that under typical summertime OH concentrations, levoglucosan is stable for 0.7–2.2 days. Since our study occurred during wintertime, and the main source of levoglucosan is local biomass burning with little transport time or distance, levoglucosan is likely stable enough here to be used as a robust tracer for primary biomass burning emissions. In addition to being quantified by filter collection, levoglucosan and related compounds also emitted by combustion of cellulose or hemi-cellulose can be quantified on a semi-continuous basis by the HR-AMS, where the ion C2H4O2+ at mass-to-charge ratio (m/z) 60 is commonly used to indicate biomass burning; C2H4O2+ is proportional to the amount of levoglucosan in the sampled aerosol [22,23,24,25]. Levoglucosan is not the only source of this ion, since other organic species such as other anhydrosugars (e.g., mannosan and galactosan) and organic acids also contribute to its mass, but levoglucosan and structurally related molecules in biomass burning smoke typically are the dominant source of C2H4O2+ ion [17,25].



Mohr et al. and Takegawa et al. have found that the additional signal at m/z 60 is likely from long chain alkanoic acids or other acid compounds [26,27]. Cubison et al. further demonstrated that without biomass burning influence, ambient aerosol includes a m/z 60 background level of ~0.3% of OM, likely due to acids and other compounds [28]. Lee et al. suggest that increased/decreased levoglucosan yield in biomass burning smoke may be offset to some extent by corresponding decreases/increases in other molecules that also yield C2H4O2+ ions, resulting in a fairly stable OA/C2H4O2+ ratio across fuel and burn types [25]. In Spain, Minguillon et al. found that levoglucosan-apportioned biomass burning was less than AMS-apportioned BB, possibly because alkanoic acids contributed to the m/z 60 signal. Thus, a combination of filter-based levoglucosan plus higher-time-resolution AMS C2H4O2+ measurements should effectively bound the contribution of biomass burning to OA [29].



Potassium is also produced from the combustion of wood lignin. Elemental potassium (K) and soluble potassium (K+) are commonly used as tracers when using data from X-ray fluorescence (XRF) and IC analysis of filter samples [30,31,32,33]. Other prevalent sources of potassium, such as dust, sea salt, or cooking aerosol, can confound use of this tracer [34,35,36]. In experiments of different biomass fuels, Sullivan et al. found poor correlation between emissions of K+ and levoglucosan among the fuel types, whereas Lee et al. showed that emissions of K+ were higher under flaming conditions compared to smoldering conditions; AMS C2H4O2+ emissions were comparable between conditions (both K+ and AMS C2H4O2+ were reported in terms of ratio to total PM) [16,25]. These results are consistent with other studies suggesting that K+ may have a modest correlation at best with organic tracers of biomass burning. Zhang et al. found an r2 = 0.59 using 24-h filter data during wintertime in the southeastern U.S., but a much lower correlation in summer; K had lower spatial variability than levoglucosan did [35]. In Mexico City, Aiken et al. found that levoglucosan had a modest correlation with PM2.5 K (r2 = 0.67), and that non-biomass burning sources typically accounted for two-thirds of K concentrations [34]. In source profiles, the ratio between K and levoglucosan can be quite variable, ranging between 0.03 and 0.16 [11,25,37,38,39]. In part because of this variability and confounding alternative potassium sources, Minguillon et al. suggested that, based on comparisons of K from 24-h filter measurements to K from AMS, levoglucosan, and other measurements, K was an unreliable tracer for their sites because of the influence of other sources [29]. While K is nonvolatile and not subject to chemical destruction during plume aging, results from the studies referenced above and others suggest that apportionment using K can have high uncertainties.



Multi-channel Aethalometers (e.g., Magee Scientific AE22 used here) provide measurements of absorption from sampled aerosol at multiple wavelengths at 880 nm and at 370 nm. The absorption measurement at 880 nm defines the concentration of black carbon (BC), while the 370 nm measurement is the absorption of the aerosol in the UV [40,41,42]. Aerosols are sampled continuously and impacted on a filter tape, where the absorption measurement is taken. With the Aethalometer, the absorption measurement is then converted to a black carbon concentration using an assumed mass extinction coefficient of 16.6 m2/g [40,41]. If measuring only true black carbon, the calculated mass from either channel is the same; when PAHs or other “brown carbon” material are present, the response in the UV channel is different than in the BC channel, where this difference in response is defined as UV-BC. The UV-BC difference has been attributed to the presence of wood smoke, meaning that higher UV-BC difference values are indicative of increased wood smoke. Studies in the northeastern U.S. report that there is good agreement between UV-BC and levoglucosan [3,4], and multiple studies have exploited this difference to apportion traffic and wood smoke aerosol [41,43,44]. While there is evidence that multi-channel data can be used to indicate or apportion wood smoke, Harrison et al. caution that this method is very dependent on the choice of Angstrom exponent in the calculations, and that apportioning wood smoke via this method in an urban environment is challenging [42]. Here, we report UV-BC difference, and compare trends in BC and UV-BC difference with other wood smoke measures.




1.2. Study Area: Las Vegas


Las Vegas, Nevada, in a shallow bowl area with mountains to the west and north, is a relatively isolated, large urban area with a population exceeding 1.9 million in the greater metropolitan area (as of 2010). Unlike areas in the northern and northeastern United States, Las Vegas is not widely recognized as having a tradition of home heating from residential wood combustion; rather, most homes are heated by natural gas or electricity. However, the few studies that have been conducted on Las Vegas aerosol have suggested biomass burning as a moderate source of wintertime aerosol.



A key study, Green et al., focused on approximately 50 24-h filter samples collected in 2000–2001 [45]. The major components of PM2.5 were BC, OM and crustal elements, with carbonaceous material contributing over 50% of the total mass at an urban site, East Charleston. Ammonium sulfate and nitrate concentrations were generally quite low, about 12% of the total PM2.5 mass. Though no formal apportionment was completed, extensive data analysis led the authors to surmise that, although gasoline and diesel vehicle emissions are likely an important source, other sources such as residential biomass burning may also be a significant contributor. Another study, the Southern Nevada Air Quality Study (SNAQS), used 10–12 24-h PM2.5 filter samples at four sites in January 2003 to apportion PM2.5 [46]. 80% of the mass was from carbonaceous aerosol, and 38%–49% of the PM2.5 was attributed to mobile sources. Biomass burning contributed 11%–21% of the mass. Dust, ammonium sulfate, and ammonium nitrate comprised the remainder of the mass. These apportionments were based on a standard suite of filter analyses, including OC and EC by thermal optical reflectance (TOR), sulfate and nitrate by IC, and metals by XRF. No continuous data were used, nor were specific tracers for biomass burning available other than K, which has additional, significant non-BB sources. Without more specific tracers or higher-time-resolution data, the apportionment of OC has a high uncertainty. In addition, the temporal pattern of OC could not be examined, since only 24-h filters were collected on a small number of days.





2. Methodology


2.1. Monitoring Location


Measurements were made next to a classroom and playground in Las Vegas, Nevada, during January 2008 at Fyfe Elementary School, directly adjacent to and 18 meters from the US Highway 95 highway soundwall (Supplementary Materials Figure S1); this monitor is 60 m from the middle of the first set of lanes, and 90 m from the middle of the farthest set of lanes. Additional details on monitoring location and the influence of traffic have been reported elsewhere [47,48].




2.2. Measurement Methods


Collection of black carbon (BC) and meteorological data are further described in Brown et al. [47,48]. Wind speed and direction were measured with an RM Young AQ 5305-L at 10 meters above ground level (AGL). BC data at 880 nm (BC channel) and 370 nm (UV channel) were collected using a Magee Scientific Aethalometer model AE-22 with a PM2.5 inlet at 5 L/min. Time-stamp and filter tape spot saturation corrections were made using the Washington University Air Quality Lab AethDataMasher Version 6.0e (St. Louis, MO, USA). An Aerodyne HR-AMS was used to quantify OM and biomass burning organic aerosol (BBOA) tracers. The HR-AMS is a widely used instrument described in detail elsewhere [49,50,51]; specifics of its operation in this study are detailed in Brown et al. [47]. Ambient air is drawn through a PM2.5 cyclone and is sampled through a critical orifice into an aerodynamic lens; a narrow particle beam with a 50% transmission efficiency of 900 nm diameter particles is thus created so that, essentially, PM1 is measured [52,53]. Particles are sampled through a PM2.5 cyclone, and then accelerated via supersonic expansion of gas molecules into a vacuum at the end of the aerodynamic lens. Particles are collected by inertial impaction onto a heated surface (600 °C), and non-refractory species such as nitrate, sulfate, ammonium, and OM are thermally vaporized. Vaporized gases undergo electron impact ionization, and the charged fragments enter a time-of-flight mass spectrometer (ToF-MS) region, where they are separated by mass-to-charge ratio (m/z). After correction for interferences from ambient gases such as N2 and O2, mass spectra are analyzed for each 2-min averaged sample. AMS data were processed and analyzed using the standard AMS analysis software, Squirrel version 1.51, implemented with Wavemetric’s Igor Pro (version 6.20). Detection limits for individual ions are provided elsewhere [54]; the focus of this work is on m/z 60, which has a detection limit of 0.001 µg/m3.



Collection and chemical analysis of quartz fiber filters are detailed elsewhere [55]. Briefly, 8″ × 10″ filters in Tisch 231 PM2.5 plates were used in hi-volume samplers (nominal flow rate 68 m3/h) to collect aerosol at multiple times of day: 0500–0900 LST, 0900–1100 LST, 1100–1700 LST, and 1700–0500 LST. Filters were pre-baked, individually wrapped in aluminum foil, and kept in a freezer before and after sampling. Flow checks were done in the morning and evening (e.g., prior to 0900 and prior to 1700). Only a limited number of samples could be analyzed, so 12 overnight samples were selected, since this is the period of highest OM concentrations. Chemical analysis was done by GC-MS for levoglucosan and more than 20 PAHs, the latter reported in Olson et al. [55].



Semi-continuous measurements of PM2.5, K+, sulfate, nitrate, ammonium, and other major ions were made using a Particle Into Liquid Sampler (PILS) coupled to two ion chromatographs (IC). The detailed design and operation of the PILS is described elsewhere [56,57,58,59] and is briefly summarized here. The PILS nucleates aerosol particles to form water droplets by mixing a denuded aerosol stream with supersaturated steam. The nucleated droplets are collected into a flowing liquid stream by inertial impaction. The liquid stream, containing an internal LiBr standard to determine dilution by condensed water vapor, is split into two streams which are injected every 15 min to two ion chromatographs (Dionex, DX-500) for measurement of major inorganic ion (NO3−, SO42−, NH4+, Cl−, Na+, K+, Ca2+ and Mg2+) concentrations. K+, the focus of our analysis, has a detection limit of 0.06 µg/m3 [60].



A PM2.5 cyclone (16.7 LPM, URG-2000-30EH) and two URG annular denuders (URG-2000-30X242-3CSS) were used upstream of the PILS/IC. The first denuder was coated with Na2CO3 for removal of acidic gases, and the second denuder was coated with phosphorous acid to remove basic gases. Denuders were exchanged every 5–6 days after calibration and blank checks. Blanks were taken by sampling particle-free air, drawn through a High Efficiency Particulate-Free Air (HEPA) capsule filter (Pall Corporation, New York, NY, USA), through the PILS/IC system after a calibration check standard (NO3−, SO42−, and NH4+ concentrations of 20 µN and Cl−, Na+, K+, Ca2+, and Mg2+ concentrations of 10 µN) was injected. Approximately every 10 days, the PILS was cleaned and the ion chromatographs recalibrated. A sample flow rate of 16.7 L/min for the PILS/IC was controlled by a critical orifice with a vacuum regulator. 20-min data were aggregated into hourly concentrations, where all three 20-min measurements within an hour were required to accept an hourly average.




2.3. Source Apportionment Methods


EPA’s Positive Matrix Factorization (PMF) tool, EPA PMF [61], was used to apportion organic matter (OM) as measured by the HR-AMS, and is further described elsewhere [47,62]. Briefly, four factors were found with the PMF analysis: hydrocarbon-like organic aerosol (HOA), low-volatility oxygenated organic aerosol (LV-OOA), biomass burning organic aerosol (BBOA), and semi-volatile oxygenated organic aerosol (SV-OOA). These factors are typical of PMF deconvolution of HR-AMS data, and represent a spectrum of OA [51,63]. On average in this study, HOA made up 26% of the OM, while LV-OOA was highest in the afternoon and accounted for 26% of the OM. PMF-derived BBOA (PMF-BBOA) occurred in the evening hours, was transported predominantly from the residential area to the north, and on average constituted 12% of the OM; SV-OOA accounted for the remaining one-third of the OM.





3. Results


3.1. Ambient Concentrations and Temporal Variability of Biomass Burning Markers


Concentrations of organic matter, black carbon, and biomass burning indicators (levoglucosan, C2H4O2+, K+, and UV-BC difference) varied widely during January 2008, typically reaching a peak in the early evening (i.e., 1900 through 2100 LST). Figure 1 shows a time series for these species. OM at our roadside site was 3.3 µg/m3 on average, while BC was 1.8 µg/m3. Other aerosol and gaseous species were also measured and are summarized elsewhere [47]; in January 2008, OM and BC comprised 74% of the PM1 mass measured via the AMS and Aethalometer (excluding metals and crustal material which were not measured). C2H4O2+ concentrations averaged 0.018 µg/m3, and between 1800 and 0000 LST were nearly three times higher at 0.040 µg/m3. PILS K+ concentrations averaged 0.033 µg/m3 across the month of measurements, while levoglucosan concentrations during the 12-h overnight samples averaged 0.14 µg/m3. For comparison, the concentrations of elemental potassium at the Chemical Speciation Network (CSN) site in Las Vegas were 0.03 µg/m3 across five measurement days that fell within our study period.



Figure 2 summarizes the typical diurnal pattern of the semi-continuous measurements. BC concentrations were similar in the morning and evening, during the rush hour commute times. OM showed a minor peak in the morning, and was on average three times higher in the evening than in the morning. See Supplementary Materials Figures S1 and S2 for diurnal box plots of OM and BC. C2H4O2+, K+, and UV-BC difference all show a similar average diurnal pattern with a concentration peak extending from early evening through late night. K+ concentrations decrease more slowly than C2H4O2+ after midnight, possibly suggesting that C2H4O2+ is being lost via other mechanisms (such as partitioning from particle to gas phase or atmospheric reactions) than those affecting the nonvolatile and non-reactive species K+. K+, C2H4O2+, and UV-BC difference are all lowest in the midday, when emissions of residential biomass burning are low, wind speeds and dispersion are higher, and OM is lower.



OM has a similar pattern as these BB indicators, while BC has a different pattern; concentrations of BC reach comparable average maxima in the morning and evening. The diurnal pattern of BC indicates that mobile source emissions related to rush hour traffic are likely the most important source of BC. The diurnal OM pattern—low concentrations in the midday and a steep rise in concentrations in the evening—is likely due to a mix of fresh emissions in the morning and evening with the rush hour and other activities, plus an additional evening source of biomass burning. This was further demonstrated with PMF analyses on the AMS data [47], which showed that fresh, hydrocarbon-like organic aerosol (HOA) was present in the morning and evening, and that additional semi-volatile oxidized organic aerosol (SV-OOA) and BBOA were evident during the evening peak.




3.2. Comparison among Biomass Burning Markers


3.2.1. Comparisons with Levoglucosan


There was a range in how well the potential biomass burning indicators correlated with each other. Filter-based levoglucosan was available only for a subset of times during the study, at varying intervals. Correlations of filter-based levoglucosan with other measurements are summarized in Figure 3, while correlation among semi-continuous measurements from other instruments is discussed in the next section.



Levoglucosan concentrations measured from filters had high correlations with AMS C2H4O2+ (r2 = 0.92). This is expected, since C2H4O2+ is a fragment from levoglucosan and other co-emitted anhydrous sugars; pure levoglucosan introduced into an AMS yields a suite of ions that has C2H4O2+ as 13%–14% of the total ion fragment pattern [25]. In contrast, there was only a moderate correlation of PILS K+ (r2 = 0.66) or UV-BC difference (r2 = 0.53) with levoglucosan; no correlation was seen between levoglucosan and BC (r2 = 0.16). The lower correlations are perhaps not surprising, as both BC and K+ have other non-biomass burning sources; further, levoglucosan may be depleted during the 12-h sampling period via atmospheric reactions or phase partitioning to the gas phase, while BC and K+ would not undergo similar processes. BC and K+ are emitted primarily during flaming combustion, while levoglucosan is emitted more during smoldering combustion [25], which may also cause the lower correlation. The very low correlation with BC is likely because BC next to a roadway is predominantly from mobile sources, rather than from biomass burning. The modest correlation of levoglucosan with UV-BC difference, in the context of no correlation with BC, indicates that the UV-BC difference can be indicative of biomass burning aerosol, even when total BC is overwhelmingly from traffic-related sources.




3.2.2. Comparisons among Semi-Continuous Biomass Burning Markers


While there are a limited number of multi-hour samples of levoglucosan, the high correlation between levoglucosan and C2H4O2+ confirms that C2H4O2+ is an excellent tracer for levoglucosan and biomass burning emissions. We next examined correlations of hourly averaged C2H4O2+ concentrations with K+, UV-BC difference values, and BC. Scatter plots of semi-continuous measurements are provided in Supplementary Materials Figure S2. As indicated by similar diurnal patterns, the measurements of biomass burning indicators were somewhat correlated, with some differences between species and time of day. The overall correlation coefficient (r2) between K+ and C2H4O2+ was 0.56, but if the correlations are examined by time of day, there is a large range in this correlation coefficient (Figure 2). Between 1800 and 0000 LST, when fresh biomass burning emissions are most likely, the correlation coefficient between K+ and C2H4O2+ was 0.84; it slowly decreased through the morning until 1200 through 1600 LST, when the correlation coefficient was 0.19. Midday, when the correlation is lowest, is also when concentrations are lowest and approaching the detection limit; the lower correlations may simply be due to increased measurement noise closer to the detection limits.



UV-BC difference had only a modest correlation with C2H4O2+ (r2 = 0.43), similar to the correlation between UV-BC difference and levoglucosan (r2 = 0.53). BC and C2H4O2+ have a good correlation during the evening (r2 = 0.80) during the period of strong residential wood combustion, but only a modest correlation in the morning (r2 = 0.35). K+ correlated poorly with both BC and UV-BC difference.



Overall, these results suggest that K+ and UV-BC difference are only modestly good indicators of biomass burning in Las Vegas next to a roadway, probably at least in part because there are other sources of K+ and BC at the monitoring site. It is clearly plausible that the majority of BC is from traffic-related emissions, which may complicate the relationship between UV-BC difference and levoglucosan or C2H4O2+. For K+, the modest correlation with levoglucosan or C2H4O2+ may be due to differences in emissions of these species during flaming and smoldering processes, or to minor sources of K+ confounding the relationship.




3.2.3. Urban Background Levels of C2H4O2+


There is a clear, strong relationship of levoglucosan with C2H4O2+ in the data here and in prior studies [25]. However, non-biomass burning sources, including organic acids, also can contribute to C2H4O2+ [28]. Lee et al. suggested that there is a background level of C2H4O2+, so that even when biomass burning is null, there is still some small concentration of C2H4O2+, approximately 0.3% of OA. This background C2H4O2+ can be seen in Figure 4, which shows the fraction of OM from C2H4O2+ (fC2H4O2+) vs. the fraction from m/z 44 (f44). During the morning and midday hours, a background of C2H4O2+ is evident of approximately 0.25% of the OM; during the evening, the fraction of mass from m/z 44 is much lower and the fraction from C2H4O2+ is much higher. Figure 4b shows how the relationship between m/z 44 and C2H4O2+ progresses, with a low m/z 44 fraction and C2H4O2+ fraction in the morning, followed by a midday increase in m/z 44 fraction, and an evening increase in C2H4O2+ fraction and decrease of m/z 44 fraction. This further shows the important contribution of biomass burning during the evening only, while other primary and secondary sources contribute to OM throughout the day.





3.3. Apportioning Biomass Burning via Multiple Methods


With the suite of biomass burning tracers observed here, multiple methods are available to apportion the contribution of biomass burning to OM: (1) use PMF-AMS, applying PMF to the AMS data to determine contributing factors, including BBOA [63,64], and comparing to the (C2H4O2+ × OM)−1 ratio reported in laboratory source experiments for biomass burning fuels [25]; (2) use a (levoglucosan/OC)−1 ratio as reported in filter-based source profiles, estimating the amount of OC from the levoglucosan concentrations and using an assumed OM/OC ratio to estimate BBOA contributions to OM; and (3) use the same process as for Method 2, but using potassium from PILS and source profiles. Since Methods 2 and 3 rely on source profiles, these methods should estimate primary emissions, if the source profiles represent only primary emissions. The PMF factor approach in Method 1 may include primary and some secondary aerosol formation associated with BBOA. However, the PMF method could underestimate secondary OA from biomass burning in the obtained BBOA factor if the secondary OA is chemically more similar to SV-OOA than to primary BBOA. Since SV-OOA concentrations observed here are typically concurrent with and higher than BBOA, secondary OA associated with biomass burning emissions may not be fully captured in the BBOA factor. With only three PMF factors, i.e., with no SV-OOA factor, BBOA is higher than when four factors are used; it may be that with three factors, more of the secondary OA associated with biomass burning is contained in the BBOA factor. Table 1 summarizes the fraction of OM apportioned via each method. Brown et al. report the results from the PMF-AMS method where, using unit mass resolution AMS data and the EPA PMF program, on average 12% of the OM was attributable to biomass burning organic aerosol (BBOA) [47]. During overnight periods, BBOA was on average 26% of the OM.



A number of studies have reported a range of OM/C2H4O2+ ratios from source experiments. Lee et al. report a value of 34.5 for the OM/C2H4O2+ ratio generated in biomass burning experiments [25]. Alfarra et al. used a combination of PMF and 14C analyses to determine a similar ratio for OM to m/z 60, equal to 36, for wintertime wood combustion in Zurich, and suggested this ratio as a conservative estimate for apportioning BBOA [22]. The ratio of 34.5 is very close to the OM/C2H4O2+ ratio in the BBOA factor found here, which is 34.1, indicating that the BBOA factor is consistent with BBOA found in specific experiments where biomass burning is the main source of OA. In our PMF-AMS results, when using just three PMF factors, BBOA also comprises an average of 15% of the OM.



Fine et al. report an OC/levoglucosan ratio of 7.35 and an OC/K ratio of 20.83 for residential biomass burning emissions, used here to apportion BB OC based on our filter levoglucosan and PILS potassium measurements [38]. Recent studies have reported a wider range of levoglucosan/OC and K/OC emission ratios depending on biomass fuel type and burn conditions [16,29,65]. The 7.35 value for OC/levoglucosan is representative of fireplace combustion of hardwoods, which is likely appropriate for the Las Vegas area. Schmidl et al. developed a similar factor for Austrian fuels of 7.1 based on test burns in a tiled stove [66]. Puxbaum et al. [65] suggest an OM/OC conversion factor of 1.4 based on their calculations from the data reported in Fine et al. [11]. During the wintertime evening in Las Vegas, when biomass burning is most prevalent, the average OM/OC ratio is 1.46 [67], so a value of 1.4 for biomass burning appears reasonable. This yields a conversion of biomass burning OM equal to levoglucosan × 7.35 × 1.4. For potassium, biomass burning OM is calculated as K+ × 20.83 × 1.4.



Figure 5 shows the fraction of OM by each method for periods when levoglucosan data are available. Figure 6 compares PMF-BBOA with levoglucosan measurements and levoglucosan-BBOA apportionment. Using conversions from levoglucosan, 33% of the OM is from biomass burning during the overnight periods. This range is slightly higher than the 26% apportioned via 4-factor PMF-AMS. Estimates of K-based BBOA are higher, with 44% of the OM apportioned to BBOA during the 12-h overnight periods with levoglucosan data, and 26% on all evenings. All but the highest levoglucosan concentration data points fall about the 1:1 line between PMF-BBOA and levoglucosan-BBOA in Figure 6, and on most evenings the PMF and levoglucosan apportionment methods yield a similar result. Apportionment via K+ is consistently higher than all other methods. Each of the methods used has underlying uncertainties, in particular the selection of source profiles, since emissions of levoglucosan, K+, and OM vary by wood type, flaming vs. smoldering etc. Results in Table 1 capture some of this uncertainty, showing that the K+ method is the most uncertain compared to levoglucosan and AMS PMF.



One difficulty with comparing 12-h average apportionments via levoglucosan and K+ is that they may be lost at different rates by atmospheric processes [28], or emitted at varying rates as burning goes from flaming to smoldering [25]. In addition, as emissions age, gas/particle partitioning of semivolatile material may mean that the relationship of levoglucosan to OM emitted changes over time, as organic material is either condensed into the particle phase or partitioned in the vapor phase [17,28,68]. We examined the hourly average ratio and correlation between K+ and C2H4O2+ to understand how the relationship varies during the night (Figure 2). Between 1900 and 2300 LST, the ratio (0.625) and correlation (r2 = 0.80) between K+ and C2H4O2+ is consistent, but it degrades after 0000 LST, which is likely around the time that emissions have nearly stopped and levoglucosan may be lost via atmospheric reactions.



The sample with the highest disagreement between methods was the night of 19 January, when levoglucosan-BBOA and K-BBOA are similar (37%–39% of the OM) but are 1.6 times higher than PMF-BBOA. As seen in Figure 1, this was not only the evening of the highest levoglucosan and C2H4O2+ concentrations but also highest OM. It may be that PMF is under-predicting the amount of BBOA, since the OM concentration and possibly composition is quickly changing. The Q/Qexpected ratio and scaled residuals from PMF during this evening are low, indicating a good fit, but SV-OOA is also very high during this evening, so it is likely that some mass assigned by PMF as SV-OOA is actually BBOA. Since a constant profile is needed in PMF, differences in the BBOA composition between evenings mean that a “typical” or average profile is found; deviations from this profile suggest that mass appears to be apportioned to SV-OOA. However, as the results are consistent for all the other data points, our conclusion is that the three BBOA methods using levoglucosan and AMS data compare rather well most of the time. As there are other non-biomass burning sources of K+ in the area, and the amount of K+ emitted depends on the amount of flaming vs. smoldering emissions, assuming all the K+ is from biomass burning yields an upper limit of BBOA that is likely less accurate than the other methods used here.





4. Conclusions


Urban-scale biomass burning was found to be a surprising source of aerosol at Fyfe Elementary School in Las Vegas, even though the monitoring site was located next to a major freeway in a city with no tradition of home heating from wood stoves or fireplaces. Multiple methods of estimating the contribution of this source to fine PM were compared; HR-AMS measurements correlated with levoglucosan measurements, and both yielded similar estimates of total biomass burning organic aerosol (BBOA). Water-soluble potassium correlated with AMS C2H4O2+ only during evening hours, when biomass burning was relatively high; during other hours, there was little correlation, indicating that although K+ can be a useful biomass burning indicator when biomass burning is high, other sources tend to overwhelm the K+ concentrations during other hours. On average, BBOA comprised 9%–14% of the organic matter (OM), but was only significant during the evening hours, when OM was highest. During the overnight period between 1700 and 0500 LST, BBOA contributed between 26% and 33% of the OM (range derived from different analysis/measurement techniques). Thus, residential biomass burning is an unexpected, but relatively important, source of PM2.5 in Las Vegas.
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Figure 1. Time series of temperature, wind speed, Aethalometer black carbon (BC), Aerosol Mass Spectrometer (AMS) organic matter (OM), Aethalometer UV-BC difference, PILS K+, AMS C2H4O2+, and levoglucosan from quartz fiber filters at Fyfe during January 2008 (all units in µg/m3 except temperature in degrees C and wind speed in m/s). 
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Figure 2. Average concentration by hour (LST) for Aethalometer BC, AMS OM, PMF-BBOA, UV-BC difference, PILS K+, and AMS C2H4O2+ (all units µg/m3), plus correlation (r2) by hour of PILS K+ vs. AMS C2H4O2+ and temperature (degrees C). 
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Figure 3. Scatter plots of levoglucosan concentrations (µg/m3) correlated with (a) AMS C2H4O2+ (µg/m3); (b) PILS K+ (µg/m3); (c) UV-BC difference (µg/m3); and (d) BC (µg/m3). 
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Figure 4. Scatter plot of the fraction of OM from m/z 44 and C2H4O2+, with color and numbers indicating hour of the day, for: (a) all data (hourly averages); and (b) data averaged by hour during the study. 
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Figure 5. Percentage of OM apportioned by four methods for each time period where levoglucosan was quantified; boxes indicate nighttime averages (1700–0500 LST). Not shown is K-BBOA value of 100% apportioned OM on 17 January 1700-0500. 
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Figure 6. Comparison of PMF-BBOA concentrations vs. levoglucosan (primary y-axis) and BB OM by levoglucosan (secondary y-axis); all units are µg/m3. 
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Table 1. Fraction and standard deviation of OM (fOM) apportioned during 12 overnight (1700–0500 LST) periods, January evenings, and over all hours, via PMF-AMS, levoglucosan, and K+. Apportionment by levoglucosan is available only for the 12 overnight filter sample periods.







Table 1. Fraction and standard deviation of OM (fOM) apportioned during 12 overnight (1700–0500 LST) periods, January evenings, and over all hours, via PMF-AMS, levoglucosan, and K+. Apportionment by levoglucosan is available only for the 12 overnight filter sample periods.







	
Sample Range

	
% OM from BB via Levoglucosan

	
% OM from BB via PMF-AMS (BBOA)

	
% OM via K+






	
12 12-h overnight periods

	
33% +/− 7%

	
26% +/− 9%

	
44% +/− 18%




	
All evenings (1800–2300 LST)

	
n/a

	
15% +/− 9%

	
26% +/− 24%




	
All hours

	
n/a

	
9% +/− 8%

	
25% +/− 25%










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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