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Abstract. Measurements of aerosol composition, volatile or- 1  Introduction

ganic compounds, and CO are used to determine biogenic

secondary organic aerosol (SOA) concentrations at a rural here has been intense interest of late in the nature of the or-
site 70km north of Toronto. These biogenic SOA levels ganic component of the tropospheric aerosol, specifically its
are many times higher than past observations and occur duomplex composition, oxidation state, hygroscopicity, and
ing a period of increasing temperatures and outflow fromreactivity. While a number of secondary organic aerosol
Northern Ontario and Quebec forests in early summer. A(SOA) formation routes have been presented, there remain
regional chemical transport model approximately predictsCOnSiderab|e uncertainties in determining the most signifi-
the event timing and accurately predicts the aerosol loadingcant pathways by which organic mass accumulates on tro-
identifying the precursors as monoterpene emissions fronPospheric particles (Kanakidou et al., 2005; Goldstein and
the coniferous forest. The agreement between the measurddalbally, 2007; Hallquist et al., 2009). The conventional per-
and modeled biogenic aerosol concentrations contrasts witGPective has been that reactive volatile organic compounds
model underpredictions for polluted regions. Correlations(VOCs) from biogenic emissions (e.g. monoterpenes and,
of the oxygenated organic aerosol mass with tracers sucHore recently, isoprene) or anthropogenic sources (e.g. aro-
as CO support a secondary aerosol source and distinguisiatic hydrocarbons) are oxidized to form less volatile prod-
biogenic, p0||ution' and biomass burning periods during theucts that then partition to particles. Comparisons of observed
field campaign. Using the Master Chemical Mechanism,and modeled organic aerosol loadings have been examined in
it is shown that the levels of CO observed during the bio-case studies of urban areas (Volkamer et al., 2006; Dzepina
genic event are consistent with a photochemical source ariset al., 2009) and urban outflow, yielding a systematic un-
ing from monoterpene oxidation. The biogenic aerosol masglerprediction by models that increases with photochemical
correlates with satellite measurements of regional aerosol opage (Johnson et al., 2006; Volkamer et al., 2006; de Gouw
tical depth, indicating that the event extends across the eas€t al., 2008). In contrast, biogenic aerosol studies in trop-
ern Canadian forest. This regional event correlates with inical (Claeys et al., 2004; Chen et al., 2009; Gunthe et al.,
creased temperatures, indicating that temperature-dependef®09), subtropical (Kavouras et al., 1998; Capes et al., 2009),
forest emissions can significantly affect climate through en-and boreal forests (Tunved et al., 2006) have mostly reported

hanced direct optical scattering and higher cloud condensasignificantly lower concentrations than those observed over
tion nuclei numbers. polluted regions, despite studies indicating that global VOC

emissions are higher from biogenic sources (Guenther et al.,
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However, some evidence exists that the biogenic SOAmajor anthropogenic sources to the north are from nickel and
mass may be larger than previously observed. Highercopper mining industries in the city of Sudbury300 km to
biogenic SOA concentrations than those discussed abovthe north).
have been observed in a region of high terpene emissions
(Shantz et al., 2004). Organic concentrations of 5.7 and2.2 Instrumentation
3.1 pg/nt were observed in eastern Canada during periods
influenced by isoprene and monoterpene oxidation, respec2.2.1  Aerosol mass spectrometer
tively (Williams et al., 2007). However, the biogenic SOA
mass fraction during these episodes is unknown. The interT he size-resolved, non-refractory composition of submicron
action of biogenic VOCs with anthropogenic pollutants is aerosol particles was measured with an Aerodyne time-of-
hypothesized to contribute to high aerosol loadings in theflight aerosol mass spectrometer (C-ToF-AMS) (Aerodyne
southeast United States (Goldstein et al., 2009). FurtherResearch, Inc., Billerica, MA, USA), which is described in
carbon isotope measurements suggest recent involvement @itetail in the literature (Jayne et al., 2000; Jimenez et al.,
photosynthesis for the majority of organic aerosol carbon in2003; Drewnick et al., 2005; Canagaratna et al., 2007). In
a variety of settings, including polluted cases (Szidat et al. brief, particles are sampled through a 100 um critical orifice
2004; Weber et al., 2007). This finding makes comprehen{2 torr) and passed through an aerodynamic lens. The lens
sive studies of biogenic aerosol formation events of extremedoth focuses the particles into a narrow beam and acceler-
importance, to delineate the conditions under which biogenicates them to a velocity dependant on particle vacuum aero-
aerosol readily forms and to describe the photochemical statdynamic diameterdys). The particles impact a resistively
of the atmosphere that is associated with such activity. heated surface (60, 10~/ torr) and flash-vaporize. The

Here we present evidence for the formation of the mostresulting gas is ionized by electron impact (70eV) and the
substantial biogenic organic aerosol formation event yet obions are detected by a time-of-flight mass spectrometer. The
served, from measurements at a rural location north ofAMS may be operated in one of two modes: (1) The particle
Toronto, Canada. The five day event is characterized byeam is alternately blocked and unblocked, yielding a full
steadily increasing organic aerosol levels to a maximum ofmnass spectrum; or (2) The particle beam is modulated with
15 ugnt3, correlated strongly with increasing temperature. @ spinning chopper wheel (150 Hz), allowing determination
Atmospheric CO levels increase concurrently. Wind flow Of dva from the particle time-of-flight between the chopper
was from the largely unpopulated regions of northern andand detector. Because the mass spectrometer records spec-
central Ontario and Quebec. Through both in situ observaira at 50kHz, size-resolved mass spectra are obtained. The
tions and regional air quality modeling results, the organicAMS used in this study was equipped with an optical scatter-
aerosol is shown to be photochemically produced from bio-ing module, which provides a scattered light pulse for every
genic precursors. The increasing levels of CO are consisterarticle impacting the vaporizer (Cross et al., 2007) above
with a photochemical source as well. Satellite observationghe optical detection limit of-215 nm (geometric diameter).
of aerosol optical depth (AOD) highlight the importance of Incorporation of this module into the ToF-AMS enables the
these forested areas as major aerosol source regions that willantitative detection of single particle mass spectra (Cross

affect climate, the regional ecology, and air quality. et al., 2009). Data presented in the manuscript body are
taken exclusively from ensemble mass spectra (5 min aver-

age), however the size-resolved and single particle spectra

2 Materials and methods are used to evaluate the instrument collection efficiency, as
discussed below. Reported mass loadings are based on the
2.1 Sampling location standard pressure at the time of calibration.

An important consideration in the quantitative analysis of
Sampling for the Egbert 2007 field campaign was conductedAMS data is the collection efficiency due to particle bounce.
from 14 May to 15 June 2007, at the Center for Atmo- On impacting the vaporizer, some fraction of non-refractory
spheric Research Experiments (CARE) in Egbert, Ontarioparticles bounces off the vaporizer surface instead of va-
Canada (44.23N, 79.78 W; 251 ma.s.l). The Egbert CARE porizing. The detected number fraction is defined as the
site is a permanent research station operated by Envirorbounce collection efficiencyHp), which depends primarily
ment Canada. Egbert is a rural location consisting of mixedon particle phase (Matthew et al., 2008). Typically ~0.5
forest and farmland, approximately 70 km north of Toronto. for ambient particles, although higher values have been ob-
Toronto is one of the largest urban areas in North Americatained for acidic particles, particles with a high mass frac-
with a population of 5 million, while the population of the tion of ammonium nitrate or liquid organics, and particles
Southern Ontario region is approximately 8 million. During sampled at high relative humidity. Two methods were used
periods of southerly winds, Egbert is influenced by the urbanto estimateEy: (1) correlated optical scattering measure-
outflow of Toronto. In contrast, northerly winds bring air ments and single particle mass spectra and (2) compari-
from sparsely populated, heavily forested regions. The onlyson of AMS and SMPS (scanning mobility particle sizer:
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differential mobility analyzer (DMA) model 3071 coupled to potassium measurement presented here should be considered
a condensation particle counter (CPC) model 3010, TSI, Inc.pnly semi-quantitative due to (1) the low mass resolution of
St. Paul, MN, USA) data. The two methods are described inthe C-ToF, (2) the high instrument backgroundréz39, and

more detail below. The first method @, estimation was (3) competition between multiple ionization processes.
applied to all data collected beginning 25 May (when the

optical scattering system became operational). The second.2.2 Cloud condensation nucleus counter

method was applied to the entire study (14 May to 15 June). _ _ _
The two methods yielded similar results afg was esti- Cloud condensation nuclei (CCN) concentrations were mea-

mated to be 0.6-0.1. sured using a home-built CCN counter (Kumar et al., 2003)

consisting of a coupled continuous flow thermal gradient

Ep has traditionally been estimated through comparisonsdiﬁusion chamber (TGDC) and aerodynamic particle sizer
with co-located instrumentation. However, the combination(APS) model 3320 (TSI, Inc., St. Paul, MN, USA). The

of the optical scattering module and single particle MaSSchamber supersaturation was calibrated using size-selected

spectra provides a direct in situ measuremenggfas the (NH4),S0Oy particles and was set at 0.42% for the present

frscthn ?f I|ghF sc?tftenng pullseT that Cﬁnta';‘ azcorrela;edexperiments. CCN number concentrations are measured to
chemical ion signal for particles larger than the 215nm de- iiin 4 2506, Further details of instrument calibration, per-

tection limit (Cross et al., 2008). We assume that the meag,.ance  and operation are available in the literature (Ku-
suredEy, for this particle subset extends across the entire SIZ& ar et al.. 2003 Chang et al., 2007, 2009)

range to obtain a global estimate B§.

A second estimate aofy, was obtained through compari- 2.2.3 Gas measurements
son of the AMS mass distributions with volume distributions ) )
from an SMPS, which measured mobility size distributions Volatile organic compounds (VOCs) were measured us-
on a 15 min time interval for particles with mobility diame- iNg @ proton-transfer reaction mass spectrometer (PTR-MS)
ters {@m) below 400 nm. AMS distributions were converted (Lindinger et al., 1998; de Gouw and Warneke, 2007) (loni-
from mass to volume for each 15 min interval by the relation- con Analytik, Innsbruck, Austria) and a gas chromatography
shipd\,azdm-% . iz wheredy, is the SMPS-measured mo- System (_:oupled to a flame |on|zat|on_ detector system (GC-
bility diameter,pp and oo are the particle and unit densities, FID) (Brickell ft.al" 2003; Rupakheti et al., 2005)'. In the
respectively, ang is the dynamic shape factor. For this con- P TR"MS, BO™ ions are generated by a cathode discharge
version, we assumed spherical particles §i.e. 1) and com- in wat(.ar'vapor and ionize trace gases that have a hlgher pro-
ponent densities of 1.77 g cr for sulfate, 1.74 g cm? for ton affinity than water. The resulting ions are _detecte_zd \/_Vlth_a
nitrate, 1.527 g cm? for chloride, a weighted average of the quadr_upole mass spect_romet_er. Because thl§ soft ionization
sulfate and nitrate densities for ammonium, and 1.2 g&m technique causes relatively little fragmentation, measured

for organics. The AMS and SMPS volume distributions were /28 can frequently be directly related to the parent ion, and
compared below the SMPS large-size cutoffig400 nm VOCs identified. The PTR-MS was calibrated with a custom

) ) . ) standard containing 12 VOC species (methanol, acetonitrile,
In this manuscript, we report the AMS time series of potas-

) - ' ) acetone, isoprene, methyl vinyl ketone, benzene, toluene, ac-
sium, measured at/z39. Because previous studies using the

) - ) etaldehyde, dimethylsulfide;-pinene, limonene, 2-methyl-
high-resolution HR'TOE'AMS have shown th#z39 signal 3 1 ten-2-0l) in the 500 ppbv range (Apel-Riemer Environ-
to be dominated by §€H; (Aiken et al., 2009), a further de-

o~ ) ] ‘ mental Inc., Broomfield, CO, USA). Species-dependent cal-
scription of this measurement is required. Although the C-j,4iion factors and detection limits are described elsewhere

ToF-AMS is primarily a unit resolution mass spectrometer, (Vlasenko et al., 2009). The GC-FID system employs a lig-
in the present study sufficient resolution exists to distinguish, ;4 nitrogen-cooled glass bead pre-concentration trap and

the signals at K (m/z38.9637) and €HZ (m/z39.0235). 1y pi-column capillary chromatography system. The instru-
Spectra were analyzed using the PIKA v1.06A softwarement has detection limits of 5-16 pptv in an air sampling vol-
(D. Sueper, U. of Colorado-Boulder, USA) (DeCarlo et al., yme of 930 mL and was validated in a recent intercompari-
2006). The time series of Kand Q;Hg“ are presented in - ¢ study (Rappenitk et al., 2006). Gaseous CO and NO

the Supplement (Fig. Shittp://www.atmos-chem-phys.net/ | o« measured using a TECO 48C and TECO 42C, respec-
1_0/2_825/2(_)10/aqp_—10-2825-201O-sUpp|emen)-p‘“ rela- tively (Thermo Electron Corporation, Waltham, MA, USA).
tive ionization efficiency (RIE) of 10 was estimated for potas-

sium from calibration with KN@ (where RIE is defined in = 2.3 Positive matrix factorization (PMF)

reference to the signal an/z30 and 46 for NQ@ ion frag-

ments). This value is notably higher than a previously re-The AMS organic mass spectra were analyzed using posi-
ported potassium RIE = 2.9 (Drewnick et al., 2006). How- tive matrix factorization (PMF) (Paatero and Tapper, 1994;
ever, significant variation between instruments is expected®aatero, 1997), a receptor modeling technique that uses mul-
because of the effects of mass spectrometer tuning on thevariate statistical methods to represent the time series of
sampling efficiency of ions from surface ionization. The mass spectra as a linear combination of factor mass spectra
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and their time-dependent intensities. PMF analysis was per2.4 AURAMS (A Unified Regional Air-quality

formed using the PMF2 software package (P. Paatero, U. of Monitoring System) Model

Helsinki, Finland), together with the CU AMS PMF Tool

(Ulbrich et al., 2009a). The PMF model is described by theAURAMS (version 1.4.0) is an off-line chemical transport

matrix equation: model (CTM) that is driven by the Canadian operational
weather forecast model, GEM (Global Environmental Multi-
X=GF+E (1) scale model) (Gté etal., 1998a, b). GEM (version 3.2.2) was

used to produce meteorological fields with a 15-km horizon-
HereX is the input mass spectral time series, the columns ofal resolution. GEM was run for 12-h periods from reanalysis
theG matrix contain the factor time series and the rows of thefiles with a 6-h spin-up and 6 h of simulation stored for the
F matrix contain the factor mass spectra. Eeatrix con-  CTM. AURAMS was run in a one-way nested configuration
tains the residuals and is defined by Eq. 1. The PMF modelyith a continental-scale outer domain at 42-km resolution
solves Eq. 1 by using a weighted least-squares algorithm t@nd an inner regional domain at 15-km resolution.

minimize the quantityQ, defined as: Hourly anthropogenic point, area, and mobile emission
) files were prepared for the CTM using the 2005 Canadian

Q=" (eij/sij) (2)  and 2005 US emissions inventories and version 2.3 of the
i SMOKE emissions processing system (Houyoux et al., 2000;

CEP, 2003). Biogenic emissions were calculated on-line by
AURAMS using BEIS version 3.09, the Biogenic Emissions
Landcover Database (BELD3) vegetation data set (30 tree
. ) : : : species and 20 crop species used for Canada), and meteoro-
number of elements in the input matti In pracUce,Q IS logical fields (temperature and irradiance) from GEM. Bio-
expected to be somewhat larger th@Bypecteqfor ambient genic VOC emissions are speciated into four groups: iso-
?ir?ittae tﬁcrﬁl?:reoﬁ‘hfz\c?gz cannot be perfectly represented byp?ene (ISOP), monoterpenes (PINE), sesquiterpenes (SESQ)
: and “other VOCs”. Sesquiterpene emissions were calcu-

The AMS uncertamtles'(ﬁ) dlscuss'ed n Eg. 2 are cal- lated by scaling monoterpene emissions (Helmig et al., 2007)
culated from the convolution of a Poisson distribution rep- e.g. SESQ emissions equal to 0.16 times monoterpene emis-
resenting ion counting statistics with a detector-dependeni =~ '

) S ; SO .~ sions at 30C).
G_aus&_an d|s.tr|but|on representing the variation in single ion The gas-phase mechanism in AURAMS is an updated
signal intensity (Allan et al., 2003). Uncertainties are cal-

) , version of the ADOM-II mechanism (Kuhn et al., 1998),
culated independently for the background and particle bean§}vhich is solved using a vectorized version of the rodas3

Heree;; are the elements of the residual matéx ands;;
are the elements of the uncertainty mat@ix The theoret-
ical value of 9, denotedQexpected Can be estimated as the

arj/d%mmed in quadrature, y!eldlr?g the .expressndgz solver (Sandu and Sander, 2006). A detailed descrip-
a2, Herel, and/, are the ion signals in the unblocked tjon of the ADOM-II VOC lumping scheme is presented

and blocked (background) positiongjs the sampling time,  elsewhere (Stroud et al., 2008). In the present study, a
andea is a factor accounting for the width of the Gaussian lumped monoterpene species was separated from the origi-
distribution discussed above. The elements of the uncertaintyjial ADOM-II anthropogenic long-chain alkene species and
matrix S are theA I; values for each individuah/zat every  assigned the OH/§INOs kinetics of a-pinene. A lumped
point in time. sesquiterpene species was added to the mechanism and mod-
The PMF2 software was applied to a mass spectral maeled with g-caryophyllene + @ OH/NO;s kinetics. Benzene
trix consisting of the organic component of allZzs <300,  was separated from the original ADOM-II lumped species
yielding a mass spectral matrix of 2#02Zs and 8143 mass (sum of propane, acetylene, and benzene), and reacted in
spectra (not alim/Zs contain organic signal). The PMF2 the modified mechanism with OH kinetics. The overall or-
“robust” operating mode was utilized, in which data points ganic aerosol yield approach (Odum et al., 1996) was ap-
yielding large residuals|{;;/s;;| > 4) are iteratively down- plied to the following VOC precursor species: isoprene
weighted (Paatero, 1997). Matrix rotations were explored by(ISOP), monoterpenes (PINE), sesquiterpenes (SESQ), ben-
varying thefPeakparameter from-1.5 to 1.5 (see Fig. S7) zene (BENZ), mono-substituted aromatics (TOLU), multi-
and provided results consistent with those presented belowubstituted aromatics (AROM), long chain anthropogenic
(obtained afPeak= 0.0). The possibility of local minima alkenes (ALKE), and long chain anthropogenic alkanes
in the solution space was considered by initiating the PMF2(ALKA). Aerosol yields were calculated for low and high
routine from 100 random starting points, denoted by seed\NOy limits as a function of existing organic aerosol loadings
values from 1 to 100. The different seed values yielded sim<including both primary and secondary aerosol) and temper-
ilar solutions to those presented below (obtained at seed ature. SOA yields are based on on Raoult's law equilib-
1), indicating that other local minima were not found (see rium for an ideal solution composed of both POA and SOA
Fig. S8). Selection of the correct number of factors, as well(Pankow, 1994). Updatedi and K; based on recent litera-
as factor identification, is discussed in Sect. 3.1.1. ture studies were applied for ISOP (Kroll et al., 2006; Lane
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et al., 2008), PINE (Griffin et al., 1999; Zhang et al., 2006; 3 Results and discussion

Pathak et al., 2007), SESQ, ALKE, and ALKA (Lane et al.,

2008), BENZ and AROM (Ng et al., 2007b), and TOLU 3.1 AMS organic mass spectral analysis

(Hildebrandt et al., 2009). An incremental increase in SOA

mass was calculated from decreases in precursor VOC cor8.1.1 Positive matrix factorization

centrations for a given time step under both low and high

NOy conditions. A linear interpolation between the low NO The application of PMF to an AMS dataset has been previ-

and high NQ incremental SOA mass was performed basedously described in detail (Lanz et al., 2007; Ulbrich et al.,

on the fraction of the R@radicals which react with HQ  2009a; Slowik et al., 2010). An important consideration is

vs. NO (Presto and Donahue, 2006; Henze et al., 2008).  the number of factors output by the PMF algorithm, which
An SOA material density of 1.5gcm was assumed for is selected by the user. However, no completely unambigu-

ous method for choosing the “correct” number of factors ex-

conversion of normalized aerosol yield data (from particle ™ | q ber of f is th h b
volume measurements); recent volatility basis sets have use!ats' e selected number of factors is thus somewhat sub-

1.6 and 1.4 gcm3(Shrivastava et al., 2008; Tsimpidi et al jective and must be evaluated through comparisons of factor
2010). (Note that this value for the SOA material density and tracer time series, analysis of the factor mass spectra,

is distinct from the assumed density of 1 2g‘c°m‘or the and the evolution of the residual time series as a function of
total organic fraction used in the AMS collection efficiency the number of resolved factors. Here a 4-factor solution was

estimation; see Sect. 2.2.1.) The particle size distributio selected as the best representation of the data, as described

is represented in the CTM by 12 bins ranging in diameter elow. ) ] ] ]
from 0.01 to 40.96 um, with the 8 lower bins corresponding N Fig- 1, we plot the time series of the quantity
to si;es beloyv 2.5um. Particle composi?ion is representedA Z(eij/sij)z between two solutions with different num-
by nine species (sulfate, nitrate, ammonium, black carbon,  \ 7

primary organic aerosol, SOA, crustal material, sea salt, anghers of factors: that is, the time-dependent contributio@ to
particulate water), which are assumed to be internally mixedtor the n-factor solution minus that of the { 1)-factor so-
within each size bin (Smyth et al., 2009). Condensation oflution. The appearance of time series structure in such a plot
the SOA to the particle size distribution is described by aindicates that the increased number of factors enables more
modified Fuchs-Sutugin equation as described by equationf the data to be explained. Structure is evident in Fig. la—
Al4in Gong et al. (Gong et al., 2003). c, but is greatly reduced in Fig. 1d. (Note that the scale in
Fig. 1a is~60x that of Fig. 1b and-120x that of Figs. 1c
and d.) These trends in time series structure indicate that
the PMF solution is enhanced by increasing the number of
factors to 4, but that further improvements do not explain
The spatial and temporal domain of this analysis is ex-significantly more of the data.

tended using satellite observations from the Moderate Res- As described below, the 4-factor solution contains fac-
olution Imaging Spectroradiometer (MODIS) onboard the tors identified as hydrocarbon-like organic aerosol (HOA),
Terra satellite. MODIS/Terra has taken global daily mea-biomass burning organic aerosol (BBOA), and more- and
surements of solar backscatter at 10:30 AM local time sincdess-oxygenated organic aerosol (denoted as OOA-1 and
mid-2000. The retrieval of aerosol optical depth (AOD), a OOA-2, respectively), designations that result from correla-
measure of light extinction by aerosol in the atmospheric col-tions with tracer species and comparison with previous PMF
umn, is described in the literature (Remer et al., 2005; Levyanalyses of AMS data, as discussed below. Increasing the
et al., 2007). Validation of the retrieved AOD with ground- number of factors to 5 yields a third OOA factor and alters
based AERONET observations yields a typical accuracy ofthe mass spectra and time series of the OOA-1 and OOA-
0.05+ 15% (Remer et al., 2005). We use here Collection2 factors (see Fig. S6). This is consistent with factor mix-
5 level 2 quality 3 data. The MODIS fire count algorithm, ing/splitting behavior, previously identified as an indicator of
available from the USDA Forest Service, Remote Sensingan excessive number of factors (Ulbrich et al., 2009a). Fur-
Applications Center, uses brightness temperature from th¢her, the additional OOA factor does not aid the interpreta-
MODIS 4 um and 11 um channels to detect the presence dfion of the dataset. Given this lack of improvement in the

fire (Giglio et al., 2003). 2\ . ) ]
) ) . A Y (eij/sij)” ) time series for the 5-factor solution, the
For the Egbert site, MODIS AOD is compared with AOD i

obtained from AERONET (Aerosol Robotic Network) mea- absence of external tracer data supporting a 5-factor solution
surements. AERONET is a globally distributed network of over the 4-factor, and the similarity of the 5-factor solution
CIMEL spectral radiometers. Version 2, level 2 data is uti- to known factor mixing/splitting artifacts observed in syn-
lized for this analysis. AERONET AOD retrievals have an thetic datasets at excessive humber of factors (Ulbrich et al.,
uncertainty of 0.01 to 0.02 (Holben et al., 2001). 2009a), the 4-factor solution is considered optimal.

2.5 Remote sensing

www.atmos-chem-phys.net/10/2825/2010/ Atmos. Chem. Phys., 10, 28252010
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Fig. 1. Effect of the number of factors in the PMF solution on the time-dependent contributi@n Ttne plotted quantity is the difference
between the two cited solutions, i.e. Fig. 1a shows contributigh tor the 1-factor solution minus that of the 2-factor solution.

3.2 Evaluation and analysis of AMS PMF factors for cellulose pyrolysis. The BBOA mass spectrum correlates
both with that of levoglucosan (Schneider et al., 20083 (

The factor mass spectra and time series for the 4-factor PMF 0.70) and a Zurich wood-burning PMF factor (Lanz et al.,
solution are plotted in Fig. 2. Figure 2b also shows the time2007) (R? = 0.80). In Fig. 2b, the BBOA time series is plot-
series of tracer species correlated with the PMF factors. Facted together with the semi-quantitative AMS measurement of
tor mass spectra are normalized such that the sum of eadpotassiumg? = 0.30) and PTR-MS measurement of acetoni-
spectrum across afh/zis equal to 1. The factor time se- trile (R? = 0.34). Only qualitative correlations are expected
ries are reported in units of mass concentration (F[é)m because (1) the BBOA factor is not a conserved tracer for pri—
A brief discussion of the factor mass spectra and time semary emissions and (2) the potassium and acetonitrile mea-
ries is presented below. All comparisons with previously re-surements are both somewhat problematic. As fresh biomass
ported spectra were performed using spectra obtained frorRurning emissions are photochemically processed, conver-
the AMS Spectral Database (Ulbrich et al., 2009b). sion of BBOA-like spectra to OOA-like spectra have been
The mass spectrum of the HOA factor (F1) correlates Withobserved in both biomass burning plumes (Capes et al., 2008)

that of HOA factors obtained in other locations (egg ~ 2nd chamber experiments (Grieshop et al., 2009b). The

= 0.78vs. Pittsburgh HOA (Zhang et al., 20052 = potassium measurement issues were discussed in Sect. 2.2.1.
' s X 5o Recent high resolution PTR-MS measurements in downtown

0.54 vs. ZUI’.ICh summer HOA (Lanz et al., 2007), a?ra— T 10 indicat interf (742 f the GH-O*

0.68 vs. Zurich winter HOA (Lanz et al., 2008). The primary . oronto indicate an interierenceatz4.2 from the CH, .

difference between the previously reported HOA spectra and®" (A,' Viasenko, personal_ c.ommumcat.lon, 2909)- Th's

Egbert HOA is that the Egbert HOA has more signal at IOWI|kely influences the acetonitrile time series during periods

mizs, particularlym/z15, 27, and 29. These threzs com- of Toronto outflow; its effect at other times is unknown.

prise 15.3% of the spectrum vs. 4.4% to 7.8% in previous The mass spectrum and time series of the more oxygenated
studies. Similar to previous studies (Lanz et al., 2007; Ul-QOA factor, denoted “OOA-1,” are shown in Figs. 2a and b,
brich et al., 2009a; Slowik et al., 2010), the HOA time series respectively. Relative oxygenation is inferred from the ratio
correlates with tracers of primary anthropogenic emissionsgf m/z44 (Cq ion) to the total mass spectrum. For OOA-
such as NQ (R? = 0.41) and benzenekf = 0.43) as shown 1, the 44/total ratio is 0.19 (vs. 0.10 for the less oxygenated
in Fig. 2b. Differences between the HOA, NCand ben-  OOA-2). These values correspond to O/C ratios~@f81
zene time series are likely governed by changes in emissiongdOA-1) and~0.46 (OOA-2) based on the approximation
profiles, e.g. the relative contributions of the Toronto plume presented by Aiken et al. (2008). Increased oxygenation is
vs. highway emissions to the east/southeast. expected to correlate with increased particle age (Lanz et
The BBOA factor mass spectrum (Fig. 2a) is the only re-al., 2007; Aiken et al., 2008; Ulbrich et al., 2009a) and de-
solved factor containing significant signalrafz60 and 73.  creased volatility (Huffman et al., 2009). The OOA-1 mass
These fragments are characteristic of levoglucosan, a tracespectrum closely resembles that of OOA factors extracted
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Fig. 2. Factor mass spectfa) and time seriegb) for the 4-factor solution to the AMS dataset. Mass spectra are normalized such that the
sum of each spectrum across @illZs is equal to 1. Time series are plotted for both AMS PMF factors (red traces, left axis) and selected

tracer species (black and blue traces, right axis).

from AMS measurements in several locations (9= 0.88  that of PTR-MSm/z71, which is attributed to methacrolein
with vs. Pittsburgh OOA (Zhang et al., 2005). As shown in (MACR) and methyl vinyl ketone (MVK). These VOCs are
Fig. 2b, the time series of OOA-1 correlates with AMS mea- photochemically generated and have lifetimes on the order
surements of particulate sulfateq{= 0.77), which is mostly  of half a day (Biesenthal et al., 1998). OOA-2 also cor-
attributed to long-range transport, and acetoR& £ 0.70), relates with acetic acid (at PTR-M8/z61), a longer-lived

a long-lived oxygenated VOC generated in part through pho-product of VOC oxidation. Similar correlations are also ob-
tochemical reactions (Vlasenko et al., 2009). served with formaldehyde, acetone, and a factor obtained

. . from PMF analysis of the PTR-MS spectrum (Vlasenko et
Unlike the OOA-2 factors previously extracted from AMS al., 2009). In addition to the species already mentioned,

2?256230'893rm;gd\,z;:{c{ﬁtl;r?g t(rl;c?ngh?ttillaﬁsgihgl?a:ﬁhthe PTR-MS PMF factor includes the majority of the signal

tor ti.r;we series, Egbert OOA-2 does not correlate with par-a.SS|gned tan/z99 (pmonalc_;lehyde fragmenf[yn/zlls (at

ticulate nitrate 7(not shown). Instead, Egbert OOA-2 corre-.mbUted to monoterpene oxidation products in chamber stud-
; ! ies) (Lee et al., 2006a, b), and a number of other peaks ex-

lates with VOC photochemical products. This is shown in .
Fig. 2b, where the OOA-2 time series is plotted togetherwithpecmd to correspond with oxygenated compounds.
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10 ‘ ries (presented later in Fig. 10c) and surface wind direction
0sd | indicating air transported from north of the site. During this
period, the organic aerosol mass builds steadily, with local
L r maxima in the afternoons of 11, 12 and 13 June. A corre-
ol L sponding increase is evident in the photochemical reaction
products MACR and MVK. Acetylene (a long-lived anthro-
1 | pogenic tracer) mixing ratios remain very low. This behav-
OO T rcot Ao T MAGRANE ™ Tommme TWonoiommames ior contrasts sharply with the elevated acetylene mixing ra-

tios observed during periods of urban outflow from the south

Fig. 3. Correlations between the time series of OOA-1 and OOA-2 (€-9- 23 to 25 May, 30 May to 4 June, 7 to 8 June). Monoter-
factors with selected VOCs over the entire study period. pene mixing ratios are elevated during the 9 to 13 June pe-
riod; however, monoterpene lifetimes (a few hours) are suf-

ficiently short that a strong correlation with organic aerosol

The OOA-1 and OOA-2 factor mass spectra are similarmass may not be expected. The particle composition is per-
to those of low-volatility OOA (LV-OOA) and semivolatile turbed during the biogenic period by: (1) a plume from
OOA (SV-O0A), respectively (Jimenez et al., 2009). Basedsmelting operations in Sudbury, Ontarie300km to the
on these spectral similarities and the lower O:C ratio ofnorth), leading to increased sulfate (overnight 11-12 June);
OOA-2, it is likely that OOA-2 constitutes the more volatile and (2) a biomass burning event during the first half of
OOA fraction. However, as noted above, this cannot belO June.
directly supported by analysis of the time series. Because The anthropogenic case study is characterized by
tracer correlations suggest that the Egbert time series are prsoutherly winds. Back trajectories indicate air masses pass-
marily driven by factors other than volatility, the more gen- ing over the Toronto urban area and populated regions to the
eral OOA-1/O0A-2 terminology is used in this manuscript. south/southwest. Aromatic VOCs, NCand particulate sul-

The relative age of the OOA-1 and OOA-2 factors can befate are all elevated. The high sulfate periods on 15 May, 24—
inferred through the correlations of these factors with VOCs25 May, and 9 June are examples of similar events, though
having known atmospheric lifetimes. Figure 3 showskfe  of shorter duration.
values for correlations of OOA-1 and OOA-2 with acetone, The biomass burning period is characterized by high
acetic acid, MACR+MVK, toluene, and monoterpenes overpotassium and slightly elevated acetonitrile. BBOA con-
the entire study period. As expected, neither factor correlatesentrations are near their maximum for the study period.
with toluene and monoterpenes. Both factors correlate withWhile potassium, acetonitrile, and BBOA are elevated and
acetone, acetic acid, and MACR+MVK. However, OOA-2 correlated at other periods during the study, this occurs dur-
correlates more strongly with MACR+MVK (lifetime of ap- ing periods strongly influenced by anthropogenic emissions,
proximately half a day (Biesenthal et al., 1998) than doesmaking them unsuitable for examination of biomass burning
OOA-1. In contrast, OOA-1 correlates more strongly with aerosol.
the longer-lived acetone and acetic acid (lifetime of days to As shown in Fig. 4, the organic composition during the
weeks) than does OOA-2. The trends in these correlation®iogenic event is characterized by increased OOA-2 relative
indicate that (1) OOA-2 results from more recent oxidation to OOA-1 and very low BBOA and HOA. During the bio-
than OOA-1, and (2) a large fraction of OOA-2 is formed genic event, OOA-2 constitutes 65#i0% of the total OOA
within half a day (i.e. before MACR+MVK is destroyed). (i.e. OOA-1 + OOA-2), vs. 46%: 5% during periods of ur-
Note that the weak correlation of OOA-1 with MACR+MVK  ban outflow (e.g. 30 May to 3 June) (reported uncertainties
suggests that a lesser fraction of OOA-1 is also generated ofire the standard deviation of the OOA-2/organic mass frac-

this timescale. tion). As discussed in the previous section, the correlation
of OOA-2 with MACR+MVK during the biogenic period

3.3 Identification and characterization of biogenic (R? = 0.71) indicates that the organic aerosol during the bio-

period genic period is relatively fresh and therefore not the result

of highly processed anthropogenic or biomass burning emis-
Figure 4 shows the time series of measured particulate insions. In contrast, OOA-1 is more strongly correlated with
organic species, organic factors from the PMF analysis, andonger-lived photochemical oxidation products such as ace-
selected VOCs. The dashed backgrounds in Fig. 4 denoteone, while HOA and BBOA correlate with tracers of primary
three case study periods selected for contrasting analysis afmissions.
biogenic influences (9 June to mid-day on 13 June), urban The biogenic period is distinguished by the relationship
outflow (30 May to 3 June), and biomass burning (eveningbetween the total organic material (OM) and OOA compo-
on 9 June to mid-morning on 10 June). nents with the CO mixing ratio, which are plotted against
The biogenic period corresponds with steadily increasingeach other in Fig. 5 for the biogenic, biomass burning,
temperatures under clear sky conditions, with back trajectoand urban outflow periods identified in Fig. 4. CO is a
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Fig. 4. Time series of AMS measurements (top panel), AMS PMF factors (middle panel), and selected gas-phase species (bottom panel).
Mixing ratios of methacrolein and methyl vinyl ketone (MACR+MVK) and monoterpenes are obtained from the PTR-MS measurements at
m/z71 and 137, respectively. Acetylene is obtained from GC-FID measurements.

long-lived species (lifetime on the order of a few months) ol bl s 15
that enters the atmosphere by direct emission from pri- °c 157(a) (s \g ]
mary combustion and by gas-phase photochemistry, suchg 101 . 3 S 10
as photolysis or OH-oxidation of formaldehyde. Figure g ] ) : S
5a shows a dramatic difference MKOM/ACO between § 5 % /EL?TH = ? 5]
the biogenic period (234.4pugmppmv1) vs. the urban & ] BURN p

outflow and biomass burning periods (71.1 pgippmv-t 00 e a8

and 109.1 pg m3 ppmv-1, respectively). Previous measure- CO (ppm)
ments of AOM/ACO in anthropogenically-influenced re-

gions (shaded region of Fig. 5a) have yielded values in the P S

range of 10 to 85 pg m ppmv-1, with higher values cor- <z ®7|(c) S

responding to increased photochemical age (de Gouw et al., ® , _ : L B

2008; DeCarlo et al., 2008; Kleinman et al., 2009). The Eg- < ] 5 5

bert urban outflow case study is consistent with these values. :cg( 24 4 B é

Previous measurements afOM/ACO in fresh and aged ] i

biomass burning plumes are presented in Table 1; values 0.10 0.20 030 0.10 0.20 0.30
from the biogenic, biomass burning, and urban outflow case CO (ppm) CO (ppm)

studies are included for comparison. The Egbert biomass

burning case study is consistent with previous measurementsig. 5. Mass concentration ¢&) total organics(b) OOA-1 + OOA-

of fresh biomass burning emissions. We note that none of. (¢) OOA-1, and(d) OOA-2 as a function of CO for selected
the values in this table are from boreal fire emissions, how-Periods dominated by biogenic (green), anthropogenic (red), and

ever yellow pine combustion (Grieshop et al., 2009) may bebiomass burning (blue) sources. The red shaded region in Fig. 5a
denotes the range of previously observed valueafoM/ACO for

areasonable surrogate. anthropogenically-influenced regions (de Gouw et al., 2008; De-
The biogeniAOM/ACO in Fig. 5ais clearly distinct from  Carlo et al., 2008; Kleinman et al., 2009). Literature values for

from previous measurements of fresh biomass burning emiskiomass burning are presented in Table 1.

sions and urban outflow (as well as the biomass burning and

urban outflow case study periods). As is evident from Ta-

ble 1, there are significant uncertainties in the effect of atmo-
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Table 1. Comparison of literatures OM/ACO values for fresh and aged biomass burning with case study periods in the present study (see
Figs. 4 and 5a).

Study AOM/ACO Description
(ugn3ppm 1)

Fresh Emissions

(Capes et al., 2008) 51 West African Sahel

(DeCarlo et al., 2008) 80 Mexico City plumes influenced by fires
(Grieshop et al., 2009) 2.1t06.9 Laboratory: laurel oak

(Grieshop et al., 2009) 1.4t077 Laboratory: yellow pine

(Yokelson et al., 2007a) 121 Amazon fires (RHF

(Yokelson et al., 2007b) 91 Forest fires near Mexico City (Rt
(Yokelson et al., 2009) 33.0t049.8 Yucatan fires

Aged Emissions

(Capes et al., 2008) 51 West African Sahel

(Grieshop et al., 2009) 4.0to 14 Laboratory: laurel oak

Grieshop et al., 2009) 3.6 t0 200 Laboratory: yellow pine

Yokelson et al., 2009) 171 Yucatan aged smoke at 2476 m,°M
This Study (Fig. 5)

Urban outflow case study 711

Biomass burning case study  109.1

Biogenic case study 234.4

@ Estimated from non-speciated PM measurements, assuming that OM accounts for 55% of PM (Reid et al., 2005).

spheric processing on teOM/ACO ratio on biomass burn- with OM dominated by BBOA. The biomass burning
ing emissions. A constant value of 51 ug#ppmi 1, inde-  AOOA-2/ACO (39.2ugm3ppmv-1) more closely re-
pendent of airmass age, was observed for fires in the Westembles urban outflow, while biomass burning OOA-1
African Sahel (Capes et al., 2008). On the other hand, someemains at low, near-constant levels independent of CO
studies indicate theOM/ACO value may increase due to (AOOA-I/ACO = 0.4pgm?3ppmv-1). The tight correla-
atmospheric processing (Grieshop et al., 2009; Yokelson etion between OOA-2 and CO for the biomass burning and
al., 2009). To our knowledge, the highest reported valuebiogenic periods in Figure 5d suggests a relatively constant
is 200 ug nT3 ppm~1, from laboratory aging of yellow pine photochemical age. These correlations, coupled with the
(flaming with embers; other burn conditions yielded much lack of intermediate points between theOOA-2/ACO
lower values) (Grieshop et al., 2009). Thus the previously redines for the biomass burning and biogenic periods as would
portedAOM/ACO for both fresh and aged biomass burning arise with changes to the emissions profile or photochemical
emissions are lower than that observed during the biogenienvironment, indicate that the organic concentrations during
case study (234.4 ugm ppm1). Due to the large observed the biogenic period cannot be explained by aged biomass
variations in source emissions profiles and atmospheric proburning emissions. Further discussion of potential biomass
cessing, the possibility that aged biomass burning emissionburning influences is presented in Sect. 3.3.3. The distinct
could approach the measured biogeR®d@M/ACO ratiocan- AOOA-2/ACO relationships described above suggest
not be completely ruled out. However, the combination ofthat OOA-2 observed during the biogenic period can be
the high AOM/ACO with other observations suggest that identified as biogenic SOA. As discussed in the following
biomass burning does not significantly affect the OM during section, CO concentrations during the biogenic period are
the biogenic period, as discussed in Sect. 3.3.3. consistent with a photochemical source, suggesting that the
Figures 5¢c and d demonstrate that the difference inhigh AOOA-2/ACO values likely result from the absence
AOM/ACO between the biogenic and anthropogenicof a significant source of primary CO. TheOOA-2/ACO
periods is driven by OOA-2.  WhileAOOA-I/ACO values are also affected by partioning and source proximity,
is similar for the urban outflow and biogenic pe- although the diffuse nature of the biogenic VOC source
riods  (38.2ugm3ppmv-tvs.  43.5ugmsppmvt), may somewhat diminish these effects. The identity of the
AOOA-2/ACO is highly source-dependent (anthropogenic: OOA-1 source is more ambiguous, due to its increased age
17.0pgnr3 ppmv-1vs. biogenic: 145.6pugn¥ppmv1).  and similarity of AOOA-I/ACO between the biogenic and
The biomass burning period is distinct from either period, anthropogenic periods. We therefore estimate the biogenic
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SOA concentration as bounded by that of OOA-2 and OOA-1.024+ 0.74 ppbv, with a maximum of 4.72 ppbv (5 min av-
1 + OOA-2, yielding a peak biogenic SOA concentration of erage). The NQlevels are increased by the Sudbury smelter

8to 12 ugns. plume (11 June), which increases Nénd sulfate but does
not significantly affect the organic concentration or com-

3.4 Model interpretation of the biogenic period position. Excluding this period, NOconcentrations were
0.78+ 0.41, with a maximum value of 2.02 ppbv. These con-

3.4.1 Photochemical CO production centrations are slightly above the instrument detection limit

_ _ ~ (~0.2ppbv). Because the Egbert site is located in a semirural
The difference iNAOOA/ACO slopes can be understood in rather than remote area, a small N@ackground is expected.
terms of the differences in CO sources and production mech- For each scenario. the model was run for 48 h from mid-
gnisms. COis Iikely.dominated by primary emissions d“r'night, at which point theACO/Aa-pinengeacted ratio is
ing the anthropogenic period; however such emissions ar@ |- jated. It is found that the obtained ratios lie within
expected to be negligible during the biogenic period. In-3 04 04 Results for the 48-h simulation are shown in

stead, the strong correlation of CO with OOA-Il, which dur- i g Beyond 48 h, the ratio continues to increase, reaching

ing this period is correlated with the photochemical prod-3 44 04 38104 and 4.6:0.4 at 72h. 120 h. and 360 h
ucts MACR+MVK, suggests a photochemical source. Therespecti\;ely. ' ' ' ’

mass yield of SOA from biogenic VOCs can be estimated _ _ . . .
As discussed in the previous section, we estimate the

from Fig. 5, as discussed below. We assume all CO abov? - ; .
the alobal K ina the bi : iod is pho-lower and upper limits of the_ biogenic SOA to be QOA—Z
e global background during the biogenic period is pho and OOA-1+0O0A-2, respectively. The slopes of Figs. 5b

tochemical. A chemical transport model for the study re- . : . . _
gion predicts average enhancements due to biogenic proa-md ¢, for the biogenic period yieldSOA/ACO = 146

3 1 P X
cesses of at least 25 ppbv in mid-summer (Hudman et aI.to 189 pg 7 ppmv==. From the MCM 48-h simulation

2008). This is comparable to the observed CO increase O;_ACO/Aa-pmene = 3.6:0.4), this equates tASOA/Ac-

1 .
60 ppbv determined from Fig. 5 as the difference betweerP"ﬁlenf)e of 437 to 567 ugrﬁ’ppm\(‘ , OF & mass Y'eld of 7'.2 .
the maximum CO concentration and thentercept for the t0 9.3%. These values are consistent with the literature (indi-

biogenic period. We believe our results show the first di- cating that the observed CO levels are consistent with a pho-

rect observational evidence for a significant biogenic sourceto_Chemlcal source), Where_ reported SOAOmass yields ﬁre_m
of CO from coniferous forests. This is consistent with a P'N€ne range from approximately 3 to 45%, although a direct

model/measurement comparison suggesting a major Conm(_:omparison is complicated by the dependence of the yield

bution of biogenic VOCs to the total CO budget for the con- on SOA mass loading (increased Mass causes a_n_increased
tinental United States during summer (Miller et al., 2008). ylleldl)éétgamgerrstudre,tar;d gé%rglo'\:lv N?e?'rr]z%so§6_r'g'ntftk t

The relationship of CO to biogenic VOC mixing ratios a ! unved et al., - Ng et al, a, Fathax €
is calculated using a box model, witkpinene selected al., 2007; Shilling et al., 2008). Additionally, some produc-

: tion of CO and SOA from isoprene oxidation is expected.
as a surrogate for precursor VOCs. (As discussed Iate[—|owever this is not expected to be a major source of either
in Sect. 3.3.2, the AURAMS air quality model identifies ' P )

monoterpenes as the dominant precursor VOCS). A subset stecies because the airmass originates in the boreal forest. In
P h ; Fhis region, monoterpene and isoprene emissions are compa-

a near-explicit Master Chemical Mechanism (v3.1) (Saun- S
ders et al., 2003) describing-pinene oxidation (928 reac- rable (Stroud et al., 2008), Wh'le yields of S.OA and CO from
monoterpenes are much higher than from isoprene.

tions and 310 compounds) is chosen. In order to run the
model, 48 inorganic reactions and 21 inorganic compounds
have been combined with that subsetdepinene. More de-  3.4.2 Regional SOA production
tails of relevant model settings can be found in the literature
(Xia et al., 2008). For simplicity, the chemistry is run in a AURAMS (A Unified Regional Air-Quality Monitoring Sys-
zero-dimensional box model at a fixed temperature 6f@5 tem) (Moran et al., 1998) model output for four subsequent
without deposition. The photolysis rates in the box modeldays during the biogenic event (10 to 13 June) are plotted in
are set to the latitude of the Egbert site (44.R3. Figs. 7 and 8. Figure 7 shows spatial distributions of,BM
The chemical system was studied for 246 combina-SOA, while Fig. 8 shows surface temperature and wind fields
tions of initial @-pinene concentrations and N@mission  for the same time periods. The figures indicate generation of
rates. Specifically, 6 different initiak-pinene concentra- organic aerosol over forested regions of Ontario and Quebec
tions (1.0 ppbv to 10.0ppbv) and 41 different N@mis-  correlated with increased temperature, followed by transport
sion rates (1.8 10° molecules s to 1.8x10’ moleculess!  southwest to the Egbert site. Back trajectories indicate that
yielding mean NQ concentrations of 0.05 to 20 ppbv) were air is transported between these locations over approximately
chosen, with the concentrations and emission rates selectelday. The observed elevated mixing ratios of MACR+MVK
to be evenly spaced on a logarithmic scale. During theand monoterpene oxidation products at Egbert are consis-
biogenic period, the measured N@oncentrations were tent with this timescale, because MACR and MVK have
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maximum ratio of ACO/Aa-pinene in 48h al., (2007), Griffin et al., (1999) and Zhang et al. (2006) for
the a-pinene, 8-pinene, and limonene component, respec-
5 10’ (@) & tively. Compared ta-pinene, there are fewer SOA chamber
2 2 studies forg-pinene, limonene and other monoterpenes that
€ can be used to generate model SOA yield parameterizations.
8 B Recently, Shilling et al. (2008) observed dark-ozonolysis
5 ; pinene yields in their continuous flow chamber that were ap-
£ 10° o proximately a factor of 1.5 to 2.0 higher than those in the
= . Carnegie Mellon chamber (Pathak et al., 2007) and older
e Caltech chamber data (Griffin et al., 1999; Cocker et al.,
W i 2001). Such an increase in thepinene SOA yield leads to
5 R an approximate increase in the total SOA by a factor of 0.5
10 Initial a-pinene (ppbv) 10 to 0.7 (i.e. 1.5/3 to 2.0/3), placing the AURAMS SOA be-
e w tween the OOA-2 and OOA-1 + OOA-2 estimates in Fig. 7.
(b) b The observed agreement between model and measurements
ol P 4 does not by itself indicate that all steps in the SOA model
2 ‘ 38 are resolved. Large uncertainties remain in the yields of
21"" 36 monoterpene species (particularly those other thamene)
%10_1 34 as well as the appropriate profile of monoterpene species
g 32 (which varies with location). Thus the calculation may con-
10 ‘ i tain offsetting errors.
i The sensitivity of SOA concentrations to individual

= P _ classes of VOC precursors was tested in AURAMS by re-
average a-pinene (ppbv) moving SOA production from these precursors (Fig. 9, lower
panel). Removal of SOA production by monoterpenes,
Fig. 6. Ratio of ACO/Aa-pinengeacted(colors) as a function of  gesquiterpenes, and isoprene decreased SOA mass concen-
(a) NOx emission rqte and ilni.tiat-pipene concentration ar(db). trations by 65%, 4%, and 7%, respectively. The high SOA
&Verﬁge.NQ angal-pmene mixing ratio for 48-h Master Chemical ., centrations during the biogenic event are therefore con-
echanism modet runs. sistent with oxidation primarily from monoterpenes. Such
an SOA source is consistent with regional biogenic VOC
atmospheric lifetimes of approximately half a day (Biesen-emissions. Isoprene and monoterpene mass emissions are
thal et al., 1998). comparable (within a factor of 2) (Stroud et al., 2008), while
As shown in Fig. 9, the urban plume timing (7—9 June), monoterpene SOA yields are roughly an order of magnitude
smelter plume (sulfate, 12 June) and biogenic event (104arger. The inference of high biogenic SOA due to monoter-
14 June) are well reproduced by AURAMS. The urban plumepene oxidation is consistent with one other report in the liter-
peak SOA concentration is underpredicted by AURAMS, ature of high biogenic SOA mass, which was also observed
consistent with other model/measurement comparisons ifn a region of high terpene emissions (Shantz et al., 2004).
polluted regions (Johnson et al., 2006; Volkamer et al., 2006; The degradation of the AMS/AURAMS agreement on
de Gouw et al., 2008; Dzepina et al., 2009), although the rel-14 June is likely a reflection of model limitations with respect
ative contributions of fine-scale meteorology and SOA pro-to capturing the fine-scale meteorological structure (vertical
duction to this discrepancy are uncertain. In contrast, thediffusion, deposition, horizontal transport). Such variation
modeled and measured SOA concentrations for the biogeniplays a large role in the fine-scale temporal differences be-
event are in approximate agreement. Agreement betweetween the model and measurements. The Egbert site expe-
measured and modeled biogenic SOA has been recently olsienced an abrupt change in wind direction (north to south)
served in isoprene-dominated environments, although théate on 13 June (i.e. the end of the biogenic period). Because
possibility of cancelling errors cannot be discounted (CapesEgbert is on the edge of the high regional SOA (see Fig. 7),
etal., 2009; Chen et al., 2009); as discussed below, the biothis meteorology strongly influences the measurement/model
genic SOA at Egbert is more heavily influenced by monoter-agreement. The model/measurement divergence at the end of
pene emissions. the period is thus likely caused by the model prediction of the
We further note that the model/measurement agreemerbcation of the edge of the biogenic-influenced area.
depends somewhat on the selected monoterpene yields from The correlation between AMS measurements and AU-
the literature. For our SOA model calculation, we have RAMS predictions of biogenic SOA in Fig. 9 suggest that
assumed our monoterpene model species to have an equidle high loadings are due to high biogenic VOC emissions
composition ofx-pinene,3-pinene, and limonene (one-third rather than unknown chemistry. Figure 8 shows tempera-
each). We have used literature SOA yields from Pathak etures in excess of 3 across a wide geographical area.
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Fig. 7. Predicted PM2.5 SOA spatial distributions for the 42 km resolution grid. Images are for 19Z on 10, 11, 12, and 13 June. A cross
marks the Egbert site. The color legend represents the mass concentration of SOA3N pa/m

Fig. 8. Temperature and wind direction for the 15 km resolution nested grid. Images are for 19Z on 10, 11, 12, and 13 June. A cross marks
the Egbert site. The color legend represents the temperattie isrrows denote wind direction.

The regional biogenic SOA is expected to derive mostly fromatures are the driving force of the biogenic event. Although
monoterpene precursors due to the combination of (1) comether high-temperature periods occur during the study, they
parable monoterpene and isoprene emissions rates (Stroud @b not result in observations of high biogenic SOA concen-
al., 2008) and (2) much higher monoterpene yields. Becausgations at Egbert because the air arrives from the south, hav-
monoterpene emissions increase exponentially with tempering passed through the Toronto region. This hampers the
ature (Guenther et al., 1991), it is likely that the high temper-isolation of biogenic SOA influence because (1) the Toronto
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Fig. 9. Comparison of experimental measurements, AURAMS model results, and MODIS regional AOD (top 2 panels), and AURAMS
sensitivity tests (bottom panel). AURAMS results are obtained from a 42 km grid in the top and bottom panels and a 15 km grid in the middle

panel. Error bars for MODIS AOD denote uncertainties in the retrieval.

outflow contains high concentrations of anthropogenic SOA; 2.

and (2) biogenic VOC emissions south of Egbert are domi-
nated by isoprene (rather than monoterpenes) due to the dis-
tribution of plant species. The isoprene-dominated emissions
decrease the SOA yield and provide a potential OH scavenger
(Kiendler-Scharr et al., 2009).

3.4.3 Evaluation of potential biomass burning
Influences on the biogenic event

A crucial consideration for the biogenic SOA event discussed
here is the extent to which influences from fresh or aged
biomass burning aerosol can be ruled out. For clarity, we
present elements of the above analysis specifically pertaining
to biomass burning influences within this section. For this

T T T
6/11/2007

T T T T
6/13/2007 6/15/2007

The AOM/ACO ratio for biogenics is significantly
larger than observed in this study or reported in the lit-
erature (see Fig. 5a). Further, the difference is also pro-
nounced in theAOOA-2/ACO ratio.

3. AURAMS accurately predicts SOA concentrations us-

ing biogenic (primarily monoterpene) emissions as pre-
cursors (see Fig. 9). No biomass burning contribution is
required.

. Analysis of MODIS fire counts (Fig. 10a) and HYS-

PLIT back trajectories (Fig. 10c) indicate negligible fire
influence within half a day of the site. (It is estimated
that the OOA-2 must be produced within half a day
based on its correlations with MACR+MVK. This is
also supported by AURAMS.)

analysis, we distinguish between the influences of (1) fresh  Similar to the preceding discussion, “aged” biomass burn-
biomass burning and (2) aged biomass burning and discusgg is here defined as the biomass burning contribution to

the two separately below.

OOA-1. While the source(s) of OOA-1 are more ambiguous

For this discussion, “fresh” biomass burning is defined asthan those of OOA-2, the following observations suggest that
the biomass burning contribution to OOA-2, which is identi- OOA-1 cannot be attributed to aged biomass burning emis-

fied as fresh by its correlation with MACR+MVK. The fol-
lowing observations suggest that the biomass burning influ-
ence is negligible during the biogenic case study:

1. Chemical markers of primary biomass burning emis-
sions (potassium, acetonitrile, BBOA) are negligible
(see Fig. 4). Indeed, the onset of the biogenic period
is marked by a dramatic reduction in the concentrations
of potassium and acetonitrile, contrary to what would
occur if a biomass burning period were starting.

Atmos. Chem. Phys., 10, 2825345 2010

sions:

1.

Chemical markers of primary biomass burning emis-
sions (potassium, acetonitrile, BBOA) are negligible
(see Fig. 4). Acetonitrile and potassium are relatively
long-lived. (The atmospheric lifetime of acetonitrile is
on the order of several months or longer, see for exam-
ple (Hamm and Warneck, 1990; Singh. et al., 2003).
The lifetime of potassium is the same as that of the par-
ticle, which may vary considerably depending on trans-
port and atmospheric processing, but is expected to be
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on the order of days to weeks.) The lifetime of BBOA
is less certain, although the signal at the characteristic @

as a biomass burrning plume evolves over thousands of;
kilometers (Capes et al., 2008). LT

AQD [unitless]

2. Best agreement with AURAMS SOA predictions is
obtained through comparison with OOA-1 + OOA-2
(rather than OOA-2 alone), and AURAMS SOA pre- %=
cursors are dominated by monoterpenes (see Fig. 9).'+%
Here the OOA-1/O0A-2 analysis and AURAMS rep- <%

8 F
AN a 0
MODIS Fire Counts

resent two independent methods of estimating the bio- - ) S 1050 00 Rt o
genic SOA concentration. Comparison between the two 2 b (c)
methods provides a consistency check for both. ! (0)

3. Analysis of MODIS fire counts (Fig. 10a) and HYS-
PLIT 48-h back trajectories (Fig. 10c) are inconsistent
with a long-range fire source. Although the trajectories
during the final two days of the biogenic period pass *
near a fire-influenced area, the fires do not begin until o
after the airmass has passed through. Further, these fire o
are close enough that significant enhancements in chem: e
ical markers of biomass burning would be expected,
which as discussed in point (1) does not occur. Finally, °*
the fire counts to the northeast of the site in Fig. 10a  oxl=

represent the only major fires in Canada during the bio- £ ..
genic period.

012

o
Sourca * al 4423N 7978 W

MODIS AOD [unitless]
°

Metars AGL

SJUNoY auly

0D

< 0.10

4. As shown in Fig. 10c, the trajectories during the bio- ]
genic period originate from a variety of locations north o«
of Egbert. Given that biomass burning emissions are

SXEecftedﬂt]O b% Iof\?“;%jlvl(?féoﬁg'tiloa)r;dﬂ,:ie r?,Eomtr)_lna_Fig. 10. (a)MODIS aerosol optical depth (colors) and fire counts
on of a the observe atio a ght co (diamonds) over Ontario and Quebec during the peak of the bio-

relation between organic mass and CO is not ConSIS'genic period (12 to 14 June 2007). The sampling location is denoted

tent with biomass burning origins. While a photochem- 45 5 ¢ross: the°aby 3 box was used to calculate regional AOD in
ical age-independemtOM/ACO has been previously Fig. 9. (b) Monthly MODIS AOD average from 2001 to 2006 cal-
observed (Capes et al., 2008), Table 1 shows that theulated within the boxed region of Fig. 10a. Error bars denote un-
AOM/ACO during the biogenic period is at least a fac- certainties in the MODIS AOD retrievalc) 48-h back trajectories
tor of 2 higher than for fresh biomass burning emissionsending at the Egbert sit¢d) MODIS AOD from the boxed region
and higher than all previously reported values in agedin Fig. 10a, AERONET AOD at the Egbert site, and MODIS fire
biomass burning studies. AKOM/ACO ratio that in- coqnts over the entilre reg!on of Fig. 10a. Fire coqnts are negligible
creases with atmospheric processing due to SOA pro_unt|I 14 June, gt whlch pc_>|nt_ the wind abrup_tly shn‘ts_from north to
duction is required to obtain such a high value. A tight south, preventing fire emissions from reaching the site.

OM/CO correlation will not occur under such condi-
tions, as CO is dominated by primary emissions. How-
ever, the combination of higlhOM/ACO and tight
OM/CO correlation is in fact observed (see Fig. 5) and
is consistent with photochemically-generated CO from

a widespread biogenic source from forested regions.

o

¥ M T
6/9/2007 6/13/2007 6/17/2007
Date

This is shown in Fig. 9 by the correlated increases of ob-
served and modeled biogenic SOA with the regional AOD,
retrieved from the MODIS satellite instrument (Salomonson
et al., 1989) for the box defined by 4 47 N and 77 to
80° W, containing Egbert in its southwest corner. Figure 10a
shows the AOD over northern Ontario and Quebec during the
3.5 Regional Impact of Biogenic SOA biogenic period (9 to 13 June), with the locations of Egbert
and the previously described box displayed. A widespread
Remote sensing measurements suggest that the high levaisgion of elevated AOD exists over the sparsely populated,
of particulate organics observed in this study are representaboreal forest region to the north of the sampling location.
tive of the regional contribution of biogenic VOC emissions. This region corresponds approximately with the region of
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high biogenic SOA predicted by AURAMS (see Fig. 7). 4 Conclusions
MODIS fire counts to the north are negligible, though some
fires were observed in regions to the northeast. Back traOrganic concentrations reaching levelS times higher than
jectories (48-h duration) from the Egbert site are shown inmost previous measurements for biogenic aerosols are ob-
Fig. 10c. Contamination from the single fire count detectedserved, likely resulting from monoterpene emissions from
to the southwest is unlikely given its short duration (a sin- Canadian coniferous forests driven by elevated tempera-
gle day), prevailing northerly winds, and measured aerosofures. Biogenic OM is identified from correlations with
composition. Figure 10d shows MODIS AOD for the boxed tracer VOCs and by the relationship of the total OM and oxy-
region of Fig. 10a, AERONET AOD at the Egbert site, and genated components with CO. The observations provide evi-
MODIS fire counts over the entire region of Fig. 10a for the dence for a significant photochemical source of biogenic CO.
period 9 to 16 June. Fire counts are negligible until 14 JuneBiogenic SOA concentrations are accurately predicted by a
However, at this point, the wind abruptly shifts from north to regional air quality model, in contrast to model underpre-
south and Egbert samples the Toronto urban outflow; the firedictions reported in more polluted regions. Model calcula-
emissions never reach the site. tions and remote sensing measurements indicate that the high
Figure 10b shows the monthly averages of AOD from mass loading is widespread, implying that biogenic SOA
2001 to 2006 for the boxed region, suggesting that this bio-contributes strongly to the regional aerosol, presumably in
genic radiative forcing effect is strongest in the late springboth rural and urban locations in Southern Ontario. The high
and early summer, although biomass burning emissions havparticle concentration and CCN activity are consistent with a
also affected the site during this period (e.g. June and Julgignificant climate cooling effect from biogenic aerosol aris-
of 2004 (Pfister et al., 2005; McMillan et al., 2008). A ing from mid-latitude forests.
similar seasonal cycle has been observed in the southeast
United States (Goldstein et al., 2009), where isoprene is thécknowledgementsThis work was supported by the Canadian
dominant biogenic VOC. Egbert mean AOD during sum- Foundation for Climate and Atmospheric Sciences through the
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ever, Egbert AOD climbed to 0.23 during the biogenic event, aerosol optical depth.

with significantly higher values~0.4) farther north (see

Fig. 10a). The seasonal cycle shown in Fig. 10b shows sigEdited by: J.-L. Jimenez
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