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Online molecular characterization of ﬁne particulate matter in Port Angeles, WA: Evidence for a major impact from residential wood smoke Cassandra J. Gaston a, 1, Felipe D. Lopez-Hilﬁker a, 2, Lauren E. Whybrew a, Odelle Hadley b, Fran McNair b, Honglian Gao c, Daniel A. Jaffe a, c, Joel A. Thornton a, * a b c



Department of Atmospheric Sciences, University of Washington, Seattle, WA 98195, USA Olympic Region Clean Air Agency, Olympia, WA 98502, USA Physical Sciences Division, University of Washington, Bothell, WA 98011, USA



h i g h l i g h t s  A novel analytical technique was used to quantify wood smoke markers in near real-time.  Levoglucosan, nitroaromatics, and methoxyphenols dominated PM, particularly at night.  Residential wood smoke is a major source of wintertime PM in Port Angeles, WA.  Levoglucosan forms low volatility products in the presence of acids.
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We present on-line molecular composition measurements of wintertime particulate matter (PM) during 2014 using an iodide-adduct high-resolution, time-of-ﬂight chemical ionization mass spectrometer (HRTOF-CIMS) coupled to a Filter Inlet for Gases and AEROsols (FIGAERO). These measurements were part of an intensive effort to characterize PM in the region with a focus on ultraﬁne particle sources. The technique was used to detect and quantify different classes of wood burning tracers, including levoglucosan, methoxyphenols, and nitrocatechols, among other compounds in near real-time. During the campaign, particulate mass concentrations of compounds with the same molecular composition as levoglucosan ranged from 0.002 to 19 mg/m3 with a median mass concentration of 0.9 mg/m3. Wood burning markers, in general, showed a strong diurnal pattern peaking at night and in the early morning. This diurnal proﬁle combined with cold, stagnant conditions, wind directions from predominantly residential areas, and observations of lower combustion efﬁciency at night support residential wood burning as a dominant source of wintertime PM in Port Angeles. This ﬁnding has implications for improving wintertime air quality in the region by encouraging the use of high efﬁciency wood-burning stoves or other cleaner home heating options throughout the relevant domain. © 2016 Published by Elsevier Ltd.
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1. Introduction In the U.S. Paciﬁc Northwest, PM episodes that approach or exceed regulatory air quality thresholds often occur in the
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wintertime, due to suppressed vertical mixing and local emissions (Hand et al., 2012; Larson et al., 2004; Ogulei, 2010). Winter episodes occur on synoptic timescales, associated with prolonged cold periods and shallow mixed layers, particularly during nighttime, which promote enhanced residential heating often by wood stoves and ﬁreplaces. However, direct compositional links to residential biofuel sources during these episodes are lacking. Pollution events induced from residential wood burning emissions are globally important for both human health and climate (Fine et al., 2004; Gorin et al., 2006; Hedberg et al., 2006; Khalil and
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Rasmussen, 2003; Larson et al., 2004; Naeher et al., 2007; Ogulei, 2010; Rogge et al., 1998; Schauer and Cass, 2000; Szidat et al., 2007; Ward et al., 2006). Exposure to wood smoke particles is associated with decreased lung function, asthmatic symptoms, and is estimated to be responsible for 1e2 million premature deaths annually (Bolling et al., 2009; Naeher et al., 2007). Further, black carbon and light-absorbing “brown” carbon released from wood burning impact climate by strongly absorbing light and affecting budgets of cloud condensation and ice nuclei (Carrico et al., 2010; Mohr et al., 2013; Petters et al., 2009; Ramanathan and Carmichael, 2008; Saleh et al., 2014; Sun et al., 2007; Weimer et al., 2009). The impact of wood combustion on human health and climate underscore the need to better understand and characterize various sources of wood smoke PM. Flaming and smoldering combustion conditions volatilize and thermally breakdown compounds found in plant materialdnamely cellulose, hemicelluloses, lignin, proteins, and plant waxesdforming compounds that can act as unique wood smoke tracers in PM (Andreae and Merlet, 2001). The most universally used tracer for biomass burning is levoglucosan, formed from the combustion of cellulose (Fine et al., 2002; Fraser and Lakshmanan, 2000; Hennigan et al., 2010; Hoffmann et al., 2010; Nolte et al., 2001; Rogge et al., 1998; Simoneit et al., 1999; Sullivan et al., 2014). Levoglucosan represents a signiﬁcant fraction of PM impacted by residential wood combustion during winter. This compound is one of the most abundant individual organic compounds found in atmospheric aerosols (Fine et al., 2002; Nolte et al., 2001). However, levoglucosan provides little detail about the type of biomass burning (e.g., woodstove vs. ﬁreplace vs. open biomass burning), combustion conditions (e.g., ﬂaming vs. smoldering), and fuel being combusted, which are all needed to accurately apportion the various biomass burning related sources of PM. Guaiacol- and syringol-derived methoxyphenols, produced from the pyrolysis of lignins, and resin acids are typically used to distinguish between softwood (e.g., conifers such as pine) and hardwood combustion (e.g., oak) (Edye and Richards, 1991; Hawthorne et al., 1992; McDonald et al., 2000; Rogge et al., 1998; Schauer and Cass, 2000; Schauer et al., 2001; Simoneit, 2002; Simoneit et al., 1993; Simpson et al., 2005). In addition to levoglucosan and methoxyphenols, other wood smoke compounds used as chemical tracers include plant wax esters, carboxylic acids, and toxic compounds including polycyclic aromatic hydrocarbons (PAHs), nitrophenols, nitrocatechols, nitriles, and amides (Elias et al., 1999; Harrison et al., 2005; Iinuma et al., 2010; Ma and Hays, 2008; Mohr et al., 2013; Oros and Simoneit, 2001; Simoneit, 2002; Simoneit et al., 1993, 2003). A key challenge associated with quantifying chemical tracers in wood smoke is a lack of methods that can unambiguously identify and quantify multiple highly oxygenated and nitrogen-containing markers with a time resolution capable of distinguishing between common time-varying sources such as trafﬁc, home heating, and combustion phases. Chemical measurements of wood smoke PM have typically been off-line, involving the collection of PM on ﬁlters for several hours, followed by extraction and analysis using gas chromatography (GC) (Bari et al., 2009; Edye and Richards, 1991; Elias et al., 1999; Fine et al., 2004; Fraser and Lakshmanan, 2000; Hawthorne et al., 1992; Hedberg et al., 2006; Ma and Hays, 2008; McDonald et al., 2000; Nolte et al., 2001; Oros and Simoneit, 2001; Rogge et al., 1998; Schauer and Cass, 2000; Schauer et al., 2001; Simoneit et al., 1993; Simpson et al., 2005). This method is quantitative and well-suited for analyzing hydrocarbons; however, the drawbacks include the sample preparation, which involves extraction and derivatization of oxygenated and high molecular weight compounds, unresolved complex mixtures (UCM), and low time resolution. Recently, Engling and co-workers developed a



liquid-based method for improved quantiﬁcation of oxygenated compounds in biomass burning aerosol, namely levoglucosan, using high performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) (Engling et al., 2006). This technique requires no sample preparation or derivatization, has faster separation than GC, and a low limit of detection (Christian et al., 2010; Engling et al., 2006; Gorin et al., 2006; Sullivan et al., 2014). Electrospray ionization-mass spectrometry (ESI-MS) has recently been used to detect high molecular weight oxygenated and nitrogen-containing polar compounds found in biomass burning aerosol that cannot be detected by GC-MS (Laskin et al., 2009; Smith et al., 2009), but lacks reproducible quantiﬁcation. While both HPAEC-PAD and ESI-MS methods have improved the detection of polar compounds found in wood smoke particles, neither technique, as employed so far, provides high time resolution. Online techniques, such as aerosol mass spectrometry (AMS), have been used with positive matrix factorization (PMF) to quantify biomass burning aerosol in real-time (Aiken et al., 2010; Weimer et al., 2008); however, the technique utilizes electron impact ionization resulting in extensive fragmentation, which precludes detection and identiﬁcation of speciﬁc molecular tracers. Here we present measurements of ambient ﬁne PM using highresolution, time-of-ﬂight chemical ionization mass spectrometry (HR-TOF-CIMS) coupled to a Filter Inlet for Gases and AEROsols (FIGAERO) (Lopez-Hilﬁker et al., 2014). This online technique combines soft ionization with a high-resolution, time-of-ﬂight mass analyzer allowing the detection and quantiﬁcation of oxygenated and nitrogen-containing compounds on the molecular level at near real-time with no sample preparation (Lee et al., 2014; Lopez-Hilﬁker et al., 2014). Further, gas- and particle-phase compounds are detected simultaneously with this technique, and particulate compounds are thermally resolved providing additional information on volatility. A predecessor of this technique was used to quantify nitrophenols in submicron PM in Detling, UK at hourly time resolution (Mohr et al., 2013). In this work, diel transformations and volatility relevant to wood burning organic aerosol are probed by simultaneously detecting compounds with molecular compositions consistent with levoglucosan, methoxyphenols, nitrophenols, resin acids, lignans, and other oxygenated and nitrogen-containing markers in wood smoke particles. We provide insight into the dominant sources of ﬁne PM during several poor air quality episodes in Port Angeles, WA. 2. Materials and methods Measurements were conducted in Port Angeles, WA at the Port Angeles Fire Station. The site is located at 48.115 N, 123.436 W (see Figure S1 of the Supporting Information (SI) for a site map of the location). Residential communities are primarily to the south and southwest while industrial and port sources are to the north of this site. Continuous measurements of gases, particle size distributions and mass concentrations, and meteorological conditions have been conducted at this site since December 2013. Gas-phase measurements of CO (Thermo Fisher Scientiﬁc, Model 48C TLE) and CO2 (LICOR Inc., Model LI-840A) that were zeroed every 2 h and calibrated daily and measurements of PM2.5 using an optical particle counter (OPC, MetOne Model 212 Proﬁler) were conducted during this intensive campaign. Additional details can be found in the SI; we focus on measurements made using HR-TOF-CIMS described below. 2.1. FIGAERO HR-TOF-CIMS measurements An iodide-adduct high-resolution, time-of-ﬂight chemical ionization mass spectrometer (HR-TOF-CIMS) (Lee et al., 2014) operated with a custom-built Filter Inlet for Gases and AEROsols
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(FIGAERO) was deployed from January 21-March 6, 2014. The instrument detects oxygenated, halogenated, and nitrogencontaining compounds using iodide-adduct CIMS, which is a soft ionization technique that nearly exclusively forms molecular ions clustered with iodide (Lee et al., 2014). The mass analyzer is a highresolution, time-of-ﬂight mass spectrometer with high massaccuracy ( 5500), which when combined with the large mass defect of iodide, allows for the determination of elemental formulas (Lee et al., 2014). The instrument was housed in a waterproof box placed directly on the roof of the building, allowing short sampling inlets for both particles and gases. The gas-phase inlet was 3/400 OD Teﬂon and ~1 m in length while the particle-phase inlet was 1/200 OD stainless steel and ~1 m in length. A custom-built inertial impactor with an aerodynamic cut-point diameter of ~3 mm was installed at the tip of the particle inlet. Ambient air was continuously drawn through the two sampling inlets using an auxiliary scroll pump. The inlets were directly coupled to the FIGAERO manifold, described in detail elsewhere (Lopez-Hilﬁker et al., 2014). Brieﬂy, the FIGAERO mounts directly to the ion-molecule reaction (IMR) region of the mass spectrometer, and consists of two sampling ports for separate particle and gas-phase analysis. In gasphase sampling mode, ambient air is sub-sampled from the gasphase inlet through a critical oriﬁce directly into the IMR at a ﬂow of 2 lpm; the total ﬂow through the gas-phase inlet is 20 lpm giving a residence time of 
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isobaric structures. We also note that oligomers are subjected to thermal decomposition upon heating during a desorption causing accretion products to break down into monomeric units (LopezHilﬁker et al., 2014). As such, compounds corresponding to the detected elemental formulas described in this work do contain contributions from isomeric structures and from the breakdown of accretion products. Calibrations were performed using standard compounds found in wood smoke; the details can be found in the SI and in Table S1. All data are presented in local Paciﬁc Standard Time (PST). 3. Results 3.1. Residential wood smoke contribution to wintertime PM2.5 in Port Angeles, WA On average, one of the single highest ion intensities in the mass spectra of particle-phase data taken with FIGAERO-HR-TOF-CIMS was at an exact mass of 288.9578 Th, which was often on par with the reagent ion (I) intensity (see Figure S2). The best high resolution ﬁts for this ion peak and its isotope required C6H10O5I as the main compound, likely corresponding to iodide clustered with the biomass burning tracer levoglucosan (see Figure S3 for the high resolution ﬁt). For simplicity, we refer to all compounds represented by the measured composition C6H10O5 as levoglucosan. Related isomers, including galactosan and mannosan are also found in wood smoke, although typically in much lower concentrations compared to levoglucosan (Fine et al., 2004; Nolte et al., 2001). The volatility dimension, which when calibrated using authentic standards, further constrains the chemical assignment. For example, the measured volatility exhibited by C6H10O5I in ambient particles was identical to that for a levoglucosan standard deposited by injection to the FIGAERO manifold supporting the assignment of this ion peak to levoglucosan and closely related exact mass isomers (see Figure S4). Figure S2 and Table 1 lists compositions and representative potential compounds associated with such compositions observed simultaneously with levoglucosan, including methoxyphenols and nitrocatechols (Harrison et al., 2005; Hawthorne et al., 1992; Iinuma et al., 2010; Mohr et al., 2013). The time series of levoglucosan mass concentrations for the ﬁrst 5 days of the campaign, when some of the highest concentrations were observed, is shown in Fig. 1. The inset shows the average diurnal proﬁle of levoglucosan as a percentage of total PM2.5 measured by a co-located Optical Particle Counter (OPC). See SI for details on converting levoglucosan signals and OPC measurements into mass concentrations. The time series in Fig. 1 highlights the ability of the technique to provide molecular-level detection and quantiﬁcation of levoglucosan at ~ hourly resolution. We estimate an uncertainty of a factor of 2 associated with the reported mass concentrations of levoglucosan mostly due to errors during calibration, and to unresolved isomeric interferences in the ambient data from compounds such as mannosan and galactosan. It is also important to note that during desorptions reagent ion concentrations were partially titrated suggesting that our levoglucosan concentrations are likely lower estimates. The desorption signal is normalized to the total reagent ion current (I þ I(H2O)), which corrects for titrations on the order of 20%. Several lines of evidence support a residential wood burning source for the observed mass concentrations of levoglucosan and related isomers. First, the temporal proﬁle exhibits persistently high mass concentrations throughout the campaign. During the campaign no nearby wildﬁres, which typically burn in the summertime in Washington State, or agricultural burning was detected by MODIS, and we did not identify any long-range transport as indicated by 48-h HYSPLIT back trajectories. A diurnal pattern in
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Table 1 Molecular formulas, molecular weights (MW), molecular weights of ion peaks coupled to iodide, and the most likely compounds that correspond to those ion peaks are presented. The different markers are divided up by different classes of biomass burning tracers (e.g., monosaccharide derivatives, methoxyphenols, etc.). Detected formula



Example compound



Monosaccharide derivatives C6H10O5 Levoglucosan/Mannosan/Galactosan C6H12O6 Glucose/Mannose/Galactose Guaiacol derivatives C7H8O2 Guaiacol C8H10O2 Creosol C9H10O2 Vinyl guaiacol/Phenyl propanoic acid C9H12O2 Ethyl guaiacol Vanillin C8H8O3 C10H12O2 Eugenol C9H10O3 Acetovanillone/Veratraldehyde C8H8O4 Vanillic acid C10H10O3 Coniferyl aldehyde C10H12O3 Coniferol/Guaiacyl acetone C10H14O3 Vanillyl propanol C9H10O4 Homovanillic acid/Veratric acid C10H14O3 Homovanillyl alcohol/Guaiacyl Propanol Lignans C17H20O4 Divanillylmethane C18H22O4 Divanillylethane C20H24O5 Shonanin C20H22O6 Matairesinol Syringol derivatives C8H10O3 Syringol C9H12O3 Methyl syringol/Trimethoxybenzene C11H16O3 Propylsyringol C10H12O4 Acetosyringone/Homoveratric acid C9H10O5 Syringic acid C11H14O4 Syringyl acetone/Propionyl syringol C17H20O5 Vanillyl syringyl Aromatics C6H6O Phenol C6H6O2 Catechol Resin acids/Diterpenoids C20H28O2 Dehydroabietic acid C20H30O2 Pimaric acid/Abietic acid C20H26O3 Oxodehydroabietic acid Nitroaromatics C6H5NO3 Nitrophenol C7H7NO3 Methyl nitrophenol C6H5NO4 Nitrocatechol C7H7NO4 Methyl nitrocatechol C6H4N2O5 Dinitrophenol



MW



MW þ I



162 180



289 307



124 138 150 152 152 164 166 168 178 180 182 182 182



251 265 277 279 279 291 293 295 305 307 309 309 309



288 302 344 358



415 429 471 485



154 168 196 196 198 210 304



281 295 323 323 325 337 431



94 110



221 237



300 302 314



427 429 441



139 153 155 169 184



266 280 282 296 311



the planetary boundary layer height was observed using the Modern-Era Retrospective analysis for Research and Applications (MERRA) and the Goddard Earth Observing System Model, Version 5 (GEOS-5) product. The boundary layer height was shallower at night when levoglucosan and other biomass burning tracers peaked, which would concentrate wood burning emissions near the surface. We do note, however, that not all compounds exhibited a nighttime maximum, including nitrophenols. Therefore, stagnant conditions in combination with nighttime wood burning caused the observed trends in PM. Second, diurnal proﬁles of levoglucosan, and quantiﬁed methoxyphenols (e.g., vanillin, guaiacol, vanillic acid) and nitrocatechols (e.g., nitrocatechol, methyl nitrocatechol), all peak during the evening, starting at 17:00 and again in the early morning starting at 5:00 (see Fig. 2). These trends are consistent with residential wood burning practices (Gorin et al., 2006; Hedberg et al., 2006; Mohr et al., 2013; Szidat et al., 2007; Ward et al., 2006). Third, meteorological conditions during this campaign consisted of cold, stagnant conditions (see Figure S5) with a dominant wind direction that was southerly and southwesterly from nearby residential communities. Fig. 3 shows that the highest mass concentrations of levoglucosan and its related



Fig. 1. Temporal proﬁle of the mass concentration of C6H10O5 (levoglucosan) measured in the particle-phase using FIGAERO-HR-TOF-CIMS from 01/22-01/27. Inset is the diurnal average of levoglucosan observed during the entire campaign as the percentage of total mass measured by a co-located OPC.



isomers were measured during the evening and early morning when southerly and southwesterly winds were prevalent, consistent with a residential as opposed to an industrial source for the observed biomass burning aerosol. The diurnal ratio of (UV) light absorbing organic carbon (OC) to black carbon (BC) observed by the aethalometer also increased at night when biomass burning markers increased, consistent with a wood burning source of PM (see Figure S6). Fourth, the enhancement ratio of CO/CO2 also peaked in the morning and in the evening, consistent with residential wood burning practices (see Fig. 4). While the morning peak in the CO/CO2 ratio could be due to trafﬁc, we note that levoglucosan and other wood smoke tracers were also elevated during this time of day including gas-phase guaiacol (see Fig. 4). Levoglucosan related tracers were also highly correlated with the CO/CO2 ratio (R2 ¼ 0.68, see Fig. 4) suggesting a wood burning source with a lower combustion efﬁciency consistent with residential wood burning (Andreae and Merlet, 2001; Dhammapala et al., 2006; Hedberg et al., 2006). As shown in Table 1, ion compositions consistent with methoxyphenols (C8H8O3I, e.g., vanillin; C8H8O4I, e.g., vanillic acid; C10H10O3I, e.g., coniferyl aldehyde) and syringol functional groups were observed (C9H10O5I, e.g., syringic acid). However, a sinapyl aldehyde composition was not observed, typically a unique marker to hardwood combustion (Fine et al., 2002), while guaiacolderived methoxyphenol compositions were more abundant, suggesting that softwoods were the dominant local biofuel consistent with residential heating practices in the Western United States (Fine et al., 2002). Further, the detection of compositions that correspond to resin acids (C20H28O2I, e.g., dehydroabietic acid), lignans derived from coniferyl alcohol (C20H22O6I, e.g., matairesinol), and C8H12O6I that has been observed during controlled burns of ponderosa pine needles and sticks are all consistent with residential combustion of softwoods (Bari et al., 2009; Edye and Richards, 1991; Elias et al., 1999; Fine et al., 2002, 2004; Hawthorne et al., 1992; McDonald et al., 2000; Nolte et al., 2001; Rogge et al., 1998; Schauer and Cass, 2000; Schauer et al., 2001; Simoneit, 2002; Simoneit et al., 1993; Simpson et al., 2005; Smith et al., 2009). The dominance of residential wood burning in Port Angeles, WA is also not surprising given the high contribution of wood smoke to wintertime PM2.5 levels in other regions of Washington State including Pierce County/Tacoma, Olympia, and Seattle
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Fig. 2. Diurnal mass concentration proﬁles of C6H10O5 (levoglucosan) (magenta line with circles), methoxyphenol derivatives (MPs) (orange line with diamonds), and nitrocatechols (NCs) (blue line with squares) found in wood smoke particles. Error bars represent one standard deviation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



Fig. 3. Levoglucosan mass concentration as a function of wind direction.



(Khalil and Rasmussen, 2003; Larson et al., 2004; Ogulei, 2010; Simpson et al., 2005).



3.2. Comparison to wood smoke marker measurements in other locations Fig. 1 shows levoglucosan concentrations of 0.002e19 mg/m3 (median 0.9 mg/m3) which represents up to 40% of total ﬁne particle mass (median 19%) (see also Table 2). By comparison, ammonium nitrate mass concentrations ranged from 
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Fig. 4. Diurnal proﬁle of the CO/CO2 ratio (dashed green line) and guaiacol (dashed purple line) measured by the FIGAERO-TOF-CIMS (top panel) and correlation between levoglucosan mass concentrations and the CO/CO2 ratio (bottom panel). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



and Cass, 2000; Schauer et al., 2001; Ward et al., 2006). Combining data on heating appliances, wood burned, and emissions proﬁles of different chemical tracers from wood burning, Fine et al., 2002 estimated that levoglucosan represented 16% of PM2.5 from residential wood burning in Washington State in 1995 using a chemical mass balance receptor model (Fine et al., 2002). The fraction of levoglucosan and related tracers reported here (up to 40%) is on the higher end of these reported values. As noted earlier, FIGAERO-ToFCIMS cannot separate isomers with the same elemental formulas meaning the detected signal at C6H10O5I likely contains contributions from mannosan and galactosan, both biomass burning tracers, in addition to levoglucosan. However, previous work using techniques that can separate these compounds report that mannosan represented, at most, 20% of the emitted mass from a wood stove with an elemental formula of C6H10O5 while galactosan only represented up to 5% (Bari et al., 2009; Fine et al., 2004; Nolte et al., 2001). This means that of the 40% of PM2.5 that is explained by C6H10O5I, up to 8% could be mannosan and 2% could be galactosan while levoglucosan would still represent up to 30% of PM2.5. Notably, Engling and co-workers detected higher mass fractions of levoglucosan using HPAEC-PAD (17e49% of PM2.5) compared to previous work, which quantiﬁed levoglucosan using GC sometimes without prior derivatization. We speculate that our method of detecting and quantifying levoglucosan, which does not suffer from losses due to extraction and is more sensitive to polar compounds, similarly explains the higher fractions of levoglucosan observed herein compared to previous work. In addition to levoglucosan, the instrument response to several other biomass burning related compounds was quantiﬁed including a suite of methoxyphenols, nitrophenols, and nitrocatechols (see Table S1 for calibration factors and Table 2 for the median and maximum mass concentrations). The methoxyphenols quantiﬁed were vanillin, vanillic acid, and guaiacol or 4methoxyphenol. Applying the instrument response for the speciﬁc isomers to the methoxyphenol compositions measured in the ﬁeld resulted in concentrations ranging from 
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Table 2 Molecular formulas, molecular weights (MW), molecular weights of ion peaks coupled to iodide, and median (maximum) mass concentrations of calibrated biomass burning tracer compounds likely observed in Port Angeles are presented. Detected formula Monosaccharide derivatives C6H10O5 Methoxyphenol derivatives C7H8O2 C8H8O3 C8H8O4 Nitroaromatics C7H7NO3 C6H5NO3 C6H4N2O5 C6H5NO4 C7H7NO4



Example compound



MW



MW þ I



Median (max) (ng/m3)



Levoglucosan



162.14



289.14



949 (18,900)



4-methoxyphenol/Guaiacol Vanillin Vanillic acid Sum methoxyphenols



124.14 152.15 168.14



251.14 279.15 295.14



28 10 28 63



4-methyl-2-nitrophenol 4-nitrophenol Dinitrophenol Sum nitrophenols 4-nitrocatechol Methyl-nitrocatechol Sum nitrocatechols



153.14 139.11 184.11



280.14 266.11 311.11



155.11 169.14



282.11 296.14



5.38 (209) 0.57 (7) 1.06 (243) 6 (455) 27 (736) 31 (678) 58 (1414)



in Fresno and Bakersﬁeld (up to 876 ng/m3) (Schauer and Cass, 2000), Salt Lake City and Minneapolis (231e1290 ng/m3 for guaiacol-derived methoxyphenols) (Hawthorne et al., 1992), but are higher than methoxyphenols measured in the Seattle region, which ranged from 


Fig. 5. Contributions of particulate phenols in gray (e.g., C6H6OI, C6H6O2I), nitrophenols in red (e.g., C6H5NO2I, C6H5NO3I, C6H4N2O5I, C7H7NO3I), and nitrocatechols in blue (e.g., C6H5NO4I, C7H7NO4I) to the total budget of observed phenolic compounds in the particle-phase. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



(1150) (366) (683) (1654)



Nitrated compounds represent 


Fig. 6. Diurnal proﬁle of particle-phase nitrophenols (red line with asterisks), nitrocatechols (blue line with squares), and gas-phase phenol (yellow dashed line). Error bars represent one standard deviation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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3.3. Low volatility organic components in ambient biomass burning particles Continuous, on-line characterization of PM in Port Angeles allowed for the detection of residential wood smoke particle composition during fresh and aged biomass burning conditions. Fig. 7 shows thermograms of the levoglucosan and related tracers ion (C6H10O5I) from four different times of day averaged for the entire campaign: 0:00e5:00 (period 1), 5:00e10:00 (period 2), 10:00e17:00 (period 3), and 17:00e0:00 (period 4). The inset in Fig. 7 shows the normalized mass concentration proﬁle of the levoglucosan tracers and the normalized signal for sulfuric acid during the different times of day. Time period 1 corresponds to a decrease in levoglucosan components as residential heating practices are complete for the evening. Time period 2 is when tracers for residential wood burning increase during the daytime. Time period 3 is when residential wood burning tracers are relatively subdued and the photochemical production of sulfuric acid occurs. Time period 4 is when nighttime residential wood burning tracers peak in the evening. The value of the maximum temperature (Tmax) of the thermogram provides information regarding the volatility of the compound desorbing (or fragmenting) from the particle collection ﬁlter. The Tmax has been shown to be correlated to the enthalpy of sublimation of individual compounds (Lopez-Hilﬁker et al., 2014). During time periods 1, 2, and 4, the thermograms in Fig. 7 generally show a Tmax between 58 and 70  C, which has previously been observed for a pure levoglucosan standard (Lopez-Hilﬁker et al., 2014) (see Figure S4). Also shown in Fig. 7 are the best ﬁts to the observed thermogram data (thick gray lines with dashed line indicating Tmax), where the ﬁt is based on the thermogram proﬁles of a set of desorptions of standard compounds. For periods 1, 2, and 4, the best ﬁts to the thermograms are a single mode with Tmax~60  C, as expected for pure levoglucosan desorptions. However, thermograms for time period 3 show that the Tmax for the representative ion shifts to near 100  C and the thermogram is best ﬁt to two modes, one occurring at Tmax~60  C and a second mode at



Fig. 7. Average thermograms of C6H10O5 (levoglucosan) binned by four different time periods. Thermograms are averaged from 0:00e5:00 (line with open squares), 5:00e10:00 (dashed line with open triangles), 10:00e17:00 (dashed black line with open circles), and 17:00e0:00 (solid line). Thermogram ﬁts are also show in gray with dashed lines indicating the Tmax of the ﬁts. Inset is the diurnal proﬁle of levoglucosan concentrations (pink line with open circles) and sulfuric acid (yellow line with open circles) with dashed lines to denote the different time bins used to average thermograms. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Tmax~100  C. In contrast, the thermograms for a molecular composition consistent with vanillin, another biomass burning tracer, did not exhibit any similar shifts in Tmax or shape during this period. A comparison of the combined volatility of all biomass burning compounds not including levoglucosan and its related isomers also showed no signiﬁcant shift in Tmax. The only observed difference in thermograms of other biomass burning tracers was the appearance of an additional mode containing higher volatility components during time period 4 (see Figure S7) likely due to increased contributions from semi-volatile compounds that partitioned to the particle-phase at night. The most probable explanation for the shift in Tmax for levoglucosan and related tracers during period 3 is the formation or preferential persistence in the particle-phase of low volatility oligomers that undergo thermal decomposition to their monomeric units at higher temperature, and are therefore detected at higher values of Tmax than actual monomers of levoglucosan. Thermal decomposition of high molecular weight compounds has also been shown to occur for secondary organic aerosol (SOA) formed from apinene ozonolysis in the FIGAERO (Lopez-Hilﬁker et al., 2014). The formation of oligomers from levoglucosan has been shown to occur in the presence of acid catalysts (Holmes and Petrucci, 2006, 2007). Signiﬁcant shifts in levoglucosan thermograms only occurred during time period 3 when sulfuric acid was also found to desorb from the particle-phase (see Fig. 7). This is likely due to an acid-catalyzed mechanism for the formation of low volatility products from levoglucosan. While the exact cause of the observed shifts in volatility for levoglucosan is not known at this juncture, this work highlights the potential formation of low volatility products during the chemical aging of ambient biomass burning aerosol and the dynamic partitioning of semi-volatile compounds. 4. Conclusions and implications Wintertime PM was characterized in Port Angeles, WA during an intensive study in 2014 that was part of a larger effort to characterize PM and ultraﬁne particle sources in the region. The diurnal pattern of wood burning tracers, light absorbing organic carbon, and indicators of combustion efﬁciency (e.g., CO/CO2 ratio) combined with cold, stagnant meteorological conditions and wind directions from residential areas all provide strong evidence of a residential rather than an industrial source for the observed wood smoke PM in Port Angeles, WA during the wintertime. Residential heating practices have been shown to dominate wintertime PM2.5 in several urban and rural locations (Bari et al., 2009; Fine et al., 2002; Gorin et al., 2006; Hedberg et al., 2006; Khalil and Rasmussen, 2003; Larson et al., 2004; Schauer and Cass, 2000; Simpson et al., 2005) leading to non-attainment levels of PM2.5 in some cases, particularly when cold, stagnant conditions trap wood smoke near ground-level (Ogulei, 2010; Ward et al., 2006). Upgrading old woodstoves to newer models has been shown to reduce levels of PM2.5 in Libby, MT (Bergauff et al., 2009) and have likely contributed to improved wintertime air quality in WA state as well. Further upgrades throughout the airshed affecting Port Angeles during southerly ﬂow would likely further reduce levels of wood smoke PM and improve wintertime air quality there. During this intensive study, a novel technique, FIGAERO HRTOF-CIMS, was used to detect and quantify several classes of biomass burning tracers, including levoglucosan. High mass concentrations of levoglucosan and related isomers (up to 19 mg/m3) for an area impacted by residential wood burning were detected. Evidence was also presented for the existence of low volatility aging products, possibly due to acid-catalyzed oligomer formation (Holmes and Petrucci, 2006, 2007). In addition to levoglucosan, guaiacol-containing methoxyphenols and resin acids indicative of
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