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Abstract

Biogenic secondary organic aerosol levels many times larger than past observations
have been measured 70 km north of Toronto during a period of increasing temper-
atures and outflow from Northern Ontario and Quebec forests in early summer. A
regional chemical transport model approximately predicts the event timing and accu-5

rately predicts the aerosol loading, identifying the precursors as monoterpene emis-
sions from the coniferous forest. The agreement between the measured and modeled
biogenic aerosol concentrations contrasts with model underpredictions for polluted re-
gions. Correlations of the oxygenated organic aerosol mass with tracers such as CO
support a secondary aerosol source and distinguish biogenic, pollution, and biomass10

burning periods during the field campaign. Using the Master Chemical Mechanism, it
is shown that the levels of CO observed during the biogenic event are consistent with a
photochemical source arising from monoterpene oxidation. The biogenic aerosol mass
correlates with satellite measurements of regional aerosol optical depth, indicating that
the event extends across the eastern Canadian forest. This regional event correlates15

with increased temperatures, indicating that temperature-dependent forest emissions
can significantly affect climate through enhanced direct radiative forcing and higher
cloud condensation nuclei numbers.

1 Introduction

There has been intense interest of late in the nature of the organic component of the20

tropospheric aerosol, specifically its complex composition, oxidation state, hygroscop-
icity, and reactivity. While a number of secondary organic aerosol (SOA) formation
routes have been presented, there remain considerable uncertainties in determining
the most significant pathways by which organic mass accumulates on tropospheric par-
ticles (Goldstein and Galbally, 2007; Hallquist et al., 2009; Kanakidou et al., 2005). The25

conventional perspective has been that reactive volatile organic compounds (VOCs)
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from biogenic emissions (e.g. monoterpenes and, more recently, isoprene) or anthro-
pogenic sources (e.g. aromatic hydrocarbons) are oxidized to form less volatile prod-
ucts that then partition to particles. Comparisons of observed and modeled organic
aerosol loadings have been examined in case studies of urban areas (Dzepina et al.,
2009; Volkamer et al., 2006) and urban outflow, yielding a systematic underprediction5

by models that increases with photochemical age (de Gouw et al., 2008; Johnson et
al., 2006; Volkamer et al., 2006). Biogenic SOA has been only addressed of late, in
part because of the high amounts of organic aerosol observed during anthropogenic
source studies. Most previous biogenic studies have observed significantly lower levels
(Capes et al., 2009; Claeys et al., 2004; Gunthe et al., 2009; Kavouras et al., 1998;10

Tunved et al., 2006), despite studies indicating that global VOC emissions are higher
from biogenic sources (Guenther et al., 2000, 1996).

However, some evidence exists that the biogenic SOA mass may be larger than pre-
viously observed. Higher biogenic SOA concentrations than those discussed above
have been observed in a region of high terpene emissions (Shantz et al., 2004). Or-15

ganic concentrations of 5.7 and 3.1µg/m3 were observed in eastern Canada during
periods influenced by isoprene and monoterpene oxidation, respectively (Williams et
al., 2007). However, the biogenic SOA mass fraction during these episodes is un-
known. The interaction of biogenic VOCs with anthropogenic pollutants is hypothe-
sized to contribute to high aerosol loadings in the southeast United States (Goldstein20

et al., 2009). Further, carbon isotope measurements suggest recent involvement in
photosynthesis for the majority of organic aerosol carbon in a variety of settings, in-
cluding polluted cases (Szidat et al., 2004; Weber et al., 2007). This finding makes
comprehensive studies of biogenic aerosol formation events of extreme importance, to
delineate the conditions under which biogenic aerosol readily forms and to describe25

the photochemical state of the atmosphere that is associated with such activity.
Here we present evidence for the formation of the most substantial biogenic organic

aerosol formation event yet observed, from measurements at a rural location north of
Toronto, Canada. The five day event is characterized by steadily increasing organic
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aerosol levels to a maximum of 15µg m−3, correlated strongly with increasing temper-
ature. Atmospheric CO levels increase concurrently. Wind flow was from the largely
unpopulated regions of northern and central Ontario and Quebec. Through both in situ
observations and regional air quality modeling results, the organic aerosol is shown to
be photochemically produced from biogenic precursors. The increasing levels of CO5

are consistent with a photochemical source as well. Satellite observations of aerosol
optical depth (AOD) highlight the importance of these forested areas as major aerosol
source regions that will affect climate, the regional ecology, and air quality.

2 Materials and methods

2.1 Sampling location10

Sampling for the Egbert 2007 field campaign was conducted from 14 May to
15 June 2007, at the Center for Atmospheric Research Experiments (CARE) in Eg-
bert, Ontario, Canada (44.23 N, 79.78 W; 251 m above sea level). The Egbert CARE
site is a permanent research station operated by Environment Canada. Egbert is a
rural location consisting of mixed forest and farmland, approximately 70 km north of15

Toronto. Toronto is one of the largest urban areas in North America, with a population
of 5 million, while the population of the Southern Ontario region is approximately 8 mil-
lion. During periods of southerly winds, Egbert is influenced by the urban outflow of
Toronto. In contrast, northerly winds bring air from sparsely populated, heavily forested
regions. The only major anthropogenic sources to the north are from nickel and copper20

mining industries in the city of Sudbury (∼300 km to the north).

18116

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 18113–18158, 2009

Biogenic secondary
organic aerosol event

from eastern
Canadian forests

J. G. Slowik et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2.2 Instrumentation

2.2.1 Aerosol mass spectrometer

The size-resolved, non-refractory composition of submicron aerosol particles was mea-
sured with an Aerodyne time-of-flight aerosol mass spectrometer (C-ToF-AMS) (Aero-
dyne Research, Inc., Billerica, MA, USA), which is described in detail in the litera-5

ture (Canagaratna et al., 2007; Drewnick et al., 2005; Jayne et al., 2000; Jimenez et
al., 2003). In brief, particles are sampled through a 100µm critical orifice (2 torr) and
passed through an aerodynamic lens. The lens both focuses the particles into a narrow
beam and accelerates them to a velocity dependent on particle vacuum aerodynamic
diameter (dva). The particles impact a resistively heated surface (600◦C, 10−7 torr)10

and flash-vaporize. The resulting gas is ionized by electron impact (70 eV) and the
ions are detected by a time-of-flight mass spectrometer. The AMS may be operated
in one of two modes: (1) The particle beam is alternately blocked and unblocked,
yielding a full mass spectrum; or (2) The particle beam is modulated with a spinning
chopper wheel (150 Hz), allowing determination of dva from the particle time-of-flight15

between the chopper and detector. Because the mass spectrometer records spectra
at 50 kHz, size-resolved mass spectra are obtained. The AMS used in this study was
equipped with an optical scattering module, which provides a scattered light pulse for
every particle impacting the vaporizer (Cross et al., 2007) above the optical detection
limit of ∼215 nm (geometric diameter). Incorporation of this module into the ToF-20

AMS enables the quantitative detection of single particle mass spectra (Cross et al.,
2008). Data presented in the manuscript body are taken exclusively from ensemble
mass spectra (5 min average), however the size-resolved and single particle spectra
are used to evaluate the instrument collection efficiency, as discussed below.

An important consideration in the quantitative analysis of AMS data is the collection25

efficiency due to particle bounce (Eb). On impacting the vaporizer, some fraction of
non-refractory particles bounces off the vaporizer surface instead of vaporizing. The
detected number fraction is defined as the bounce collection efficiency (Eb), which
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depends primarily on particle phase (Matthew et al., 2008). Typically Eb ∼0.5 for ambi-
ent particles, although higher values have been obtained for acidic particles, particles
with a high mass fraction of ammonium nitrate or liquid organics, and particles sampled
at high relative humidity. Two methods were used to estimate Eb: (1) correlated optical
scattering measurements and single particle mass spectra and (2) comparison of AMS5

and SMPS data. The two methods are described in more detail below. They yielded
similar results and Eb was estimated to be 0.6.
Eb has traditionally been estimated through comparisons with co-located instrumen-

tation. However, the combination of the optical scattering module and single particle
mass spectra provides a direct in situ measurement of Eb as the fraction of light scat-10

tering pulses that contain a correlated chemical ion signal for particles larger than the
215 nm detection limit (Cross et al., 2008). We assume that the measured Eb for this
particle subset extends across the entire size range to obtain a global estimate of Eb.

A second estimate of Eb was obtained through comparison of the AMS mass distri-
butions with volume distributions from a scanning mobility particle sizer (SMPS) (differ-15

ential mobility analyzer (DMA) model 3071 coupled to a condensation particle counter
(CPC) model 3010, TSI, Inc., St. Paul, MN, USA), which measured mobility size dis-
tributions on a 15 min time interval for particles with mobility diameters (dm) below
400 nm. AMS distributions were converted from mass to volume using the relation-
ship dva=dm · ρp

ρ0
· 1
χ2 , where dm is the SMPS-measured mobility diameter, ρp and ρ020

are the particle and unit densities, respectively, and χ is the dynamic shape factor.
We assumed spherical particles (i.e. χ=1) and component densities of 1.77 g cm−3 for
sulfate, 1.74 g cm−3 for nitrate, 1.527 g cm−3 for chloride, a weighted average of the
sulfate and nitrate densities for ammonium, and 1.2 g cm−3 for organics. The particle
density and AMS cutpoint corresponding to dm=400 nm were calculated independently25

for each 15 min interval.
In this manuscript, we report the semiquantitative AMS time series of potassium,

measured at m/z 39. Because previous studies using the high-resolution VW-ToF-AMS
have shown the m/z 39 signal to be dominated by C3H+

3 (Aiken et al., 2009), a further
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description of this measurement is required. Although the C-ToF-AMS is primarily a unit
resolution mass spectrometer, in the present study sufficient resolution exists to distin-
guish the signals at K+ (m/z 38.963707) and C3H+

3 (m/z 39.023475) as discussed
in the Supplement: (see Figs. S1–S5) http://www.atmos-chem-phys-discuss.net/9/
18113/2009/acpd-9-18113-2009-supplement.pdf. Spectra were analyzed using the5

PIKA v1.06A software (D. Sueper, U. of Colorado-Boulder, USA) (DeCarlo et al., 2006).
The time series of K+ and C3H+

3 are presented in the Supplement (Fig. S1): http://www.
atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-supplement.pdf. A
relative ionization efficiency (RIE) of 10 was estimated for potassium from calibration
with KNO3 (where RIE is defined in reference to the signal at m/z 30 and 46 for NO3).10

This value is notably higher than a previously reported potassium RIE=2.9 (Drewnick
et al., 2006). However, significant variation between instruments is expected to due to
the effects of mass spectrometer tuning on the sampling efficiency of ions from sur-
face ionization. The potassium measurement presented here should be considered
only semi-quantitative due to (1) the low mass resolution of the C-ToF, (2) the high15

instrument background at m/z 39, and (3) competition between multiple ionization pro-
cesses.

2.2.2 Cloud condensation nucleus counter

Cloud condensation nuclei (CCN) concentrations were measured using a home-built
CCN counter (Kumar et al., 2003) consisting of a coupled continuous flow thermal20

gradient diffusion chamber (TGDC) and aerodynamic particle sizer (APS) model 3320
(TSI, Inc., St. Paul, MN, USA). The chamber supersaturation was calibrated using size-
selected (NH4)2SO4 particles and was set at 0.42% for the present experiments. CCN
number concentrations are measured to within ±25%. Further details of instrument
calibration, performance, and operation are available in the literature (Chang et al.,25

2007; Kumar et al., 2003).
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2.2.3 Gas measurements

Volatile organic compounds (VOCs) were measured using a proton-transfer reaction
mass spectrometer (PTR-MS) (de Gouw and Warneke, 2007; Lindinger et al., 1998)
(Ionicon Analytik, Innsbruck, Austria) and a gas chromatography system coupled to
a flame ionization detector system (GC-FID) (Brickell et al., 2003; Rupakheti et al.,5

2005). In the PTR-MS, H3O+ ions are generated by a cathode discharge in water va-
por and ionize trace gases that have a higher proton affinity than water. The resulting
ions are detected with a quadrupole mass spectrometer. Because this soft ionization
technique causes relatively little fragmentation, measured m/z ’s can frequently be di-
rectly related to the parent ion, and VOCs identified. The PTR-MS was calibrated with10

a custom standard containing 12 VOC species (methanol, acetonitrile, acetone, iso-
prene, methyl vinyl ketone, benzene, toluene, acetaldehyde, dimethylsulfide, α-pinene,
limonene, 2-methyl-3-buten-2-ol) in the 500 ppbv range (Apel-Riemer Environmental
Inc., Broomfield, CO, USA). Species-dependent calibration factors and detection lim-
its are described elsewhere (Vlasenko et al., 2009). The GC-FID system employs15

a liquid nitrogen-cooled glass bead pre-concentration trap and multi-column capillary
chromatography system. The instrument has detection limits of 5–16 pptv in an air
sampling volume of 930 mL and was validated in a recent intercomparison study (Rap-
penglück et al., 2006). Gaseous CO and NOx were measured using a TECO 48C and
TECO 42C, respectively (Thermo Electron Corporation, Waltham, MA, USA).20

2.3 Positive matrix factorization (PMF)

The AMS organic mass spectra were analyzed using positive matrix factorization (PMF)
(Paatero, 1997; Paatero and Tapper, 1994), a receptor modeling technique that uses
multivariate statistical methods to represent the time series of mass spectra as a lin-
ear combination of factor mass spectra and their time-dependent intensities. PMF25

analysis was performed using the PMF2 software package (P. Paatero, U. of Helsinki,
Finland), together with the CU AMS PMF Tool (Ulbrich et al., 2009a). The PMF model

18120

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 18113–18158, 2009

Biogenic secondary
organic aerosol event

from eastern
Canadian forests

J. G. Slowik et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

is described by the matrix equation:

X=GF+E (1)

Here X is the input mass spectral time series, the columns of the G matrix contain the
factor time series and the rows of the F matrix contain the factor mass spectra. The E
matrix contains the residuals and is defined by Eq. (1). The PMF model solves Eq. (1)5

by using a weighted least-squares algorithm to minimize the quantity Q, defined as:

Q=
∑
i

∑
j

(
ei j/si j

)2
(2)

Here ei j are the elements of the residual matrix E, and si j are the elements of the
uncertainty matrix S. The theoretical value of Q, denoted Qexpected, can be estimated as
the number of elements in the input matrix X. In practice, Q is expected to be somewhat10

larger than Qexpected for ambient data because the data cannot be perfectly represented
by a finite number of factors.

The AMS uncertainties (si j ) discussed in Eq. (2) are calculated from the convolution
of a Poisson distribution representing ion counting statistics with a detector-dependent
Gaussian distribution representing the variation in single ion signal intensity (Allan et15

al., 2003). Uncertainties are calculated independently for the background and particle

beam and summed in quadrature, yielding the expression ∆Id=α
√

Io+Ib√
ts

. Here Io and

Ib are the ion signals in the unblocked and blocked (background) positions, ts is the
sampling time, and α is a factor accounting for the width of the Gaussian distribution
discussed above. The elements of the uncertainty matrix S are the ∆Id values for each20

individual m/z at every point in time.
The PMF2 software was applied to a mass spectral matrix consisting of the organic

component of all m/z ’s ≤300, yielding a mass spectral matrix of 270m/z’s and 8143
mass spectra (not all m/z ’s contain organic signal). The PMF2 “robust” operating mode
was utilized, in which data points yielding large residuals (|ei j /si j |>4) are iteratively25

downweighted (Paatero, 1997). Matrix rotations were explored by varying the fPeak
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parameter from −1.5 to 1.5 (see Fig. S6: http://www.atmos-chem-phys-discuss.net/9/
18113/2009/acpd-9-18113-2009-supplement.pdf) and provided results consistent with
those presented below (obtained at fPeak=0.0). The possibility of local minima in
the solution space was considered by initiating the PMF2 routine from 100 random
starting points, denoted by seed values from 1 to 100. The different seed values yielded5

similar solutions to those presented below (obtained at seed=1), indicating that other
local minima were not found (see Fig. S8: http://www.atmos-chem-phys-discuss.net/9/
18113/2009/acpd-9-18113-2009-supplement.pdf). Selection of the correct number of
factors, as well as factor identification, is discussed in Sect. 3.1.1.

2.4 AURAMS (A Unified Regional Air-quality Monitoring System) model10

AURAMS (version 1.4.0) is an off-line chemical transport model (CTM) that is driven by
the Canadian operational weather forecast model, GEM (Global Environmental Multi-
scale model) (Côté et al., 1998a, b). GEM (version 3.2.2) was used to produce meteo-
rological fields with a 15-km horizontal resolution. GEM was run for 12-h periods from
reanalysis files with a 6-h spin-up and 6 h of simulation stored for the CTM. AURAMS15

was run in a one-way nested configuration with a continental-scale outer domain at
42-km resolution and an inner regional domain at 15-km resolution.

Hourly anthropogenic point, area, and mobile emission files were prepared for the
CTM using the 2005 Canadian and 2005 US emissions inventories and version 2.3
of the SMOKE emissions processing system (CEP, 2003; Houyoux et al., 2000). Bio-20

genic 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 meteorological fields (temperature and ir-
radiance) from GEM. Biogenic VOC emissions are speciated into four groups: isoprene
(ISOP), monoterpenes (PINE), sesquiterpenes (SESQ) and “other VOCs”. Sesquiter-25

pene emissions were calculated by scaling monoterpene emissions (Helmig et al.,
2007) (e.g. SESQ emissions were a factor of 0.16 lower than monoterpenes at 30◦C).
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The gas-phase mechanism in AURAMS is an updated version of the ADOM-II
mechanism (Kuhn et al., 1998), which is solved using a vectorized version of the
rodas3 solver (Sandu and Sander, 2006). A detailed description of the ADOM-
II VOC lumping scheme is presented elsewhere (Stroud et al., 2008). In the present
study, a lumped monoterpene species was separated from the original ADOM-II an-5

thropogenic long-chain alkene species and assigned the OH/O3/NO3 kinetics of α-
pinene. A lumped sesquiterpene species was added to the mechanism and mod-
eled with β-caryophyllene+O3/OH/NO3 kinetics. Benzene was separated from the
original ADOM-II lumped species (sum of propane, acetylene, and benzene), and re-
acted in the modified mechanism with OH kinetics. The overall organic aerosol yield10

approach (Odum et al., 1996) was applied to the following VOC precursor species:
isoprene (ISOP), monoterpenes (PINE), sesquiterpenes (SESQ), benzene (BENZ),
mono-substituted aromatics (TOLU), multi-substituted aromatics (AROM), long chain
anthropogenic alkenes (ALKE), and long chain anthropogenic alkanes (ALKA). Aerosol
yields were calculated for low and high NOx limits as a function of existing organic15

aerosol loadings (including both primary and secondary aerosol) and temperature. Up-
dated αi and Ki based on recent literature studies were applied for ISOP Kroll et al.,
2006; Lane et al., 2008), PINE (Griffin et al., 1999; Pathak et al., 2007; Zhang et al.,
2006), SESQ, ALKE, and ALKA (Lane et al., 2008), BENZ and AROM (Ng et al., 2007),
and TOLU (Hildebrandt et al., 2009). An incremental increase in SOA mass was cal-20

culated from decreases in precursor VOC concentrations for a given time step under
both low and high NOx conditions. A linear interpolation between the low NOx and high
NOx incremental SOA mass was performed based on the fraction of the RO2 radicals
which react with HOx vs. NOx (Henze et al., 2008; Presto and Donahue, 2006).

An organic particle density of 1.5 g cm−3 was assumed for conversion of normalized25

aerosol yield data (from particle volume measurements). The particle size distribution
is represented in the CTM by 12 bins ranging in diameter from 0.01 to 40.96µm, with
the 8 lower bins corresponding to sizes below 2.5µm. Particle composition is rep-
resented by nine species (sulfate, nitrate, ammonium, black carbon, primary organic
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aerosol, SOA, crustal material, sea salt, and particulate water), which are assumed to
be internally mixed within each size bin (Smyth et al., 2009). Condensation of the SOA
to the particle size distribution is described by a modified Fuchs-Sutugin equation as
described by equation A14 in Gong et al. (2003).

2.5 Moderate Resolution Imaging Spectroradiometer (MODIS) remote sensing5

The spatial and temporal domain of this analysis is extended using satellite observa-
tions from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the
Terra satellite. MODIS/Terra has taken global daily measurements of solar backscatter
at 10:30 AM local time since mid-2000. The retrieval of aerosol optical depth (AOD), a
measure of light extinction by aerosol in the atmospheric column, is described in the10

literature (Levy et al., 2007; Remer et al., 2005). Validation of the retrieved AOD with
ground-based AERONET observations yields a typical accuracy of 0.05±15% (Remer
et al., 2005). We use here Collection 5 level 2 quality 3 data. The MODIS fire count
algorithm, available from the USDA Forest Service, Remote Sensing Applications Cen-
ter, uses brightness temperature from the MODIS 4µm and 11µm channel to detect15

the presence of fire (Giglio et al., 2003).

3 Results and discussion

3.1 AMS organic mass spectral analysis

3.1.1 Positive Matrix Factorization (PMF)

The application of PMF to an AMS dataset has been previously described in detail20

(Lanz et al., 2007; Slowik et al., 2009; Ulbrich et al., 2009a). An important consideration
is the number of factors output by the PMF algorithm, which is selected by the user.
However, no completely unambiguous method for choosing the “correct” number of
factors exists. The selected number of factors is thus somewhat subjective and must
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be validated through comparisons of factor and tracer time series, analysis of the factor
mass spectra, and the evolution of the residual time series as a function of the number
of resolved factors. Here a 4-factor solution was selected as the best representation of
the data, as described below.

In Fig. 1, we plot the time series of the quantity ∆

(∑
j

(
ei j
/
si j
)2)

between two5

solutions with different numbers of factors: that is, the time-dependent contribution to
Q for the n-factor solution minus that of the (n+1)-factor solution. The appearance
of time series structure in such a plot indicates that the increased number of factors
enables more of the data to be explained. Structure is evident in Fig. 1a–c, but is
substantially reduced in Fig. 1d. (Note that the scale in Fig. 1a is ∼60x that of Fig. 1b10

and ∼120x that of Fig. 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 significantly more of the data.

As described below, the 4-factor solution contains factors identified as hydrocarbon-
like organic aerosol (HOA), biomass burning organic aerosol (BBOA), and more- and15

less-oxygenated organic aerosol (denoted as OOA-1 and OOA-2, respectively), desig-
nations that result from correlations with tracer species and comparison with previous
PMF analyses of AMS data, as discussed below. Increasing the number of factors to 5
yields a third OOA factor and alters the mass spectra and time series of the OOA-1 and
OOA-2 factors (see Fig. S6: http://www.atmos-chem-phys-discuss.net/9/18113/2009/20

acpd-9-18113-2009-supplement.pdf). This is consistent with factor mixing/splitting be-
havior, previously identified as an indicator of an excessive number of factors (Ulbrich
et al., 2009a). Further, the additional OOA factor does not aid the interpretation of the
dataset. Therefore, the 4-factor solution was selected.
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3.1.2 Validation and analysis of AMS PMF factors

The factor mass spectra and time series for the 4-factor PMF solution are plotted in
Fig. 2. Figure 2b also shows the time series of tracer species correlated with the
PMF factors. Factor mass spectra are normalized such that the sum of each spectrum
across all m/z is equal to 1. The factor time series are reported in units of mass5

concentration (µg m−3). A brief discussion of the factor mass spectra and time series
is presented below. All comparisons with previously reported spectra were performed
using spectra obtained from the AMS Spectral Database (Ulbrich et al., 2009b).

The mass spectrum of the HOA factor (F1) correlates with that of HOA factors
obtained in other locations (e.g. R2=0.78 vs. Pittsburgh HOA (Zhang et al., 2005),10

R2=0.54 vs. Zurich summer HOA (Lanz et al., 2007), and R2=0.68 vs. Zurich winter
HOA (Lanz et al., 2008)). The primary difference between the previously reported HOA
spectra and Egbert HOA is that the Egbert HOA has more signal at low m/z ’s, particu-
larly m/z 15, 27, and 29. These three m/z ’s comprise 15.3% of the spectrum vs. 4.4%
to 7.8% in previous studies. Similar to previous studies, the HOA time series correlates15

with tracers of primary anthropogenic emissions, such as NOx (R2=0.41) and benzene
(R2=0.43) as shown in Fig. 2b.

The BBOA factor mass spectrum (Fig. 2a) is the only resolved factor containing
significant signal at m/z 60 and 73. These fragments are characteristic of levoglucosan,
a tracer for cellulose pyrolysis. The BBOA mass spectrum correlates both with that of20

levoglucosan (Schneider et al., 2006) (R2=0.70) and a Zurich wood-burning PMF factor
(Lanz et al., 2007) (R2=0.80). In Fig. 2b, the BBOA time series is plotted together
with the semi-quantitative AMS measurement of potassium (R2=0.30) and PTR-MS
measurement of acetonitrile (R2=0.34).

The mass spectrum and time series of the more oxygenated OOA factor, denoted25

“OOA-1”, are shown in Fig. 2a and b, respectively. Relative oxygenation is inferred from
the ratio of m/z 44 (CO+

2 ion) to the total mass spectrum. For OOA-1, the 44/total ratio
is 0.19 (vs. 0.10 for the less oxygenated OOA-2). These values correspond to O/C
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ratios of ∼0.81 (OOA-1) and ∼0.46 (OOA-2) based on the approximation presented
by Aiken et al. (2008). Increased oxygenation is expected to correlate with increased
particle age (Aiken et al., 2008; Lanz et al., 2007; Ulbrich et al., 2009a) and decreased
volatility (Huffman et al., 2009). The OOA-1 mass spectrum closely resembles that
of OOA factors extracted from AMS measurements in several locations (e.g. R2=0.885

with vs. Pittsburgh OOA (Zhang et al., 2005)). As shown in Fig. 2b, the time series
of OOA-1 correlates with AMS measurements of particulate sulfate (R2=0.77), which
is mostly attributed to long-range transport, and with acetone (R2=0.70), a long-lived
oxygenated VOC generated in part through photochemical reactions (Vlasenko et al.,
2009).10

Unlike the OOA-2 factors previously extracted from AMS datasets in Zurich and Pitts-
burgh (Lanz et al., 2007; Ulbrich et al., 2009a) where volatility is thought to drive the
factor time series, Egbert OOA-2 does not correlate with particulate nitrate (not shown).
Instead, Egbert OOA-2 correlates with VOC photochemical products. This is shown in
Fig. 2b, where the OOA-2 time series is plotted together with that of PTR-MS m/z 71,15

which is attributed to methacrolein (MACR) and methyl vinyl ketone (MVK). These
VOCs are photochemically generated and have lifetimes on the order of half a day
(Biesenthal et al., 1998). OOA-2 also correlates with acetic acid (at PTR-MS m/z 61),
a longer-lived product of VOC oxidation. Similar correlations are also observed with
formaldehyde, acetone, and a factor obtained from PMF analysis of the PTR-MS spec-20

trum (Vlasenko et al., 2009). In addition to the species already mentioned, the PTR-MS
PMF factor includes the majority of the signal assigned to m/z 99 (pinonaldehyde frag-
ment), m/z 113 (attributed to monoterpene oxidation products in chamber studies) (Lee
et al., 2006a, b), and a number of other peaks expected to correspond with oxygenated
compounds.25

The relative age of the OOA-1 and OOA-2 factors can be inferred through the cor-
relations of these factors with VOCs having known atmospheric lifetimes. Figure 3
shows the R2 values for correlations of OOA-1 and OOA-2 with acetone, acetic acid,
MACR+MVK, toluene, and monoterpenes over the entire study period. As expected,
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neither factor correlates with toluene and monoterpenes. Both factors correlate with
acetone, acetic acid, and MACR+MVK. However, OOA-2 correlates more strongly with
MACR+MVK (lifetime of approximately half a day (Biesenthal et al., 1998)) than does
OOA-1. In contrast, OOA-1 correlates more strongly with the longer-lived acetone and
acetic acid (lifetime of days to weeks) than does OOA-2. The trends in these corre-5

lations indicate that (1) OOA-2 results from more recent oxidation than OOA-1, and
(2) a large fraction of OOA-2 is formed within half a day (i.e. before MACR+MVK is
destroyed).

3.2 Identification and characterization of the biogenic period

Figure 4 shows the time series of measured particulate inorganic species, organic fac-10

tors from the PMF analysis, and selected VOCs. The dashed backgrounds denote peri-
ods selected for contrasting studies of biogenic influences, urban outflow, and biomass
burning.

The biogenic period (9 June to mid-day on 13 June) corresponds with steadily in-
creasing temperatures under clear sky conditions, with back trajectories (presented15

later in Fig. 10c) and surface wind direction indicating air transported from north of the
site. During this period, the organic aerosol mass builds steadily, with local maxima in
the afternoons of 11, 12, and 13 June. A corresponding increase is evident in the pho-
tochemical reaction products MACR and MVK. Acetylene (a long-lived anthropogenic
tracer) mixing ratios remain very low. This behavior contrasts sharply with the ele-20

vated acetylene mixing ratios observed during periods of urban outflow from the south
(e.g. 30 May to 4 June). Monoterpene mixing ratios are elevated during the 9 to 13 June
period; however, monoterpene lifetimes (a few hours) are sufficiently short that a strong
correlation with organic aerosol mass may not be expected. The particle composition
is perturbed during the biogenic period by: (1) a plume from smelting operations in25

Sudbury, Ontario (∼300 km to the north), leading to increased sulfate (overnight 11–
12 June); and (2) a biomass burning event during the first half of 10 June.
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The anthropogenic case study is characterized by southerly winds. Back trajectories
indicate air masses passing over the Toronto urban area and populated regions to the
south/southwest. Aromatic VOCs, NOx, and particulate sulfate are all elevated. The
high sulfate periods on 15 May, 24–25 May, and 9 June are examples of similar events,
though of shorter duration.5

The biomass burning period is characterized by high potassium and slightly elevated
acetonitrile. BBOA concentrations are near their maximum for the study period. While
potassium, acetonitrile, and BBOA are elevated and correlated at other periods during
the study, this occurs during periods strongly influenced by anthropogenic emissions,
making them unsuitable for examination of biomass burning aerosol.10

As shown in Fig. 4, the organic composition during the biogenic event is character-
ized by increased OOA-2 relative to OOA-1 and very low BBOA and HOA. During the
biogenic event, OOA-2 constitutes 65%±10% of the total OOA (i.e. OOA-1+OOA-2),
vs. 46%±5% during periods of urban outflow (e.g. 30 May to 3 June). As discussed in
the previous section, the correlation of OOA-2 with MACR+MVK during the biogenic15

period (R2=0.71) indicates that the organic aerosol during the biogenic period is rela-
tively fresh and therefore not the result of highly processed anthropogenic or biomass
burning emissions. In contrast, OOA-1 is more strongly correlated with longer-lived
photochemical oxidation products such as acetone, while HOA and BBOA correlate
with tracers of primary emissions.20

The biogenic period is distinguished by the relationship between the total organic
material (OM) and OOA components with the CO mixing ratio, which are plotted
against each other in Fig. 5 for the biogenic, biomass burning, and urban out-
flow periods identified in Fig. 4. CO is a long-lived species (lifetime on the or-
der of a few months) that enters the atmosphere by direct emission from primary25

combustion and by gas-phase photochemistry, such as photolysis or OH-oxidation
of formaldehyde. Figure 5a shows a dramatic difference in ∆OM/∆CO between
the biogenic period (234.4µg m−3 ppmv−1) vs. the urban outflow and biomass burn-
ing periods (71.1µg m−3 ppmv−1 and 109.1µg m−3 ppmv−1, respectively). Previous
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measurements of ∆OM/∆CO in anthropogenically-influenced regions (shaded region
of Fig. 5a) have yielded values in the range of 10 to 85µg m−3 ppmv−1, with higher
values corresponding to increased photochemical age (de Gouw et al., 2008; De-
Carlo et al., 2008; Kleinman et al., 2009). Previous measurements of ∆OM/∆CO
in biomass burning plumes are also included. These values are estimated from5

PM1.0/CO mass emission ratios in biomass burning plumes in Mexico City (0.133)
and the Amazon (0.176) (Yokelson et al., 2007a, b), assuming that OM accounts for
∼55% of the PM1.0 mass (Reid et al., 2005). This provides a range of values from
91 to 121µg m−3 ppmv−1. Both the anthropogenic and biomass burning measure-
ments at Egbert are consistent with previously measured values. However, the bio-10

genic ∆OM/∆CO is clearly distinct from either.
Figure 5c and d demonstrate that the difference in ∆OM/∆CO between the bio-

genic and anthropogenic periods is driven by OOA-2. While ∆OOA-I/∆CO is similar for
the urban outflow and biogenic periods (38.2µg m−3 ppmv−1 vs. 43.5µg m−3 ppmv−1),
∆OOA-2/∆CO is highly source-dependent (anthropogenic: 17.0µg m−3 ppmv−1

15

vs. biogenic: 145.6µg m−3 ppmv−1). The biomass burning period is distinct
from either period, with OM dominated by BBOA. The biomass burning ∆OOA-
2/∆CO (39.2µg m−3 ppmv−1) more closely resembles urban outflow, while biomass
burning OOA-1 remains at low, near-constant levels independent of CO (∆OOA-
I/∆CO=0.4µg m−3 ppmv−1). The tight correlation between OOA-2 and CO for the20

biomass burning and biogenic periods in Fig. 5d suggests a relatively constant pho-
tochemical age. These correlations, coupled with the lack of intermediate points be-
tween the ∆OOA-2/∆CO lines for the biomass burning and biogenic periods as would
arise with photochemical aging, indicate that the organic concentrations during the
biogenic period cannot be explained by aged biomass burning emissions. Further dis-25

cussion of potential biomass burning influences is presented in Sect. 3.3.3. The distinct
∆OOA-2/∆CO relationships described above suggest that OOA-2 observed during the
biogenic period can be identified as biogenic SOA. The OOA-1 source is more am-
biguous, due to its increased age and similarity of ∆OOA-I/∆CO between the biogenic
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and anthropogenic periods. We therefore estimate the biogenic SOA concentration as
bounded by that of OOA-2 and OOA-1+OOA-2, yielding a peak biogenic SOA concen-
tration of 8 to 12µg m−3.

3.3 Model interpretation of the biogenic period

3.3.1 Photochemical CO production5

The difference in ∆OOA/∆CO slopes can be understood in terms of the differences
in CO sources and production mechanisms. CO is likely dominated by primary emis-
sions during the anthropogenic period; however such emissions are expected to be
negligible during the biogenic period. Instead, the strong correlation of CO with OOA-
II, which during this period is correlated with the photochemical products MACR+MVK,10

suggests a photochemical source. The mass yield of SOA from biogenic VOCs can be
estimated from Fig. 5, as discussed below. We assume all CO above the global back-
ground during the biogenic period is photochemical. A chemical transport model for
the study region predicts average enhancements due to biogenic processes of roughly
25 ppbv in mid-summer (Hudman et al., 2008), which is comparable to the observed15

CO increase of 60 ppbv determined from Fig. 5. We believe our results show the first
direct observational evidence for a significant biogenic source of CO from coniferous
forests.

The relationship of CO to biogenic VOC mixing ratios is calculated using a box
model, with α-pinene selected as a surrogate for precursor VOCs. (As discussed later20

in Sect. 3.3.2, the AURAMS air quality model identifies monoterpenes as the domi-
nant precursor VOCs). A subset of a near-explicit Master Chemical Mechanism (v3.1)
(Saunders et al., 2003) describing α-pinene oxidation (928 reactions and 310 com-
pounds) is chosen. In order to run the model, 48 inorganic reactions and 21 inorganic
compounds have been combined with that subset for α-pinene. More details of rel-25

evant model settings can be found in the literature (Xia et al., 2008). For simplicity,
the chemistry is run in a zero-dimensional box model at a fixed temperature of 25◦C
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without deposition. The photolysis rates in the box model are set to the latitude of the
Egbert site (44.23◦ N).

The chemical system was studied for 246 combinations of initial α-pinene concen-
trations and NOx emission rates. Specifically, 6 different initial α-pinene concentrations
(1.0 ppbv to 10.0 ppbv) and 41 different NOx emission rates (1.8×105 molecules s−1

5

to 1.8×107 molecules s−1 yielding mean NOx concentrations of 0.05 to 20 ppbv) were
chosen, with the concentrations and emission rates selected to be evenly spaced on a
logarithmic scale. During the biogenic period, the measured NOx concentrations were
1.02±0.74 ppbv, with a maximum of 4.72 ppbv (5 min average).

For each scenario, the model was run for 48 h from midnight, at which point the10

∆CO/∆α-pinene ratio is calculated. It is found that the obtained ratios lie within
3.0±0.4. Results for the 48-h simulation are shown in Fig. 6. Beyond 48 h, the ra-
tio continues to increase, reaching 3.4±0.4, 3.8±0.4, and 4.0±0.4 at 72 h, 120 h, and
360 h, respectively.

As discussed in the previous section, we estimate the lower and upper limits of the15

biogenic SOA to be OOA-2 and OOA-1+OOA-2, respectively. The slopes of Fig. 5b
and c, for the biogenic period yield ∆SOA/∆CO=146 to 189µg m−3 ppmv−1. From the
MCM 48-h simulation (∆CO/∆α-pinene=3.0±0.4), this equates to ∆SOA/∆α-pinene of
437 to 567µg m−3 ppmv−1, or a mass yield of 7.2 to 9.3%. These values are consistent
with the literature, where reported SOA mass yields from α-pinene range from approx-20

imately 3 to 20%, although a direct comparison is complicated by the dependence of
the yield on SOA mass loading (causing an increased yield), temperature, and high/low
NOx regimes (Griffin et al., 1999; Pathak et al., 2007; Shilling et al., 2008; Tunved et
al., 2006).
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3.3.2 Regional SOA production

AURAMS (A Unified Regional Air-Quality Monitoring System) (Moran et al., 1998)
model output for four subsequent days during the biogenic event (10 to 13 June) are
plotted in Figs. 7 and 8. Figure 7 shows spatial distributions of PM2.5 SOA, while Fig. 8
shows surface temperature and wind fields for the same time periods. The figures in-5

dicate generation of organic aerosol over forested regions of Ontario and Quebec cor-
related with increased temperature, followed by transport southwest to the Egbert site.
Back trajectories indicate that air is transported between these locations over approxi-
mately a day. The observed elevated mixing ratios of MACR+MVK and monoterpene
oxidation products at Egbert are consistent with this timescale, because MACR and10

MVK have atmospheric lifetimes of approximately half a day (Biesenthal et al., 1998).
As shown in Fig. 9, the urban plume (7–9 June), smelter plume (sulfate, 12 June)

and biogenic event (10–14 June) are well reproduced by AURAMS. The sensitivity of
SOA concentrations to individual classes of VOC precursors was tested in AURAMS by
removing SOA production from these precursors (Fig. 9, lower panel). Removal of SOA15

production by monoterpenes, sesquiterpenes, and isoprene decreased SOA mass
concentrations by 65%, 4%, and 7%, respectively. This suggests that the high SOA
concentrations during the biogenic event result primarily from oxidation of monoter-
penes. This is consistent with one other report in the literature of high biogenic SOA
mass, which was also observed in a region of high terpene emissions (Shantz et al.,20

2004).
The correlation between AMS measurements and AURAMS predictions of biogenic

SOA in Fig. 9 suggest that the high loadings are due to high biogenic VOC emis-
sions rather than unknown chemistry. Figure 8 shows temperatures in excess of 30◦C
across a wide geographical area. Because this region is dominated by monoterpene25

emissions, which increase exponentially with temperature (Guenther et al., 1991) and
have a relatively high SOA yield, it is likely that the high temperatures are the driving
force of the biogenic event.
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3.3.3 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 analysis, we distinguish between the5

influences of (1) fresh biomass burning and (2) aged biomass burning and discuss the
two separately below.

For this discussion, “fresh” biomass burning is defined as the biomass burning con-
tribution to OOA-2, which is identified as fresh by its correlation with MACR+MVK. The
following observations suggest that the biomass burning influence is negligible during10

the biogenic case study:

1. Chemical markers of primary biomass burning emissions (potassium, acetoni-
trile, 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 acetoni-
trile, contrary to what would occur if a biomass burning period were starting.15

2. The ∆OM/∆CO ratio for biogenics is significantly larger than observed in this
study or reported in the literature (see Fig. 5a). Further, the difference is also
pronounced in the ∆OOA-2/∆CO ratio.

3. AURAMS accurately predicts SOA concentrations using biogenic (primarily
monoterpene) emissions as precursors (see Fig. 9). No biomass burning con-20

tribution is required.

4. Analysis of MODIS fire counts (Fig. 10a) and HYSPLIT 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.)25
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Similar to the preceding discussion, “aged” biomass burning is here defined as the
biomass burning contribution to OOA-1. While the source(s) of OOA-1 are more am-
biguous than those of OOA-2, the following observations suggest that OOA-1 cannot
be attributed to aged biomass burning emissions:

1. Chemical markers of primary biomass burning emissions (potassium, acetonitrile,5

BBOA) are negligible (see Fig. 4). Acetonitrile and potassium are relatively long-
lived. The lifetime of BBOA is less certain.

2. Best agreement with AURAMS SOA predictions is obtained through comparison
with OOA-1+OOA-2 (rather than OOA-2 alone), and AURAMS SOA precursors
are dominated by monoterpenes (see Fig. 9).10

3. Analysis of MODIS fire counts (Fig. 10a) and HYSPLIT 48-h back trajectories
(Fig. 10c) are inconsistent with a long-range fire source. Although the trajecto-
ries during the final two days of the biogenic period pass near a fire-influenced
area, the fires do not begin until after the airmass has passed through. Further,
these fires are close enough that significant enhancements in chemical markers15

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 represent the
only major fires in Canada during the biogenic period.

4. As shown in Fig. 10c, the trajectories during the biogenic period originate from
a variety of locations north of Egbert. Given that biomass burning emissions20

are expected to be localized (e.g. Fig. 10a), the observed tight correlation be-
tween organic mass and CO is not consistent with biomass burning origins, as
the SOA/CO ratio will depend on photochemical age when the CO is dominated
by primary emissions. However, a tight correlation between organics and CO is in
fact observed (see Fig. 5) and is consistent with photochemically-generated CO25

from a widespread biogenic source from forested regions.

18135

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/18113/2009/acpd-9-18113-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 18113–18158, 2009

Biogenic secondary
organic aerosol event

from eastern
Canadian forests

J. G. Slowik et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.4 Regional impact of biogenic SOA

Remote sensing measurements suggest that the high levels of particulate organics
observed in this study are representative of the regional contribution of biogenic VOC
emissions. This is shown in Fig. 9 by the correlated increases of observed and mod-
eled biogenic SOA with the regional AOD, measured by the MODIS satellite instrument5

(Salomonson et al., 1989) for the box defined by 44◦ to 47◦ N and 77◦ to 80◦ W, contain-
ing Egbert in its southwest corner. Figure 10a shows the AOD over northern Ontario
and Quebec during the biogenic period (9 to 13 June), with the locations of Egbert and
the previously described box displayed. A widespread region of elevated AOD exists
over the sparsely populated, boreal forest region to the north of the sampling location.10

MODIS fire counts to the north are negligible, though some fires were observed in re-
gions to the northeast. Back trajectories (48-h duration) from the Egbert site are shown
in Fig. 10c. Contamination from the single fire count detected to the southwest is un-
likely given its short duration (a single day), prevailing northerly winds, and measured
aerosol composition.15

Figure 10b shows the monthly averages of AOD from 2001 to 2006 for the boxed re-
gion, suggesting that this biogenic radiative forcing effect is strongest in the late spring
and early summer. A similar seasonal cycle has been observed in the southeast United
States (Goldstein et al., 2009), where isoprene is the dominant biogenic VOC. Egbert
mean AOD during summer is typically lower than that reported by Goldstein et al.20

(∼0.16 vs. ∼0.35). The lower values at Egbert are probably due to (1) lower temper-
atures and (2) decreased anthropogenic influence. However, Egbert AOD climbed to
0.23 during the biogenic event, with significantly higher values (∼0.4) farther north (see
Fig. 10a).

The increased AOD will have a significant regional cooling effect in clear-sky condi-25

tions over a (relatively dark) forest. Globally averaged, the estimated direct aerosol ra-
diative forcing is at least that of the CO2 generated from the photochemically-produced
biogenic CO over the entire CO2 lifetime. As an example, radiative forcing estimates
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for the CO2 from biogenic CO and for the biogenic aerosol were made using the ra-
diation algorithm described by Li and Barker (Li and Barker, 2005) as applied in the
Canadian GCM, for clear sky conditions. For an aerosol optical depth of 0.2, the
net upward flux at 200 mb was calculated to increase by 20 W m−2 (−661.2 W m−2 to
−681.2 W m−2). Using the standard North American atmospheric profile, the CO2 in-5

crease of 0.06 ppm was calculated to decrease the net upward flux by 0.0011 W m−2 at
200 mb (230.5757 W m−2 for 370 ppm and 230.5746 W m−2 for 370.06 ppm). Assuming
a one week lifetime for the aerosol and a 100 year lifetime for the CO2, we calculate
the relative forcing potential of the two as −20*7/(0.0011*365*100), yielding a relative
cooling factor of −3.5. This value will be reduced when cloud cover is considered and10

is subject to assumptions of surface albedo, aerosol absorption, etc.
Further cooling will result from the cloud condensation nuclei activity of the bio-

genic SOA, which reached a maximum value of ∼1600 cm−3 during the biogenic period
(0.42% supersaturation) vs. ∼3000 cm−3 during the 30 May to 3 June urban outflow pe-
riod. The high particle concentration and CCN activity are consistent with a significant15

contribution to climate forcing from biogenic aerosol arising from mid-latitude forests,
as suggested by a recent modeling study (Spracklen et al., 2008).

4 Conclusions

Organic concentrations reaching levels ∼5 times higher than most previous measure-
ments for biogenic aerosols are observed, likely resulting from elevated temperatures20

and VOC emissions from Canadian coniferous forests. Biogenic OM is identified from
correlations with tracer VOCs and by the relationship of the total OM and oxygenated
components with CO. The observations provide evidence for a significant photochem-
ical source of biogenic CO. Biogenic SOA concentrations are accurately predicted by
a regional air quality model, in contrast to model underpredictions reported in more25

polluted regions. Model calculations and remote sensing measurements indicate that
the high mass loading is widespread, implying that biogenic SOA contributes strongly
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to the regional aerosol, presumably in both rural and urban locations in Southern On-
tario. The high particle concentration and CCN activity are consistent with a significant
contribution to climate forcing from biogenic aerosol arising from mid-latitude forests.
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Fig. 1. Effect of the number of factors in the PMF solution on the time-dependent contribution
to Q. The plotted quantity is the difference between the two cited solutions, i.e. Fig. 1a shows
contribution to Q for the 1-factor solution minus that of the 2-factor solution.
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Figure 2.  Factor mass spectra (a) and time series (b) for the 4-factor solution to the AMS dataset.  

Mass spectra are normalized such that the sum of each spectrum across all m/z’s is equal to 1.  Fig. 2. Factor mass spectra (a) and time series (b) for the 4-factor solution to the AMS dataset.
Mass spectra are normalized such that the sum of each spectrum across all m/z ’s 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).
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Figure 3.  Correlations between the time series of OOA-1 and OOA-2 factors with selected 

VOCs over the entire study period. 

Fig. 3. Correlations between the time series of OOA-1 and OOA-2 factors with selected VOCs
over the entire study period.
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Figure 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/z 

71 and 137, respectively.  Acetylene was obtained from GC-FID measurements. 

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/z 71 and 137, respectively. Acetylene was obtained from GC-FID measurements.
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Figure 5.  Mass concentration of (a) total organics, (b) OOA-1 + OOA-2, (c) OOA-1, and (d) 

OOA-2 as a function of CO for selected periods dominated by biogenic (green), anthropogenic 

(red), and biomass burning (blue) sources.  The blue and red shaded regions in Figure 5a denotes 

the range of previously observed values for ∆OM/∆CO for biomass burning [Reid et al., 2005; 

Yokelson et al., 2007a; Yokelson et al., 2007b] and anthropogenically-influenced regions [de 

Gouw et al., 2008; DeCarlo et al., 2008; Kleinman et al., 2009], respectively. 

Fig. 5. Mass concentration of (a) total organics, (b) OOA-1+OOA-2, (c) OOA-1, and (d) OOA-2
as a function of CO for selected periods dominated by biogenic (green), anthropogenic (red),
and biomass burning (blue) sources. The blue and red shaded regions in Fig. 5a denotes
the range of previously observed values for ∆OM/∆CO for biomass burning (Reid et al., 2005;
Yokelson et al., 2007a, b) and anthropogenically-influenced regions (de Gouw et al., 2008;
DeCarlo et al., 2008; Kleinman et al., 2009), respectively.
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Figure 6.  Ratio of ∆CO/∆α-pinene (colors) as a function of NOx emission rate and initial α-

pinene concentration for 48 hr Master Chemical Mechanism model runs. 

Fig. 6. Ratio of ∆CO/∆α-pinene (colors) as a function of NOx emission rate and initial α-pinene
concentration for 48 h Master Chemical Mechanism model runs.
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Figure 7.  Predicted PM2.5 SOA spatial distributions for the 42 km resolution grid. Images are 

for 19Z on June 10, 11, 12 and 13. A cross marks the Egbert site.  The color legend represents 

the mass concentration of SOA in µg/m3. 

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 SOA in µg/m3.
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Figure 8. Temperature and wind direction for the 15 km resolution nested grid. Images are for 

19Z on June 10, 11, 12 and 13. A cross marks the Egbert site.  The color legend represents the 

temperature in ˚C.  Arrows denote wind direction. 

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 temperature in ◦C. Arrows denote wind direction.
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Figure 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 bottom 

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

 

Fig. 9. Comparison of experimental measurements, AURAMS model results, and MODIS re-
gional 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 bottom panel.
Error bars for MODIS AOD denote uncertainties in the retrieval.
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Figure 10.  (a) MODIS aerosol optical depth (colors) and fire counts (diamonds) over Ontario 

and Quebec during the peak of the biogenic period (June 12 to 14, 2007).  The sampling location 

is denoted as a cross; the 3˚ by 3˚ box was used to calculate regional AOD in Figure 9. (b) 

Monthly MODIS AOD average from 2001 to 2006 calculated within the boxed region of Figure 

10a.  Error bars denote uncertainties in the MODIS AOD retrieval.  (c) 48-hr back trajectories 

ending at the Egbert site. 

Fig. 10. (a) MODIS aerosol optical depth (colors) and fire counts (diamonds) over Ontario and
Quebec during the peak of the biogenic period (12 to 14 June 2007). The sampling location is
denoted as a cross; the 3◦ by 3◦ box was used to calculate regional AOD in Fig. 9. (b) Monthly
MODIS AOD average from 2001 to 2006 calculated within the boxed region of Fig. 10a. Error
bars denote uncertainties in the MODIS AOD retrieval. (c) 48-h back trajectories ending at the
Egbert site.
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