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Abstract. Receptor modeling was performed on quadrupoleorganic aerosol (HOA) factor; and a moderately oxygenated
unit mass resolution aerosol mass spectrometer (Q-AMSprganic aerosol factor (OOA). PMF of the organic mass spec-
sub-micron particulate matter (PM) chemical speciationtrum revealed three factors of similar composition to some of
measurements from Windsor, Ontario, an industrial citythose revealed through PM ms: Amine, HOA and OOA.
situated across the Detroit River from Detroit, Michigan. Including both the inorganic and organic mass proved to
Aerosol and trace gas measurements were collected on boal a beneficial approach to analyzing the unit mass resolution
Environment Canada’s Canadian Regional and Urban InAMS data for several reasons. First, it provided a method for
vestigation System for Environmental Research (CRUISER)potentially calculating more accurate sub-micron PM mass
mobile laboratory. Positive matrix factorization (PMF) was concentrations, particularly when unusual factors are present,
performed on the AMS full particle-phase mass spectrumin this case the Amine factor. As this method does not rely
(PMF=yi ms) encompassing both organic and inorganic com-on a priori knowledge of chemical species, it circumvents
ponents. This approach was compared to the more comthe need for any adjustments to the traditional AMS species
mon method of analyzing only the organic mass spectrdragmentation patterns to account for atypical species, and
(PMForg ms). PMF of the full mass spectrum revealed that can thus lead to more complete factor profiles. It is expected
variability in the non-refractory sub-micron aerosol con- that this method would be even more useful for HR-ToF—
centration and composition was best explained by six fac-AMS data, due to the ability to understand better the chemi-
tors: an amine-containing factor (Amine); an ammonium cal nature of atypical factors from high-resolution mass spec-
sulfate- and oxygenated organic aerosol-containing factotra. Second, utilizing PMF to extract factors containing inor-
(Sulfate-OA); an ammonium nitrate- and oxygenated or-ganic species allowed for the determination of the extent of
ganic aerosol-containing factor (Nitrate-OA); an ammonium neutralization, which could have implications for aerosol pa-
chloride-containing factor (Chloride); a hydrocarbon-like rameterization. Third, subtler differences in organic aerosol
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components were resolved through the incorporation of in-factor. Examination of data sets from numerous, diverse
organic mass into the PMF matrix. The additional tempo-environments has shown that the OOA fraction often splits
ral features provided by the inorganic aerosol componentsnto two sub-components, OOAI and OOAII (Zhang et al.,
allowed for the resolution of more types of oxygenated or-2011). Observations of their temporal behavior have shown
ganic aerosol than could be reliably resolved from PMF ofthat these two factors typically exhibit different volatility
organics alone. Comparison of findings from the RiMifus regimes, whereby OOAII exhibits significant diurnal vari-
and PMForgms methods showed that for the Windsor air- ability associated with condensation and volatilization from
shed, the PMF,; ms method enabled additional conclusions temperature cycling, and, by contrast, OOAI has been mainly
to be drawn in terms of aerosol sources and chemical proassociated with synoptic flow regimes, with no significant as-
cesses. While performing PNy ms can provide important — sociation with temperature cycling. The semi-volatile OOAI
distinctions between types of organic aerosol, it is shown thatype factor was first reported in a study by Lanz et al. (2007),
including inorganic species in the PMF analysis can permitalthough its volatile nature was first substantiated with exter-
further apportionment of organics for unit mass resolutionnal measurements in a study by Huffman et al. (2009); in the
AMS mass spectra. latter study it was shown that decreased volatility of OA fac-
tors was associated with increasing oxygenation or oxygen
to carbon (QC) ratio (Huffman et al., 2009). As a result,
the OOAI and OOAII factors are often referred to in the lit-
1 Introduction erature as low-volatility OOA (LV-OO0A), and semi-volatile
OOA (SV-O0A), respectively (Jimenez et al., 2009). While
Atmospheric aerosol or particulate matter (PM) is known the HOA and OOA components have been the most widely
to have important implications for atmospheric visibility observed organic components deconvolved in the multitude
(Watson, 2002), climate change (IPCC, 2013), and humarof AMS studies performed to date (Zhang et al., 2007), other
health (Pope and Dockery, 2006; Anderson et al., 2012factors have been identified, such as biomass burning organic
Brook et al., 2010). Understanding the sources and processegerosol (BBOA) (e.g., Aiken et al., 2009), amine-containing
responsible for PM composition and concentration is criti- organic aerosol (e.g., Aiken et al., 2009; Sun et al., 2012;
cal to enacting effective PM reduction strategies. ReceptoiDocherty et al., 2011; Hildebrandt et al., 2011), and even
modeling of PM chemical speciation data is one method to-cooking organic aerosol (COA) (e.g., Lanz et al., 2007; Allan
wards achieving this. Historically, receptor modeling stud- et al., 2010; Sun et al., 2011; Mohr et al., 2012; Crippa et al.,
ies have focused on understanding integrated filter measure2013a). In many studies, correlation analysis of organics with
ments, which have been particularly useful for providing aninorganic species has been used for further ascertaining the
overview of the main chemical components of major sourcesources and processes contributing to a particular factor. For
categories and their longer-term temporal trends (Gordoninstance, significant correlations have been found between
1980; Hopke, 2003; Watson et al., 2008). More recently, re-OOAI and scj—, and between OOAIl and ND(Lanz et al.,
ceptor modeling analyses have been focused on online higB007; Ulbrich et al., 2008).
time-resolution chemical analysis techniques, as they can This study presents a receptor modeling analysis of high
provide additional insight into sources and processes not capime-resolution unit mass resolution quadrupole AMS mea-
tured by the chemical or temporal resolution of daily filter surements. Aerosol and trace gas speciation measurements
measurements. were made on board Environment Canada’s CRUISER
Aerosol mass spectrometry is among the most widely usedCanadian Regional and Urban Investigation System for En-
high-time resolution PM chemical speciation methods thatvironmental Research) mobile laboratory at MicMac Park in
can be used to quantify the impacts of non-refractory sourc@Vindsor, Ontario in the winter of 2005. A different approach
components, including both organic and inorganic compo-was taken in this study with respect to the majority of pre-
nents. Receptor modeling using positive matrix factorizationvious receptor modeling analyses of the non-refractory sub-
(PMF) has become a useful analytical technique for furthemrmicron chemical composition, as PMF was applied to the full
understanding the origins of AMS-measured aerosol. Amongnass spectrum, comprising both the organic and inorganic
these studies, most have focused on the organic fraction afomponents. To the authors’ knowledge, combined PMF
the AMS mass spectrum (e.g., Lanz et al., 2007; Ulbrichanalysis of organic and inorganic AMS mass spectra has been
et al., 2009) in an effort to resolve uncertainty regarding performed in only three other studies (Chang et al., 2011; Sun
the sources and processes contributing to secondary organét al., 2012; Crippa et al., 2013b). Of these, the study by Sun
aerosol (SOA), an aerosol component with potential implica-et al. (2012) was the only one to include all inorganic and or-
tions for climate (IPCC, 2013). Many of these studies haveganic species together. While PMF had previously been ap-
focused on the application of factor analysis to the organicplied to data including AMS-derived bulk concentrations of
mass fraction in an attempt to deconvolve it into descriptiveinorganic and organic species (e.g., Buset et al., 2006; Crippa
sub-components, namely a hydrocarbon-like organic aerosat al., 2013b), Chang et al. (2011) were the first to apply
(HOA) factor, and an oxygenated organic aerosol (OOA)the PMF multivariate deconvolution algorithm to combined
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Figure 1. The location of the sampling site (MicMac Park) in Windsor, Ontario relative to major industrial sources, namely coal-fired power
plants, steel mills, and potential large amine sources. It can be seen that the measurement site was located close to the largest internation
border crossing between the US and Canada (Huron Church Road and the Ambassador Bridge).

organic and inorganic mass spectra, in that case to ambierz Experimental methods

Arctic aerosol (Chang et al., 2011). However, low ambient

aerosol concentrations, and low associated signal-to-nois@.1 Aerosol mass spectrometer measurements

ratios, prevented the inclusion of all species in the analysis.

As aresult, NH was excluded, which precluded certain con- Aerosol and trace gas measurements were collected on board
clusions regarding aerosol neutralization from being drawn Environment Canada’s CRUISER mobile laboratory, which
Nonetheless, four factors were extracted in that study, inclugWas stationed at MicMac Park in Windsor (47'5.38'N,

ing factors representing marine biogenic emissions (contain83°4'31.42'W) in January and early February 2005. Lo-
ing methanesulfonic acid or MSA), continental emissions, cated next to Detroit on the Canada-US border in southwest-
ship emissions, and OOA. Each factor was characterized b'n Ontario, Windsor has historically been known to expe-
differing degrees of cross-apportionment between organidience frequent episodes of poor air quality. Local sources
and inorganic species. Eight factors were identified in theof PM are numerous and diverse due to a large manufac-
study by Sun et al., many more than found in the Arctic study,turing base, including sources such as steelmaking, salt and
mainly due to the urban sampling location in New York City 9YPSum mining, petrochemical refining, and coal-fired power
(Sun et al., 2012). Similar to Chang et al. (2011), signifi- generation. Another significant local source is traffic, given
cant organic and inorganic cross-apportionment was notedhat the Windsor—Detroit border crossing is the largest inter-
for most of the factors. In the study by Crippa et al. (2013b), national border crossing between Canada and the US. Re-
only SG;~-related ions were included in the PMF analysis in 9ionally, Windsor is impacted by many sources, but perhaps
addition to organics, which allowed for the apportionment of MOst significantly by coal-fired power plants to the south in
SCZ~ ions to marine and terrestrial aerosol factors (Crippa etthe Ohio River valley. A map of the Windsor-Detroit area is
al., 2013b). shown in Fig. 1.

This study focuses on the physical interpretation of cross- Chemical speciation measurements of sub-micron PM
apportionment between organic and inorganic non-refractoryvere made on board CRUISER using a unit mass resolution
sub-micron PM species between factors. Drawing upon coldluadrupole aerosol mass spectrometer (Q-AMS) (Aerodyne
condition measurements from a complex, industrialized site Research Inc., Billerica, MA, USA). The AMS sampled from
this analysis illustrates how this methodology can help to un-12 January to 2 February 2005, except for a period between
derstand underlying aerosol sources and processes better, akg @nd 18 January, when it was not operating. Sampling oc-
to identify new scientific and methodological conclusions.  curred ata 15 min time resolution, except for a short period

at the beginning of the campaign (12 to 13 January), when
it sampled at a 5min time resolution. CRUISER samples
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air at 4ma.g.l. (above ground level) through a RBMsharp  and ultimately does not affect the primary study conclusions
cut cyclone (Rupprecht and Patashnick, East Greenbush, N'Yyith respect to identifying and characterizing factors.

USA) at a flow rate of 16.7 Lpm (litre per minute), to sup-  The time series of collected AMS mass spectra were sep-
ply a primary sampling line from which several onboard PM arated into chemically resolved mass spectra IL\INO_,

and gas instruments are connected. The temperature in thgofl—, Cl-, and organics) using pre-defined fragmenta-

sampling enclosure in wintertime is approximately’®)  tion patterns (Allan et al., 2004), as implemented in the

although sheath air surrounding the primary 1.28ame-  Deluxe v1.43 Q-AMS analysis software for the IGOR Pro

ter stainless steel sampling line maintains it at near-ambien§oftware package (Wavemetrics, Inc.).

temperature. The AMS is connected to CRUISER’s primary

sampling line by 0.8 m of conductive tubing, and samples ata&2.2  Positive matrix factorization

flow rate of 1 Lpm. Although the aerosol was not dried prior

to AMS sampling, the relative humidity (RH) remained close Positive matrix factorization or PMF (Paatero and Tapper,

to that of the ambient air due to the use of sheath air and 4993, 1994; Paatero, 1997) is a non-negative factor analysis

relatively short sampling line. Filtered AMS measurementsmodel that can be used to represent a time series of measure-

were performed at several times during the Campaign, andnents as a linear combination of static factor prOf”eS (|dea”y

were removed from the data set, resulting in 1745 observacorresponding to specific sources and/or processes) and their

tions. The operating principles of the AMS instrument have time-dependent intensities. It is applied toas m matrix

been documented elsewhere (Jayne et al., 2000; Canagaratffdata, X, and solves the general receptor equation

et al., 2007b), although those of the Q-AMS are briefly out- »

lined here. Particles are sampled through the particle inlegcij — gix fij + eijs (1)

and focused into a collimated beam using an aerodynamic =1

lens. The stream of particles impact a porous tungsten sur- ) )

face heated te- 600°C, whereupon the non-refractory com- Wheren is the number of samples amd is the number of

ponents of the particles flash vaporize. The resulting gaseSPeciesi; is the concentration of thgth species in the

are ionized by electron impact (El, 70 eV), and the resultingth Sample:giy is the contribution of thetth factor to the

ions are measured using a quadrupole mass spectrometer. : th Sample;fi; is the mass fraction of thgth species con-
The AMS was calibrated for ionization efficiency by at- tributing to the.kth .factor;e,-j is the re3|d.ual concentration

omizing an NHNO; solution and then size-selecting 300 nm ©f the jth species in théth sample; ang is the number of

particles using a TSI 3071 electrostatic classifier. A relativeiNdependent factors as chosen by the user. The general re-

ionization efficiency (vs. N®) of 4.5 for NH; was required ~ CEPtor equation is solved iteratively, using a Gauss-Newton,

to obtain ion balance for the bulk NJMO;3 calibration par- weighted least squares algorithm, until the object function

ticles, and this value was applied to the ambient data. DelS Minimized:

fault relative ionization efficiencies were assumed for organ- nom e 2
ics (1.4), chloride (1.3), nitrate (1.1), and sulfate (1.2). 0=> > <S—’> : @)
The collection efficiency of the AMS is often estimated by i=1j=1 2"

comparison of the measured mass with that of a collocated . . . .
. wheres;; is an element in the x m matrix, S, of uncertain-
instrument. If collocated external RMmass measurements ties corf/esponding t6;+. The expected) value is defined as
are unavailable, collection efficiency (CE) is often assumed I
by comparison of the combined AMS sub-micron PM mass
and BC with an external measure of PM M'iddlebrook el Qexpected= nm — p(n + m). (3)

al. (2012) have also shown that a composition-dependent CE

can be estimated from the bulk aerosol composition (Mid-PMF analysis was performed using EPA PMF 4.1 (Norris et
dlebrook et al., 2012). These two options were investigatedal., 2010). Two different approaches were taken in this study.
to determine whether a CE other than a default of 1 couldOne approach involved application of PMF to the organic
be applied to the data, and the results of this investigation arenass spectra only (PMfr ms), and the other involved ap-
presented in the Supplement. Ultimately, this analysis did noplication of PMF to the full mass spectra (PMjrms). As

yield a reliable estimate of CE, as such no correction was apsuch, two different methodologies were required for data pre-
plied to these data, and a default, simple integer collection eftreatment, and formulation of the data and error matrices.
ficiency of unity was assumed for this campaign. This value The data and error matrices for the Pdifms analy-

has been used in other studies (Lanz et al., 2007; Richard etfis were prepared following principles outlined in Ulbrich
al., 2011; Chirico et al., 2011), and reflects a lower bound foret al. (2009). A total of 16#/z were included in the

the non-refractory mass concentration. While an accurate ePMForg ms analysis £:/z 12-200), withm /z excluded due
timate of collection efficiency is required for overall mass de- to either a low signal (e.g., 19-23), a signal dominated by
termination, it remains a multiplier (either constant, or com- inorganic (e.g., 4) or gaseous (e.g., 28) species, or high back-
position dependent) applied to the total mass concentrationground levels (e.g., 149) (Ulbrich et al., 2009; Zhang et al.,
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2005). Uncertainties for the PNy ms analysis were calcu-  as this ratio is not entirely stable over time (e.g., minor drifts
lated according to the method of Allan et al. (2003), and ain tuning, fluctuations in the vaporizer temperature), and may
minimum error corresponding to the counting of a single iondepend on the particle composition. Initial PMF tests indi-
was enforced throughout the data set (Ulbrich et al., 2009)cated that potassium inclusion did not aid in the extraction
Within the AMS organic fraction extraction process, certain of a biomass burning organic aerosol factor. Although some
m/z (16, 17, 18, and 44) are assumed to be a constant fractiopotassium is also found at/z 41, this fragment was domi-
of m/z44. The uncertainties in these ions were accordinglynated by organics (potassium contributio %). This sig-
multiplied by +/4 to prevent them from being overweighted nal could be removed, although doing so requires referring to
by the PMF algorithm. The signal-to-noise ratig/{v) for the non-linearn /z 39. Due to the low contribution of potas-
eachm/z was calculated to identify weak (022S/N < 2), sium atm /z 41, this fragment was thus left unaltered to avoid
and bad §{/N < 0.2) variables; a downweighting policy was introducing additional noise to the matrix.
applied such that weak variables are downweighted by a fac- In addition to the uncertainties as described above, a global
tor of 2, and bad variables excluded. No variables were desuncertainty of 5% of the data (the C3 parameter) was added
ignated as bad for this analysis. to the uncertainty matrix, in a similar fashion to Brown et
The data and error matrices for the Ppdius analy-  al. (2012). Solutions were interpreted based on the resulting
sis were prepared following principles outlined by Chang etfactor profiles and temporal trends. The factor profile mass
al. (2011). The data matrix was calculated in nitrate equiv-spectra were compared with those extracted from other PMF
alent (NQeg mass (refer to Sect. 2.3) and calculated by studies of AMS data; however, it should be noted that these
taking the entire raw MS matrix (“All") and from it, sub- comparisons were interpreted with care due to methodolog-
tracting the mass spectral matrices of species not of interical differences between PMf ms and PMog ms analy-
est to the analysis (i.e., air and water), leaving the contri-ses. Factor temporal trends were examined for particular be-
butions from fragments associated with JJHNO3, sG -, haviors such as diurnal trends and correlations with meteo-
Cl—, and organics. Downweighting of selective organic or in- rological conditions and external species (e.g., gases and PM
organic peaks as is required when conducting the Slylrs mass).
analysis was not required in the PMrvs analysis, as Two methods were employed to test the robustness of the
the PMFgy ms matrix resulted from the subtraction of the factor analysis of the AMS data: FPeak rotational analy-
“Air’ and “Water” components from the original “All’ ma-  sis and bootstrapping. The effect of global matrix rotations
trix. In other words, thePMFgy s matrix was not con- through the FPeak parameter was mainly evaluated in terms
structed from application of the fragmentation scheme toof the mass spectra: changes in the mass spectra could be
create “Org”, “SCﬁf", “NO3”, “Chl", and “NH ;" matri- evaluated more objectively than changes in temporal trends,
ces, which could be added together to generate a “Full MS"due to the availability of comparison mass spectra from other
matrix, but was a result of the subtraction of the “Air” and studies and the lack of a priori knowledge of source temporal
“Water” components subtracted from the original “All” ma- trends. However, the effect of FPeak rotations on correlations
trix. The corresponding error matrix (in N, mass) was between some factors and key external measurements was
then constructed by adding in quadrature the “All_err”, “Wa- also evaluated. It should be noted that since EPA PMF 4.1
ter_err”, and “Air_err” matrices. Similar to the organic ma- utilizes the multi-linear engine (ME-2), FPeak values are
trix preparation, a minimum uncertainty corresponding to approximately five times greater than those typically used
a single ion was enforced, and the safygV policy was  for PMF2 in order to achieve a similar degree of rotation
applied, although no variables were designated as bad (Ulfi.e., in PMF2, FPeaks explored typically range fretto 2)
brich et al., 2009). A total of 17&/z were included in the  (Norris et al., 2010). Similar to the approach used by Brown
PMFeun ms analysis, withm /z excluded due to either a low etal. (2012), FPeak rotations were calculated froh® to 10
signal (e.g., 19—-23), known interferences (e.g., 18), a signain increments of 2 (Brown et al., 2012). This range led to
dominated by gaseous species (e.g., 28), high backgrounihcreases inQ/Qexp Of ~ 1%, indicating that the base so-
levels (e.g., 149), or non-linear contributions/¢ 39). While lution appeared rotationally robust. Furthermore, this rota-
m/z 39 (potassium) could be useful in a PMF analysis of thetional range appeared sufficient to provide an indication of
full mass spectrum for the potential identification of certain the relative robustness of factors, by comparing the relative
factors (e.g., biomass burning), it was excluded due to nondegree of rotational ambiguity between factors: the robust-
linearities in the signal. Potassium can ionize by two differ- ness of each factor was examined by applying the AMS frag-
ent ionization pathways, namely electron impact and surfacenentation species extraction algorithm (Allan et al., 2003)
ionization, each bearing a different relative ionization effi- to the resulting FPeak factor profiles, and the species mass
ciency (RIE) (Drewnick et al., 2006). The amount of signal fractions across FPeak values were examined. In terms of
measured from potassium thus depends not only on the adhe bootstrap analysis, 100 bootstrap iterations were per-
tual initial potassium mass, but also on the particle’s historyformed. Bootstrap results were mainly interpreted according
within the AMS. Quantifying the relative degree of vaporiza- to the number of unmapped factors (factors that could not
tion via electron impaction vs. surface ionization is difficult, be “mapped” to the base case using a threshold uncentered
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correlation coefficient of 0.6). The results of these tests areanade to 5min PMs measurements obtained by a TEOM

described in the Supplement. (TEOM model 1400ab, Rupprecht and Patashnick, East
Greenbush, NY, USA) on board CRUISER. Hourly meteo-
2.3 Aerosol mass spectrometer mass quantification rological measurements were supplied courtesy of Environ-

ment Canada, from a meteorological station located 10 km to
The use of N@gqmass proved to be a useful method for ob- the east of MicMac Park in an open field at Windsor Airport
taining better mass estimates, as the various relative ionizai42°1648’ N, 82°57'36" W). Measurements of wind direc-
tion efficiencies (RIEs) of component species can be considtion and speed, RH, and visibility were used in this analysis.
ered in the mass quantification of resolved PMF factors. In
the case of PMF of organic MS, only a single multiplicative 2.5 Assessment of geographic origins
factor of 1.4 is applied to the data set as a whole to account ) o
for the RIE of organics (RIE of 1.4). However, another ap- 1€ geographic origins of the AMS PMF factors were as-
proach is required for mass estimates of multi-componentS€SSed using the conditional probability function (CPF) and
combined inorganic and organic mass spectra. Firstly, PMENe potential source contribution function (PSCF), which
analysis of the full mass spectrum was performed using nil1ave been described elsewhere (Ashbaugh et al., 1985;
trate equivalent mass (N, whereby an instrument sig- McGuire et al., 2011). In thl_s study, the CPI_:_ 'Fhreshold was
nal was converted to mass using a single RIE (in this caseS€t 10 the top 25th percentile, and probabilities associated
that for nitrate). Following PMF, the factor species composi- With infrequently observed wind directions (wines5 % of
tion was determined through application of the fragmentationthe time) were downwe|ghtgd by 3. Fpr the PSCF gnalys|s,
scheme to factor mass spectra (Allan et al., 2003, 2004), angach cell was chosen to be Dib both latitude and longitude,
an effective factor RIE calculated through weighted averagend the threshold for the PSCF was set to the top 50th per-
of RIEs according to the factor composition (Chang et a|_’cept|le. For the purposes of the Sulfate-OA fa(_:tor PSQF anal-
2011). Default RIE values were assumed for the main AMSYSIS: three short events known to be e_lssomated with local
species, and were used to convert thespi@actor mass to sources were removed from the analysis (see Sect. 3.1.2 for
“real” mass. It should be noted that this method works well further description). The result is a probability distribution
when the defining species’ chemical nature is well under-Map where higher probabilities indicate more probable re-
stood, and fragmentation patterns and RIE values are avai@ional source regions.
able (i.e., as for NQ, sof;, NH], chloride, and organics).
However, the AMS has been known to detect other specie : .
such as methanesulfonic acid (Zorn et al., 2008; Langley est3 Results and discussion

al., 2010; Chang et al.., 2011) and amines (Silva et al., 2008 gyerview of the meteorological conditions observed dur-
Docherty et al., 2011; Hildebrandt et al., 2011), for which i, the campaign is presented in Fig. 2. Unusually warm Jan-
less information is available. In particular, it has been shown, oy temperatures for southwestern Ontario were observed at
that, dependlng on their chemlqal nature, amines may diSgpe beginning of the campaign. Higher wind speeds were as-
play a wide range of fragmentation patterns and RIE valueggciated with southerly air flow. Wind speeds dropped dra-
(i.e., from 1.3 to 10) (Silva et al.,, 2008). An indication of matically towards the end of the campaign, resulting in a
the chemical nature of the factor species may thus be integraliagnation period that resulted in a significant increase in
to the factor mass quantification calculation. Further discuspp mass concentration. The time series of the AMS non-
sion of the implication of these assumptions is provided inrefractory species, as calculated from the AMS data anal-
Sect. 3.2. ysis package, is shown in Fig. 3, and descriptive statistics

) for these species are listed in Table 1. On average, prior to
2.4 Supporting measurements PMF analysis, organic aerosol (37 %) and N(31 %) were

] ] ~ found to contribute most to the non-refractory sub-micron
Trace gases were measured using a variety of techniqueg\| mass. The following sections first outline results from

namely by quadrupole proton-transfer-reaction mass SpeCp\F analysis of the full mass spectrum, followed by PMF

trometry (PTR-MS) (lonicon, Innsbruck, Austria) to mea- gnaysis of the organics. Finally, results from both analyses
sure Volatile Organic Compounds (VOCs), as well as with 5.4 compared.

other gas analyzers to measure N@&O, O3, and CO.

Particle number concentration measurements were provided.1 PMF of AMS full mass spectra

by a condensation particle counter (model 3010, TSI Inc.,

Shoreview, MN, USA). Black carbon measurements werePMFgyms analysis showed that six factors best captured
also available from an aethalometer (Magee Scientific), andhe variability in the data. The following factors were re-

measurements derived from absorption at 880 nm were usedrieved: Amine; Sulfate-OA, containing mostly ammonium

As reliable collocated sub-micron PM mass concentrationsulfate; Nitrate-OA, containing mostly ammonium nitrate;

measurements were unavailable, PM mass comparisons wefghloride, composed mostly of ammonium chloride; HOA, a
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Figure 2. Meteorological conditions and PM;, mass concentration from the CRUISER TEOM for the MicMac Park winter campaign.
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Figure 3. Time series of AMS-measured non-refractory sub-micron PM species.

hydrocarbon-like organic factor, which represented primaryAmine). While the five-factor solution did not extract an
organic aerosol; and OOA, an oxygenated organic aerosaDOA factor, the seven-factor solution split the OOA resolved
factor. Figures 4 and 5 show the time series (in local time)from the six-factor solution into a similar OOA factor, as
and factor profiles, respectively. Figure 6 shows the massvell as another OA factor that did not sufficiently resemble
spectra of each factor’'s organic components, and Fig. 7 deany known mass spectra. The eight-factor solution added a
tails each factor's chemical composition by species and factocal sulfate factor. More detailed solution descriptions and
tor component. a justification of the six- to eight-factor solutions are pre-
Solutions containing two through ten factors were ana-sented in the Supplement. The six-factor solution was cho-
lyzed. In brief, as with the six-factor solution, the five-, sen for the following reasons: among 100 random runs, all
seven-, and eight-factor solutions contained almost the samruns converged and displayed a constant, global minimum
five factors (Sulfate-OA, Nitrate-OA, Chloride, HOA, and Q value; higher-order solutions did not explain significantly
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Figure 4. Time series of the factors from the six-factor solution from RiMRys analysis. The solid line represents FPedk and the
range of uncertainties through FPeak analysi$Q and+10) is shown in the shaded regions.

more variance in the data; and factors from this solution wereA = 3 pattern (i.e., 30, 44, 58, 72, 86, 100, etc.) representa-
the most physically meaningful. The following sections de- tive of alkyl amines (GHa,+2N), this factor was assigned as
tail findings for each factor, with a focus on new insights Amine. The Amine factor was robust in the solution, emerg-
into aerosol sources and processes due to the incorporatidng in each solution involving at least three factors. In terms
of both the organic and inorganic aerosol fractions into theof assessing rotational ambiguity from FPeak analysis, the

PMF analysis. Amine factor appeared robust, and rotationally fixed (Fig. 5).
_ Gas- and particle-phase amines have been recorded in the
3.1.1 Amine factor troposphere for some time, and can be emitted from a vari-

) o ) o ety of sources. The largest global sources of amines are an-
The Amine factor's time series, shown in Fig. 4, was char-jma| hushandry, industrial operations, and wastewater treat-
acterized by several short-duration events. The Amine factof,ant (Ge et al., 2011). Gaseous aliphatic amines at high con-
MS (Fig. 5) was distinctly different from the other factors due centrations can have serious consequences for human health,
to the presence of fragments suclvgs 30, 58, 86, and 100. ity effects ranging from irritation of mucosal membranes,
This factor also contained a significant signalngtz 30, {4 plood clots, and potentially cancer (Greim et al., 1998).
with the i /z 30/46 ratio much higher than that for nitrate, payticle-phase amines have been measured in widely dif-
suggesting the presence of other ions (e.9.48H). The  terent settings, ranging from rural areas in Utah (Silva et
organic functionality of this factor was examined through 4 2008) and Ontario (McGuire et al., 2011; Rehbein et
the delta f) pattern displayed by its mass spectral pro- 5 2011), to heavily urbanized areas such as Mexico City
file, whereby A =m/z —14n+1 (wheren is the number — (ajken et al., 2009), Riverside, California (Pratt et al., 2009),

of CH, groups left in the functional group) (McLafferty and  anq Toronto (Tan et al., 2002; Rehbein et al., 2011). In this
Turetek, 1993). Given its characteristic fragments and strong

Atmos. Chem. Phys., 14, 8018042 2014 www.atmos-chem-phys.net/14/8017/2014/



M. L. McGuire et al.: Enhancing non-refractory aerosol apportionment from an urban industrial site 8025

Table 1. Descriptive statistics for AMS-measured non-refractory sub-micron PM species, pre- and post-PMF analys®&) (g m

Org NH, NO3 Slore cI- Total
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
Mean 2.73 2.45 1.13 1.15 2.28 2.20 1.18 1.13 0.12 0.12 7.45 7.10
lo 2.41 2.17 1.01 1.04 2.58 2.53 0.97 0.91 0.18 0.17 6.30 6.12
Min 0.29 0.00 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.58 0.00

Max  28.08 24.61 580 6.22 12.61 12.56 9.09 7.24 3.14 279 43.79 41.15
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Figure 5. Mass spectra of factors from the six-factor solution from R\jfus analysis. Bars represent the central, chosen rotation, and dots
show the range in mass spectral variation from FPeak rotatiob8 &nd 10).

study, the measurement site was located in an urban indusietermined through application of the traditional AMS frag-
trial setting, with known amine sources located nearby: amentation table, as the factor contained amines that were not
wastewater reclamation plant and a major amine chemicatepresented in the table. It is possible to alter the fragmenta-
manufacturer were located 1 and 13km to the southwesttion table to include additional species, provided the nature of
respectively. According to the TRI and NPRI inventories, the measured species is known and a species fragmentation
the amine manufacturer was the largest monitored emitter opattern is available. This has previously been accomplished,
TEA in 2005 in the Windsor—Detroit region (Environment for instance, with methanesulfonic acid (MSA) (Zorn et al.,
Canada, 2013; US EPA, 2013b). The strong southwest direc2008; Langley et al., 2010; Chang et al., 2011). In a study
tionality observed in the CPF (Fig. 8a) indicated that both ofby Chang et al. (2011), MSA could be positively identified
these sources may have contributed. The sharp bursts in tendue to unique marker fragments and a lack of interfering
porality were consistent with local sources such as fugitivespecies, and its mass could be calculated through application
emissions from industrial operations. of a laboratory-determined fragmentation pattern and RIE
In order to quantify the Amine factor's mass concentra- (Chang et al., 2011). Taking this approach was not obvious
tion, it was necessary to obtain an estimate of the factor'sor the present study, as the particular amine compound(s)
effective RIE. Unfortunately, an effective RIE could not be could not be identified easily, and there was a possibility that
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the factor represented a linear combination of different aminewith lower RH. Reaction with acidic species was also consid-
species with different RIEs and fragmentation patterns. ered through time series analysis of the extent of neutraliza-

Nonetheless, the nature of the Amine factor was investi-tion, a useful metric for determining periods of particle acid-
gated to determine a potential factor RIE for mass estimationity. However, this metric cannot provide reliable information,
Amines have been shown to exhibit a wide range of RIEs,as NG; cannot be quantified properly prior to PMF analysis,
depending on their chemical nature. AMS measurements oflue to amine interferences. The temporality of the Amine
amines present in salt form, such as methylammonium chlofactor was also investigated because the daytime maximum
ride, dimethylammonium chloride, and trimethylammonium identified for a similar factor identified by Sun et al. (2012)
chloride, have shown that the amine fraction in these com-suggested that photo-oxidation and condensation can also be
pounds can display RIEs from 5 to 10 (Silva et al., 2008).a likely formation pathway (Sun et al., 2012). However, no
However, oxidized alkyl amines such as trimethylamine- consistent diurnal trend was noted. Docherty et al. (2011)
oxide (TMAO) have been shown to ionize with an RIE of 1.3, reported similar difficulty in determining the origins of an
a value closer to organics (R¥E1.4) (Silva et al., 2008). amine-related factor through time series analysis of results
It has been hypothesized that aminium salts exhibit a relafrom a PMFog ms analysis (Docherty et al., 2011).
tively high RIE due to surface ionization on the AMS vapor- Mass spectral comparison to laboratory-generated amine
izer, similar to that observed for potassium salts (Silva et al. MS provided a better indication of the chemical nature of the
2008). Depending on the type of amine compound or mixtureAmine factor. Among comparisons with mass spectra from
of compounds the Amine factor represents, its RIE may thussuspected amine compounds reported in the NIST library,
lie within a wide range (i.e., 1.3-10). the Amine factor’'s profile was most similar to that of tri-

A reasonable estimate of an effective RIE for the Amine ethylamine (TEA: GH1sN, 101 g mot?), as demonstrated
factor was sought by examining the data for a dominant parin Fig. S2.1 in the Supplement{=0.23) (Stein, 2013).
ticle phase amine formation pathway, namely for signs ofHowever, direct comparisons between AMS and NIST mass
agueous dissolution, acid—base reaction, or oxidation (Gepectra are interpreted with caution, as they use different ion-
et al., 2011). First, the amine factor time series was examization techniques that can lead to mass spectral differences
ined relative to external measurements. Dissolution into wa{Canagaratna et al., 2007a). Nonetheless, the amine spec-
ter droplets was investigated by comparing the time seriedra showed the same characteristic peaks (igz56, 58,
with periods of rain, fog, or high RH: no association could be and 86).
identified, as the Amine factor often appeared on clear days
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Figure 7. Chemical composition by factor and species components of the six PMF factors from theg Rranalysis.

Examination of AMS mass spectra of amines providedfactor, and that TEAN was the only component. Though
further perspective. Amines have been studied by AMS inthere did appear to be other contributions (e.g.iSO:hese
chamber experiments to examine potential reaction pathappeared to be very low. The nitrate fraction was calculated
ways, for example oxidation, such as by nitrate radicalsusing the nitrate fragmentation pattern, withz 30 altered
(Murphy et al., 2007; Silva et al., 2008; Malloy et al., 2009) to reflect the isotopic ratio between/z 30 and 46 obtained
and reaction with acid gases such as HN®lurphy et al.,  from calibration. The RIE of the amine fraction was deter-
2007; Silva et al., 2008). These different mechanisms cammined by assuming factor neutrality, and that the remaining
actually lead to similar mass spectra (Malloy et al., 2009).mass following subtraction of nitrate was triethylammonium.
The MS of the Amine factor in this study was determined An RIE for the amine fraction of 6.0 was determined from
to be very similar to that of TEAN reported by Murphy et this calculation, which fell within the range of RIEs previ-
al. (2007), resultant from reaction between TEA and BNO ously measured for various amine salts. With the nitrate frac-
with signals atn/z 30, 46, 58, 86 and 100 (Murphy et al., tion taken into consideration, an effective RIE of 4.3 was es-
2007). One sign of reaction formation of amine salts fromtablished. This amine salt interpretation appeared to provide
reaction with HNQ, as reported by Malloy et al., is the pres- reasonable mass concentrations, as the calculated RIE re-
ence of significant signals from NOand Nq (atm/z30 sulted in spikes<€ 2 h) reaching a magnitude of 4.8 ugf
and 46) (Malloy et al., 2009). Examination of the MS from while an RIE of 1.3, reflective of oxidized amines, resulted
the Amine factor showed that the signal was very high atin concentrations exceeding 15 ug#aWhile the factor was
m/z 30, and some signal was also preseni 4146, although  assumed to be dominated by TEAN, its exact nature could
as mentioned previously; /z 30 can also represent GN™ not be validated; no amine fragmentation pattern proved
and CHO™. There were no mass spectral signs to suggesan exact match, and external high time-resolution collo-
an oxidation mechanism over salt formation. Ultimately, the cated sub-micron PM mass measurements were not avail-
factor was interpreted as being dominated by TEAN. able to validate the RIE through PM mass comparison. In

With this interpretation, an effective RIE for the factor considering acid—base chemistry, calculations by Murphy et
was calculated. This was achieved by assuming a neutralizedl. (2007) have shown that the formation of aminium salts
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Figure 8. Conditional probability function (CPF) plots for the six factors from the six-factor solution of thefgMirs analysis, along with
a wind rose plot (wind speed in nT$). The strongest wind dependence is observed for the Amine and Sulfate-OA factors, which show
strong, yet slightly different directional associations to the southwest.

from the reaction of HN@and TEA is only thermodynam- of the exact methodology, it can be seen that PMF can be
ically favorable in the presence of very low NHMurphy effective in resolving atypical factors such as amines.
et al., 2007). These conditions may have been provided by
plumes from a nearby source. 3.1.2 Sulfate-OA factor

Four studies to date have identified an amine-related factor
through PMF of AMS mass spectra to the authors’ knowl- The time series and mass spectral profile of the Sulfate-
edge (Aiken et al., 2009; Docherty et al., 2011; Hildebrandtoa factor are shown in Figs. 4 and 5, respectively, and the
et al,, 2011; Sun et al, 2012). The analyses by Aiken eichemical composition breakdown for this factor is shown
al., Docherty et al. (2011) and Hildebrandt et al. (2011) alljn Fig. 7. A mass spectral comparison between the Sulfate-
extracted the amine factors from PMF of the organic MS, oA factor and the published MS of atomized (NHSO4
while Sun et al. (2012) extracted it from the full MS. Since (Hogrefe et al., 2004) shows that they exhibit the same
the former three applied PMF only to the organic MS, sig- major peaks atn/z 16, 17, 48, 64, 80, and 81, and com-
nificant mass that may have been associated with this factohare well with an-2 of 0.74. The Sulfate-OA factor on av-
(i.e.,m/z30) was potentially not captured. Furthermore, the grage contributed 1.81 pg, or 25%, to the sub-micron
latter study did not take into account the potential for a wide py mass, and showed the highest mass concentrations to-
range of RIEs for the amine-related species, as highlightedyards the beginning of the campaign, when air masses orig-
by Silva et al. (2008) and discussed in this study. Regardlesfated from the south. Overall, this factor showed a slight

correlation with PM s mass concentrationr{=0.21). A
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Table 2. Chemical composition of the six factors from the PMfrms analysis, extent of neutralization, and F44 for each factor's organic
fraction.

PMF factor Sub-micron AMS species (factor mass fractional MNeut F44
PM mass contribution)
(Mgm3) (%) SG~ Org NO; NHj CI-

Sulfate-OA 1.81 25 0.49 0.21 0.09 0.21 0.01 0.99 0.15
Nitrate-OA 3.19 45 0.06 0.16 0.58 0.20 0.00 1.04 0.12
Chloride 0.34 5 0.18 0.13 0.13 0.27 0.28 1.09 0.03
HOA 0.94 13 0.01 0.85 0.09 0.05 0.00 1.62 0.01
OOA 0.78 11 0.00 093 0.07 0.00 0.00 - 0.09
Amine 0.07 1 - - 0.38 - - - -

SO, emissions (tons/yr)

moderate correlation with SQr2 =0.31) implied that this . a
factor was likely not only influenced by long-range transport, Canada T
but also by local sources. A more local influence was deter-| N L ® e
mined through examination of these temporal trends, which @ oo
showed that several spikes in the Sulfate-OA factor coincided @ oo
with large spikes (up to 58 ppb) of $OLocal (within the @ s
metropolitan area) and local-to-regional (within100 km) [ J—
geographic origins for the Sulfate-OA factor were investi- e provsiy
gated by CPF. This highlighted a strong association with ® os-00
emissions from the southwest (Fig. 8b), which was consistent . _, ° e
with some local and local-to-regional coal-fired power plants | —

(Fig. 1). Three large S spikes were observed on 19, 24, T 5
and 27 January: the first two were associated with the west+— -

southwest, and the last with the southeast, and all of them|
were likely associated with local coal-fired power plants. A ’Umted Xies
smaller, yet still significant influence from the northeast was || . \ 'y
also observed, which may have been associated with emis| | o e - [~
sions from coal plants located to the northeast. The afore
mentioned spikes were all associated with large excursionsin |
SO (24, 34, and 58 ppb, respectively), and each lasted abou S : :
2—6h. While the CPF on the whole demonstrated strong | e ,,;,;
directionality to the southwest, this method cannot resolvefouse s oo 10
how far away the responsible source(s) are actually located.

Since southwesterly winds in Windsor are also consistenfrigure 9. Potential source contribution function (PSCF) plot for
with typical synoptic flows for this region, even in winter, the Sulfate-OA@)and Nitrate-OA(b) factors from the PMEyi ms

and there are known large S@missions sources located analysis. Both factors showed regional source influences, with the
Sulfate-OA factor showing more prominent, distant influences to

Ii:ﬂtﬁ; Zvl\jﬁgtgjotgefaoc?(l)? vRvg’Zr ;/Izltl)ei)?lvreesq[:ggfé dl nljlsuiﬁgcs]sethe south and southwest. The Nitrate-OA factor showed the most
. . rominent influences to the southwest, over Indiana and lllinois.

PSCF (Fig. 9a). The PSCF calculations for all factors WereIO

performed using data greater than the 50th percentile, but for

the Sulfate-OA factor, the three spikes associated with more

local emissions were removed. The PSCF highlighted high-St al., 2_011)’ and the nearby rurallocation of Harrow, Ontario
issi Wi A 'ghiig '9 (McGuire et al., 2011).

probability source regions around the Ohio River valley, an _ ) L
area known as a major $SGource due to the presence of ¢ At\s tlhlf lN?E an(éij S(chonStalnedltvvtl;[]hm t?e tSqufate;O,lA
many large coal-fired power plants. A dominant regional in- actorlikelyforme an (NS0, salt, the extent of neutral-
fluence was also demonstrated by a reasonably constant zation was calculated (Table 2). It was assumed that the only
species capable of participating in the neutralization reaction,

I file (Fig. 11a). Th hi igi f the fac-
urnal profile (Fig 3) € geograpnic origins of the fac jn this factor and in others, were I\IIﬂNog,S(fl_,and Cr.

tor were also consistent with those of a sulfate factor derived" "S . )
Aminium species were assumed to have been effectively sep-

from a long-term receptor modeling study of Windsor (Jeon . ) .
g P g y ( garated into the Amine factor through PMF, and thus it was
assumed that they did not contribute to the neutralization of
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The extent of neutralization of the Sulfate-OA factor

was 0.99, indicating that the factor was reasonably neutral. _ | ® ggzzz'r‘l‘lfga'sggff;f:s
It should be noted that a source of uncertainty in this value & | b

lies in the use of default RIE values for most species. Despite 3 15

this potential uncertainty, the factor appeared neutral, simi- 5 |

lar to several other factors. Rotational analysis showed that £ ;|

the composition of this factor, and thus the degree of neu- ° ;4 .
tralization, did not change with FPeak rotations (Fig. S2.5 o PSSt g P oPAse o ?

in the Supplement). This suggested that regional rather than Vacuum Aerodynamic Diameter (nm)

local sources of S§7 had a greater influence on the chem-
ical composition of this factor. While the Sulfate-OA fac- ) )
tor appeared neutralized, simultaneous 86d SG~ spikes VS SQue_concentration, and fraction of %O/Tota! § (To-
suggested contributions from more local, possibly primarytal S=S0;~+S0y) (a). Due to the winter conditions, the
SO;~ emissions sources, which may have been more acidicfractional contribution ofpSC;” to total S was typically very
As highlighted in Fig. 10a, these 50 events, while high low. Shown in (b) are the averaged particle size distributions
in mass, did not account for a significant fraction of the to- °f AMS 80421: over the entire campaign, as well as d.”””g the
tal sulfur, due to the magnitude of the coincident,SPikes ~ extreme SG spikes. Particulate SP measured during the
(up to 65 ppb, 1 min average). This could be attributed to theSPikes gppeared highly local due to their significantly smaller
observed winter conditions that do not favor rapid oxidation M°d@! diameters.

of SO,. Interestingly, a smaller SP size distribution was

observed during these spikes (from AMS p-ToF data), subynchanged and neutral Nitrate-OA factor. Second, the OOA
stantiating local Sﬁ)‘ contributions. Figure 10b shows that t5ctor appeared split, resulting in an OA factor that did not
SO, measured over the entire campaign showed an averagghow a strong enough resemblance to any known, ambient
modal size of 500 nm (accumulation mode consistent with redeconvolved OA. Finally, the correlation between HOA fac-
gional transport), while the size modes observed during theor MS from the eight-factor solution and the reference HOA
spikes were much smaller (150-250 nm). These results indiwas worse than in lower-order solutions. Mass spectral exam-
cate that proximate sources of $Ocontributed to the total  jnation showed that more signal was apportioneg:ja 16
SOﬁ‘, particularly during the largest §Ospikes. and 17 in higher-order solutions; this effect was mainly at-

Examination of the residuals from the six-factor solution tributed to solution uncertainty, as FPeak analysis of the six-
shows that some AMS signal cannot be accounted for durindactor solution showed some variability in these fragments
the Sulfate-OA factor/Sﬁj spikes, indicating that another upon rotation. Although the Sulfate-OA factor from the six-
factor may be required to explain more fully the mass dur-factor solution did not capture fully the variability and types
ing these spikes. As a result, higher-order solutions were inof sof; observed, it appeared stable, with a low degree of
vestigated, and are reported in the Supplement. Figure S2.1tational uncertainty (Fig. S2.5 in the Supplement). It is
in the Supplement shows that at eight factors, the Sulfatepossible that the local sulfate factor could be extracted more
OA factor split into two factors: a regional sulfate factor that definitively if it were more prominent in the data set. How-
was characterized by synoptic-scale temporal rises, and a Iever, resolving acidic factors may not always be realistic, as
cal sulfate factor that captured the $Ospikes. While the  data quality, receptor site complexity and atmospheric dy-
local sulfate factor appeared meaningful in that it capturednamics can all influence factor resolution. Nonetheless, re-
residual scﬁ*, the eight-factor solution could not be justi- solving acidic factors could be useful from a parameteriza-
fied for several reasons, which are further detailed in the Suption perspective for resolving the effects of acidic aerosols
plement. First, while the local sulfate factor appeared acidicon health, impacts on materials, or acidic seed particle chem-
(Neuty: = 0.25), consistent with more local origins, the re- istry, such as the competition between N&hd organic gas
gional sulfate factor in the eight-factor solution now appeareduptake to acidic S§7 containing particles (Liggio et al.,
over-neutralized (Negk=1.27) relative to a reasonably 2011; Liggio and Li, 2013).

Figure 10. Particulate sulfate concentration @O
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Figure 11.Boxplots of diurnal trends for the Sulfate-Q{a), Nitrate-OA(b), HOA (c), and OOA(d) factors, from the PME ms analysis,

along with temperature). Boxes indicate interquartile ranges, horizontal lines indicate median hourly values, cross markers indicate hourly
means, and whiskers represent the 5th and 95th percentiles. The HOA factor demonstrated a strong diurnal trend consistent with traffic
patterns, while the OOA factor demonstrated a trend more consistent with daytime lows and overnight highs. The Nitrate-OA factor showed
a minor diurnal trend indicative of more regional contributions as compared to OOA, while the Sulfate-OA factor showed a minimal diurnal

trend.

The organic fraction of the Sulfate-OA factor was ex- SOf[. The Sulfate-OA factor contained 21 % of organics by
tracted for comparison with the organic fraction of other mass, accounting for 16 % of the total measured organics;
factors, as well as published organic factor MS (Fig. 6). interestingly, this value was the same as that produced in the
Uncertainty in the organic fraction was assessed througtanalysis by Sun et al. (2012). Although both of these stud-
rotational analysis, and was found to be low, suggestinges were conducted in highly urban environments, such an
that these organics were reasonably rotationally fixed. Theagreement is interesting, considering that different organic
organic composition amongst factors extracted using thdactors were found. Compared to other factors from this
PMFey s analysis was assessed against that from othestudy with significant organic content (i.e-,15 % by mass),
studies. Only one of the past three similar studies, that othe Sulfate-OA factor organics were most similar to typi-
Sun et al. (2012), was sufficiently similar for comparison; cal OOA mass spectra, and were the most highly oxidized
Chang et al. (2011) involved Arctic aerosol, and the analy-according to the associated F44 andQOratios. The F44
sis by Crippa et al. (2013b) only involved the organics andmetric (fractional contribution ofi/z 44 within the organic
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MS) has been used in PMF ms studies to assess the de-  Deconvolution of the Nitrate-OA factor into its component
gree of oxygenation of OOA factors, as it primarily repre- species (Table 2) shows that it was mostly composed qT NH
sents CQ, the most prevalent oxygenated fragment within and NG (78% by mass). However, other species such as
the organic MS. An empirical relation between F44 and thegrganics and S§ also comprise a significant mass fraction
atomic oxygen to carbon ratio (@) within a PMF-OOA (16 and 6%, respectively). As with the Sulfate-OA factor,
factor has been developed based on a collection of laboratorhe Nitrate-OA factor demonstrated identical organic com-
and field study data (based on PiHrms analyses) (Aiken  position to the N@-OA factor found in the study by Sun et
etal., 2008), and has been used to estimate f{@@tio for 5| (2012). That both of these largely inorganic factors were
similar factors in other studies, including previous PMF StUd'higth similar to another study conducted in New York City
ies of combined organic and inorganic mass spectra (Chang 3 possible indication of consistent internal and/or exter-
etal.,, 2011; Sun et al., 2012; Crippa et al., 2013b). An F44na| mixing between these combined inorganic and organic
of 0.15 (estimated (C = 0.65) was calculated for this factor, gpecies in these types of inorganic factors. The dominance
the highest value from this study, and consistent with the avyf ammonium nitrate in this factor's mass spectrum was con-
erage values obtained for OOA for two-component OA datafjymed by a high correlation with published MNO3 stan-
sets (i.e., HOA and OOA) across the Northern Hemisphereygyq spectra = 0.96), with peaks at:/z 17, 18, 30, and 46
(F44=0.14+0.04, C=0.62+0.15, meantlo) (Ng et  (Hogrefe etal., 2004). Comparison with YNOs calibration
al., 2010). mass spectra showed that it also compared well, although the
Many previous AMS PMF studies have shown that a hightactor's m /7 30 to 46 ratio was 19% higher than the cali-
degree of correlation exists between?SCand OOA (Lanz  pyration mass spectrum, which was likely due to the pres-
etal., 2008; Ulbrich et al., 2009; Slowik et al., 2010; Richard gpce of organics. The Nitrate-OA factor contained 20 % of
etal.,, 2011). However, this analysis has been useful for subthe total measured organics during the campaign, or 31 % of
apportionment of the oxygenated organic fraction of OA t0 the oxidized organics (as defined by the fractionnot 44
different factors, as the Sulfate-OA factor was found to CoN-apportioned to this factor). The nitrate-bound organics dis-
tain a notable fraction (31 %) of the total OOA (defined here pjayed the second-highest F44 (0.12) of all the factors from
as the proportion of:/z 44 signal apportioned to this factor, the PMR s analysis. The F44 of 0.12 corresponded to an
excluding the Amine factor) and, in this case, the most ox-ggtimated @C = 0.54, which, when compared to OA com-
idized fraction of the OOA. The higher degree of oxygena- ponents from PMBq vis studies, falls between typical val-
tion exhibited by this factor is consistent with its regional \;es for OOAI and OOAII, indicating moderately oxidized or-
origins from the south and a longer atmospheric Iifetime.ganiCS (Ng et al., 2010). Several previous Rivifis studies
Although the mixing state of particles associated with this ,ave found an association between Nand OOAIl, sugges-
factor cannot be positively deduced from these data, two extjve of temperature-dependent volatility (Lanz et al., 2007;
tremes exist. Either this factor mainly represents externallyyjprich et al., 2009). The diurnal trend for the Nitrate-OA
mixed OOA and (NH)2S0; particles that exhibit similar  factor partly suggests semi-volatile behavior, due to a slight
temporality due to regional transport, or it represents inter-jpyerse relationship with temperature (Fig. 11b and €); how-
nally mixed (NH;)2SOq particles coated by lower-volatility  ever, slightly higher nighttime values may also be associ-
SOA during regional transit. ated with decreased mixing. As a stronger inverse relation-
In summary, the Sulfate-OA factor was neutralized and @Sship was noted for the OOA factor than for Nitrate-OA, it
sociated with the most highly oxygenated organics. Crossyyas fikely that the Nitrate-OA factor was likely more region-
apportionment of the most oxygenated organics measureg)ly influenced. This was reinforced by aryz 44 to 43 ratio
during this campaign further reinforced this factor's aged, of 1.5 which was lower than that for the Sulfate-OA fac-
regional nature. While the Sulfate-OA factor appears to beyor, yet still higher than that expected for OOAIl. The ex-
dominated by regional transport of neutralized ammoniumient of neutralization shows that the ratio of cations to an-
sulfate, minor contributions from more local, primary$0 ions was near unity (1.04), suggestive of a reasonably neu-
sources were present as well. tral factor. FPeak rotational analysis demonstrates that the
Nitrate-OA factor appears rotationally fixed (Fig. S2.5 in the
Supplement).

The Nitrate-OA factor time series and mass spectrum are Sources of NANOs precursor gases (i.e., Ntand NQ)

shown in Figs. 4 and 5, respectively, and its contribution ton the Windsor region are abundant: constant vehicle traffic,

total mass is shown in Fig. 7. Of all the factors, it contributed in large part from the nearby border crossing, provides a con-

most to the sub-micron PM mass, with an average mass corpant supply of NG (38.0+ 35.0 ppb), as well as minor con-

centration of 3.19 pug m? (45 %). Significant accumulation tEbu\;\'/qnj of Ngbt(L'.tEt al., 2006; GtOd” et ".’ll" 2009.)' \(}{hﬂet
was observed towards the end of the campaign, when a sé—e indsor—Letrolt area may not comprise as signiticant a

vere nitrate episode occurred, and this factor's mass alonéodurcte_r?glon for Nblats rur;al agrl(l;ulturte_ll arelas,tmané/ g_(#nt
exceeded 20 ug . industrial (e.g., a wastewater reclamation plant) and diffuse

3.1.3 Nitrate-OA factor
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(e.qg., traffic, population) sources do emit large quantities offirst PMF analysis of AMS mass spectral data to apportion
NHs;. According to Environment Canada’s NAPS monitoring NHI and CI to a unique factor suggestive of mostly ammo-
network, NH; levels are lowest in wintertime in Windsor, yet nium chloride. The extent of neutralization (1.09) shows that
are still detectable: using the multi-year averagesMhter- this factor was fairly close to neutral, taking into account all
time concentration measured by ion chromatography, the avidentifiable ions (i.e., NEJ, CI7,NGOg, and S(j‘), and con-
erage wintertime Nkl concentration in downtown Windsor sidering potential PMF error and uncertainty in RIEs.
between 2004 and 2007 was &®.6 ppb, which exceeds Interestingly, the factor was composed 13 % by mass of
the 0.1 ppb detection limit for this analytical method. Fig- organics (Fig. 6). The most significant organic peaks were
ure 11b presents the diurnal trend for the Nitrate-OA factor.m/z 29, 41, and 55, and a mass spectral delta pattern with
Noted along with a slight diurnal profile that was likely in- A =0 (i.e.,m/z 27, 41, 55, 69, etc.) was noted (McLafferty
fluenced by both temperature (Fig. 11b) as well as reduceé&nd Turé€ek, 1993). However, despite a distinct delta pat-
mixing overnight and into the early morning, were two small tern, the factor showed rotational uncertainty that precluded
peaks consistent with morning and afternoon rush-hour trafover-interpretation of the factor's organics. With negative
fic, at 09:00 and 17:00LT (local time). These peaks wererotations, the Ct and NI—[lF content varied only slightly.
likely due to NHyNO3 formation from traffic emissions. A However, rotation in both the positive and negative direc-
more general traffic contribution to the Nitrate-OA factor was tion caused significant changes to the organic fraction delta
observed by moderate and slight correlations with black carpattern: negative rotations caused the=0 pattern to de-
bon (BC) ¢2=0.31) and NO 2 =0.17), respectively, both crease and tha = 2 pattern £1/z 29, 43, 57, 71, etc.) to in-
traffic tracers. crease, while there was insignificant change in the organic
The geographic origins of the Nitrate-OA factor were ex- mass spectral profile with positive rotations. As the organic
plored. The CPF, presented in Fig. 8c, did not reveal anyprofile and content varied most significantly among all of the
significant directionality; this indicated that this factor was Chloride factor components (from 18 to 40 % by mass), the
not significantly influenced by any local point sources, butdelta pattern could not be used with confidence for factor
did not discount potential contributions from local diffuse identification. It should be noted that little uncertainty was
sources such as traffic. The regional nature of the factor wasbserved for the Sﬁ) mass fraction of the Chloride factor,

explored through the PSCF (Fig. 9b), which highlighted ar-indicating that the S§ cross-apportionment was relatively
eas of high source probability to the south and southwest. Ifobust. Although the Chloride factor showed the most un-
comparison with the PSCF from the Sulfate-OA factor, the certainty among all PMF factors (Fig. S2.5 in the Supple-

Nitrate-OA factor also appeared more regionally influencedment), its appearance from five to eight factors suggested it
than the Sulfate-OA factor, yet from less specific source re-was robust.

gions. Regional influences are more likely in winter com-  The presence of NkCl aerosol in the atmosphere has pre-
pared to summer in this location, as nitrate can persist and bgiously been noted. Pio and Harrison (1987a, b) performed
transported greater distances provided there are cold enougarly experiments to assess the thermodynamic behavior of
temperatures. In summary, the Nitrate-OA factor contributedNH,CI under tropospheric conditions and found that, like
most to sub-micron PM mass, was associated with modernH,NO3z, NH4Cl formation is favored by lower tempera-
ately oxidized organics, and was likely attributed to both lo- tures and higher RH (Pio and Harrison, 1987a, b). The con-
cal and regional sources, with regional contributions likely ditions associated with the Chloride factor were examined

dominating. (i.e., temperature, RH, cloudiness, fog, rain) to determine if
) rapid meteorological changes triggered gas-to-particle tran-
3.1.4 Chloride factor sition. No association could be discerned. However, it should

o ] . _ be noted that from 14 January onward, on the whole, the con-
Presented in Figs. 4 and 5, respectively, are the time seri€giiions for NH,Cl were favorable, with a mean temperature
and mass spectral profile of the Chloride factor. The chemi-ot _g 4 5°¢ and RH of 73+ 13 %.
cal composition breakdown for this factor is shown in Fig. 7. Although not measured directly, particulate N has
Strong peaks observed at/z16 and 17 indicate signifi-  peen speculated to be present in several settings due to a
cant NH; content, while peaks at/z35, 36, 37 and 38  pjigh correlation between its component species. Perron et
indicate ch!orlde. The factor gppeared to be dominated by, (2010) have reported Ny€l-containing particles in a
NH,4Cl, as |t_comzpared well with the NIST mass spectrum gyyiss Alpine valley setting due to a significant correlation
for this speciesi” = 0.71). The isotopic ratio of2/z351t0 i, NH; and CI~ spikes, with Ct likely emitted as KCI dur-
m/z 37 matched that from the AMS chloride fragmentation jq hiomass combustion (Perron et al., 2010). In a study in
pattern (3.09). Application of the AMS fragmentation ta- \jexico City, Salcedo et al. (2006) reported large yet short-
ble to the 'X'S demonstrates that jikand CI contributed jjyeq plumes of chloride, which were coincident with spikes
28 and 27 %, respectively, to the mass of this factor; how-j, poth NI—E{ and organics; the simultaneous appearance of

ever, cher species were also evidgnt, namelyN@B %), porh NH} and CI~ indicated NHCI formation (Salcedo et
organics (13 %), and 533 (18 %). This study represents the
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al., 2006). Precursor gases (e.g.,ANHCI, and HNQ) and  through FPeak analysis may have been an indication of the
their sources are plentiful in this region. Although Bi$ more dynamic nature of this factor's components. In sum-
typically the limiting agent in these reactions, in this region, mary, the Chloride factor was most likely associated with
point industrial (e.g., a wastewater reclamation plant) andocal atmospheric processing, whereby ammonium chloride
diffuse (e.g., traffic, population) sources of jldre numer-  secondary aerosol formed rapidly in-plume from the reaction
ous. There are thus two plausible mechanisms foy@GIH of NH3 and HCI emissions. The source of HCI emissions
formation in the Windsor—Detroit region. In the first case, may have been primary emissions from an industrial facility,
NH3z could react with primary HCI that has been emitted di- and/or it may have formed from secondary reactions.
rectly by anthropogenic sources. According to NPRI and TRI
emissions inventories, the largest primary emitter of HCl in3.1.5 HOA factor
Windsor—Detroit in 2005 was the River Rouge power plant,
located 3km southwest of the receptor site (EnvironmentA hydrocarbon-like organic factor (HOA) was extracted by
Canada, 2013; US EPA, 2013b). However, secondary reac®MF, and its time series and mass spectral profile are pre-
tions may lead to HCI production, and eventually to /i  sented in Figs. 4 and 5, respectively. The factor’'s chemical
formation as well. It is possible that acidic, ammonia-poor, composition is shown in Fig. 7. Accounting for 0.94 ug
industrial plumes with sufficient HNg§content may liberate  or 13 % of the sub-micron PM mass during the campaign, the
HCI from certain sources, which then subsequently reparti-HOA factor represented the third-largest contributor to sub-
tions as NHCI to the particle phase under NHich con-  micron PM mass. Delta patterns of=0 and A =2 were
ditions. Some of these sources include NaCl particles fromobserved in the mass spectral profile, most likely correspond-
road salt and KCI from biomass burning emissions (includinging to alkanes and Hneutral losses from alkyl fragments
coal combustion and domestic wood burning). Waste incin-and/or alkenes, respectively (McLafferty and Tael, 1993;
eration has also been identified as a potential source of shorZhang et al., 2005). The extracted HOA factor was similar to
duration, strong chloride events; Moffet et al. (2008a, b) re-those from the Pittsburgh fall of 2002 (Ulbrich et al., 2009)
ported CI” spikes along with spikes in Zn- and Pb-containing and Zurich winter of 2006 (Lanz et al., 2008) studies, with
particles measured by ATOFMS in Mexico City (Moffet et r2 values of 0.56 and 0.66, respectively.
al., 2008a, b). These events were attributed to rapid sec- Deconvolution of the HOA MS into organic and inorganic
ondary HCI formation from the reaction of HN@vith PbCl species was performed using the AMS fragmentation table.
and ZnCl in a waste incineration plume. All of these sourcesContributions from NljL (5%) and N@ (9 %) were noted,
were likely in this study: as mentioned previously, there areindicating that this factor was likely mixed with NjNIO3.
several coal plants near the site, and a waste incineratdfPeak rotational analysis shows that, although the contri-
is located to the northwest. Furthermore, given the winter-butions of these species were moderate, their variation with
time conditions, domestic wood burning was prevalent in therotation precluded their over-interpretation (Fig. S2.5 in the
region. Supplement). A less-than-plausible extent of neutralization
Examination of the CPF (Fig. 8d) and PSCF (not shown)of 1.62 also served to highlight the rotational ambiguity as-
did not provide any additional information with respect to sociated with the inorganics, although this uncertainty could
local or regional source origins. However, the concurrentbe a result of low overall inorganic contributions. With an or-
appearance of sharp spikes in"CGind sci— (Fig. 3), and  ganic composition of 85 %, it was not as similar to the HOA

moreover the apportionment of significant Qo this fac-  factor found in Sun et al. (2012) (97 %) as it was for other
tor, suggested an association with industrial emissions. Bottiactors.

of these spikes corresponded to a 230-226hd direction, HOA is often referred to as a surrogate for fossil fuel com-
consistent with coal plants to the west-southwest. Despit@ustion emissions, with traffic cited as the most significant
these spikes having been partially captured by their respecsource contributor (Aiken et al., 2008). The same can be said
tive, reasonably neutralized PMF factors, the @hd s(j— for this study; moderatevalues of 0.48 and 0.64 were found
observed in these spikes were likely not well neutralized, agetween the HOA factor with BC and NO, respectively, pol-
concurrent spikes in qu at these times were not as strong lutants that are typically associated with relatively fresh traf-
as those observed for its counter-ions. Any availablgldtd  fic emissions. The HOA factor also displayed moderate and
this time was likely partitioned as (NpLSOy first, because  slight correlations with COrf = 0.41), particle number con-
(NH4)»S0Qy formation should be thermodynamically more centration (2=0.21), and aromatic hydrocarbons measured
favorable than NECI formation under the given meteorolog- by PTR- MS such as benzene [z 79, r —0 43), toluene
ical conditions. As such, while the Chloride factor appeared(m/z 93, 12 =0.32), G— benzener(z/z 107,r%=0.58), and
reasonably close to neutral on the whole, there was likelyCa—benzener/z 121, r2=0.54), which are also typically
some variation in acidity that was not captured by this factor,associated with primary anthropogenic emissions such as
as more acidic particles appeared to be present during th&affic (Vlasenko et al., 2009). Distinct rush hour peaks in

spikes. Furthermore, the rotational uncertainty determined¢he morning (05:00-09:00 LT) and evening (18:00-22:00LT)
further supported source attribution to traffic emissions
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(Fig. 11c). The CPF for the HOA factor provides modest than during daylight hours, suggesting either buildup in con-
support for a traffic source, as excursions in this factor werecentration in the nighttime boundary layer, or semi-volatile
moderately associated with the northeast wind sector (O-nighttime gas-to-particle partitioning. The latter was sus-
9(°), consistent with higher traffic density from the inter- pected, as lower concentrations were observed on warmer
national border crossing (Fig. 8e). While general circulationnights, suggestive of a temperature—volatility concentration
traffic is also likely to be a significant contributor to the HOA dependence. In addition, the OOA factor exhibited a stronger
factor, many industrial operations in the region combust fos-anti-correlation with temperature than the Nitrate-OA fac-
sil fuels in their processes, for instance heavy machinery usetbr (r = —0.26), suggesting that temperature played a greater
for onsite material transport. As such, other sources may alsoole in explaining the variability in the OOA factor than in
contribute to this factor. The HOA factor thus representedthe Nitrate-OA factor. This was evident in increased contri-
primary organic aerosol emissions, with its most significantbutions in the OOA factor mid-way through to the end of the

contributions likely emitted from traffic. campaign, when the air was colder. These results show that
less oxygenated, and thus likely more local and semi-volatile
3.1.6 OOA factor OOA, appeared to be a significant fraction of the total oxy-

genated organic aerosol.

A factor consistent with oxygenated organic aerosol (OOA) The moderately oxidized and semi-volatile behavior of
was extracted using PMf vs, and its time series and MS the OOA factor was further demonstrated through the
are presented in Figs. 4 and 5, respectively. On averagehighest correlation between all factors with acetaldehyde
the OOA factor comprised 0.76 pgthor 11% of the sub-  (»2=0.31), a VOC with an atmospheric lifetime of less than
micron PM mass. The fragmentation table was applied toa day. Slowik et al. also report observing high correlations
this factor to decouple the inorganic and organic speciesetween a semi-volatile OOAIl factor and acetaldehyde in
for species-based mass spectral and temporal examinatiooronto, Ontario (Slowik et al., 2009), and a similar conclu-
The only other species associated with this factor wag NO sjon can be drawn here that this factor’s variability is influ-
(7 % by mass). While the OOA factor represented the lowestenced by both the oxidation timescale as well as gas—particle
F44 compared to Sulfate-OA and Nitrate-OA (F448.09), it partitioning. Ultimately, this factor more closely resembles
contained the highest fraction of oxygenated organic aerosolQOAII rather than OOAI.
as 35% ofm/z 44 was apportioned to this factor. The ro-  The geographic origins of the OOA factor were investi-
bustness of the factor mass spectrum was examined usingated by both CPF and PSCF. The CPF, shown in Fig. 8f,
FPeak analysis. It was found that rotations caused the minoghows a similar result as was found for the HOA factor, with
NO; concentration to vary (Fig. S2.5 in the Supplement). a moderate association with emissions to the northeast, sug-
With a lack of neutralizing species (i.e., Ijl)i present, the gestive of contributions from traffic. However, on the whole,
nitrate contribution may have been attributed to model er-no strong directionality was observed, supporting local ox-
ror. In examining the robustness of the F44 content throughdation of organic aerosol. The PSCF for this factor was
FPeak analysis (Table S2.1 in the Supplement), it variedalso generated (not shown), although no distinct source re-
only slightly, suggesting minor rotational ambiguity with re- gions could be identified, reinforcing the notion that trans-
spect to the oxygenated organic fragments. In terms of orport was not responsible for the temporal behavior of OOA
ganic composition, this factor’s organic composition (93 %) in Windsor’s wintertime air. Hence, the OOA factor mainly
was most comparable to the LV-OOA factor from Sun et represented local atmospheric processing, and appeared to
al. (2012), which comprised 94 % organics. be characterized by less oxygenated, semi-volatile organic

Comparing this F44 value with previous studies, it is ap- aerosol.
parent that the F44 observed in the OOA factor in this study
is lower than others from two-component organic results (Ng3.2  PMFgy ms VS. PMForg ms
etal., 2010). This observation highlights a distinct difference
in PMForg ms vs. PMFeyi ms. Typically, the contribution of ~ As only two other studies to date have performed PMF on
m/z 44 to the total organic spectrum is highest in the OOAthe complete or near-complete MS, the following section
factor when PMF is applied to the organic MS only. How- investigates the effect of including both inorganics and or-
ever, in this study it represents the third-most oxygenatedjanics in the analysis. The two- to six-factor solutions from
organic component among the PMF factors, yet the highesPMForg ms were examined and compared to the six-factor
contributor to oxygenated organic aerosol. Compared withPMFgy ms solution. Based on the mass spectral profiles and
mass spectral profiles from other studies, this OOA factorPMF diagnostics, the three-factor solution provided the most
more closely resembled semi-volatile OOAII factors, insteadphysically meaningful results. A two-factor solution gener-
of highly oxygenated OOAI factors, given the comparatively ated Amine and OOA factors, and moving to a three-factor
low m/z 44/43 ratio. The diurnal trend provided further in- solution produced Amine, OOA and HOA factors similar
sight into the nature of the OOA factor (Fig. 11d). It can in profile to those from the PMig s analysis. Adding
be seen that this factor was significantly higher overnighta fourth factor caused the OOA factor to split, leading to
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Figure 12. Comparison of factor profiles from the PMfg ms analysis with comparable factors found by PMF of the full mass spétia

¢). The factors are normalized to the total organic fraction signal, except for the Amine factor, which is normalized to the total factor signal.
Only minor differences in mass spectra are noted for the HOA factor. The most significant difference for the Amine factor is represented by
the addition of then/z 30 peak, and for the OOA factor by the difference in the magnitude ofithet4 peak. Dots show the range in mass
spectral variation from FPeak rotationsi0 and 10). Also shown ifd) is the average factor composition of organics for both the PMF of

the full mass spectrum and the organics only.

another with an MS that did not sufficiently resemble any analysis. The majority of this signal was removed during ex-
known factors (or any of the organic fractions contained traction of the organic MS, as it is mostly attributed to NO
within the factors from the PMfy ms solution). The same in the fragmentation table. Excellent agreement was found
applied to the five- and six-factor solutions. A comparison between the factor time serie€ & 0.99), indicating that this
between higher-order solutions from the Pdi§ws analysis  factor was similarly extracted in the two analyses (Fig. 13a).
and the organic fraction of the PMi ms six-factor solution The extraction of the Amine factor in this study highlights
showed that they did not contain the same information, in-advantages of applying PMF to the full AMS mass spectrum
dicating that organics were resolved differently between thefor unit mass resolution data. Firstly, it can be seen that PMF
analyses. As the three-factor solution led to the most physican provide better resolution of AMS species (i.e.,2SO
cally meaningful results, it was compared with the six-factor NO3, NHI- Cl~, and organics) than using the traditional
PMFeyi ms solution, and is discussed below. The three-factorAMS fragmentation scheme, as this method does not pre-
solution justification along with descriptions of the four- to sume the nature of chemical species. In this study, the pres-
six-factor solutions are presented in the Supplement. ence of the Amine factor had consequences for the estimation
Overall, the organic fraction was mainly split into the of organics mass concentrations and, ultimately, sub-micron
HOA and OOA factors, whereby these factors each conPM mass. A comparison between the AMS-resolved species
tributed 53 and 47 %, respectively, to the total OA as assesseghlculated pre-PMF analysis with those calculated from the
by the PMForg ms analysis. This nearly 50: 50 division be- factors post-PMEy ms analysis (excluding any mass asso-
tween these two organic components was somewhat differeiated with the Amine factor) is presented in Table 1. It can
ent than that found in other two-component studies in urbarpe seen that organics may have been overestimated by up to
areas, with HOA making a greater contribution (Zhang et al.,11 %. Although the PMBg ms analysis could be improved
2007). Such a difference could possibly be attributed to theby stoichiometrically fixing the contribution of the subtracted
significant industrial activity and traffic contributions from inorganic component ofi/z 30 (NO") to m /z 46 to include

the international border crossing. amine ions in the analysis, this was not performed for this
analysis, in order to highlight the potential benefits of using
3.2.1 Amine factor comparison the PMFy ms method (namely that no a priori assumptions

are required regarding the chemical nature of the aerosol).

The mass spectra of the Amine factors extracted from théJltimately, when comparing the pre-PMF sub-micron PM
two PMF analyses are compared in Fig. 12a. The most noMass to the post-PMF reconstructed mass, it can be seen that

table difference between the two profiles was the presencd® mass may have been overestimated by up to 5% using
of a significant contribution from:/z 30 in the PMyvs (€ traditional fragmentation scheme.
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Figure 13. Scatter plots Aminda), HOA (b), and OOA(c, d) factors comparing their mass derived from P¥lirms vs. PMForg ms
analyses. One observation (31 January 2005, 21:00 LT) was removed from the HOA comparison to enhance the fit of the trendline.

Secondly, PMF of the full MS also provided better factor amines of higher RIE), this type of error could outweigh
resolution and mass estimates than PMF of the organic MSpther AMS errors such as collection efficiency.
with PMForg ms, the organic MS was extracted through ap-
plication of the organic fragmentation pattern, while in the 3.2.2 HOA factor comparison
PMFgy ms analysis, the full MS remained as measured, ex- .
cept for subtraction of air and water. Comparison between thé 19uré 12b presents the mass spectral comparison between
PMFeyi ws and PMPorg s Amine factor time series showed the HOA factors.resolved from PMF analysis of the full
that the mass of the Amine factor from the Piums was MS vs. the organic MS. The HOA factor mass spectra from
2.6 times greater than that from the Ppus analysis. This ~ the two PMF analyses compared very wef £0.98), and
difference accounted for both the differences in RIE (an ef-900d agreement was also found between their time seﬁgs(
fective RIE of 4.3 was assumed in the PMffvs analysis) of 0.98); a slope_of 0.91 for the time series comparison !nd|-
as well as mass contributions from other fragments (namehFated thata portion of this factor had b_een pross-apporﬂoned
m/z 30, which is typically associated with nitrate, but which t© Other factors in the full MS analysis (Fig. 13b). Due to
may also represent amines). A more direct comparison befMinimal differences between MS, it was difficult to distin-
tween the Amine factors resolved in the PMius and gwsh across which fact_ors this HOA was further distributed
PMForgms analyses using Np,, mass showed that the 'N the PMFeui ws analysis.
factor resolved in the PMig vs analysis contained 25 %
more mass, given inorganic contributions. This suggests tha?'

some factors may not be resolved fully using the Rifws Figure 12c provides a comparison between the OOA factor

method. As amine species were assigned as organics in trl?rofiles extracted in the PMi vs and PMRrg s analy-
PMForg ws analysis (with an RIE of 1.4 as opposed 10 4.3), goq Enhanced cross-apportionmentigt 44 tg other fac-
it can be seen that errors of up to two and a half times thetors in the PMREuvs analysis is evident due to the sig-
mass may arise from not considering altemate possibilitiegiqcant-gifference in the relative contributions of F44 in
for the chemical nature of certain species, which may bes, "~ factors (i.e.: PMims F44=0.09; PMRorg s
come clearer through the extraction of the factor’s full MS. It 44=0.15). An F44=0.15 found in the PMérg MS ingthis

is possible that in some cases (e.g., amine-fich areas wit ctor is comparable to that found in other studies, also

2.3 OOA factor comparison
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indicative that this factor included the highly oxidized or- the PMFy ms OOA factor and S(ﬁf was markedly lower
ganics that were separated into the Sulfate-OA factor in(-2 = 0.08). The PMEy; ms OOA factor thus shows a differ-
PMFeuims. Comparing the time series of the OOA fac- ent temporal character, due to the removal of the highly ox-
tors between the PMigivs and PMkogms analyses, a  idized contribution. The remaining OOA that characterizes
comparatively low-2=0.72 highlighted the fact that some this factor thus more resembles the OOAII typically found
OOA signal was cross-apportioned to inorganic factors in thewhen two OOA factors are extracted during Pd#gvs. Ap-
PMFui ms analysis (Fig. 13c). A mass difference was also portionment of organics of varying degrees of oxidation was
observed between the factors, with the RMifus weigh-  thus more effectively accomplished through the Riifs
ing on average 0.76 ugm, and the PMBgms measur-  with the PMForg ms method, most likely due to correla-
ing on average 1.01 ugm. A higher mass attributed to the tions with inorganic species of differing atmospheric behav-
PMForg ms OOA factor is likely linked to the higher contri- jor (e.g., volatility) and origins.
bution fromm /z 44. A comparison of just the organic contri-
butions from the factors containing oxidized organic aerosol
(Nitrate-OA, Sulfate-OA, and OOA) with the OOA factor 4 Conclusions
from the PMRoyg ms three-factor solution showed that the
r?2 was much improved, from 0.72 to 0.94, with the addi- Six factors were identified through PMF analysis of the full
tional variability from the organic component of these factors AMS mass spectrum: an Amine factor suspected to be tri-
(Fig. 13d). A slope slightly higher than unity suggested thatethylamine nitrate; a Sulfate-OA factor composed of mostly
the organic aerosol extracted from these three factors waé\NH,)>SO, and highly oxidized organics; a Nitrate-OA fac-
likely not entirely oxidized organic aerosol as defined from tor consisting of mostly NFNO3 along with moderately ox-
the OOA factor from the PM#rg ms analysis, and may have idized organics; a Chloride factor hypothesized to be mostly
contained some less oxidized aerosol as well. This was corNH4ClI along with organics and sulfate; an HOA factor clas-
roborated by a slope of slightly less than unity for the HOA sified as mostly primary organics from fossil fuel combus-
factor comparison. tion; and an OOA factor, consisting of moderately oxidized
Interestingly, the OOA factor could not be split into more organics.
OOA factors (i.e., OOAI and OOAII) using PMF analysis of  Factor variability was governed by chemical processing,
the organics alone. Moving to a four-factor solution resultedprimary source emissions, and transport. The OOA factor ap-
in an OOA factor, and another OA factor, which could not peared to be influenced mostly by local processing, as it ex-
be fully justified as its mass spectrum, did not sufficiently re- hibited a strong nighttime diurnal trend consistent with gas-
semble any known mass spectra to accept the solution (see-particle partitioning. While both the Amine and Chloride
the Supplement for further details). It is likely that the inor- factors showed temporal trends with brief excursions sug-
ganics in the PMEy ms analysis provide additional corre- gestive of primary source emissions, rapid secondary aerosol
lational structure to apportion organics more effectively. If formation could not be ruled out in either case. Rapid in-
moderately oxygenated organics are calculated as those aplume secondary formation of the Chloride factor was sup-
portioned to the OOA and Nitrate-OA factors, and highly ported by its sporadic appearance and the concurrent appear-
oxygenated organics are those apportioned to the Sulfateance with short-lived spikes in ﬁo consistent with indus-
OA factor, it can be seen that highly oxygenated organicstrial emissions plumes. While the precise mechanism of for-
comprise only about a quarter of the total oxygenated organmation for the Amine factor could not be validated, it was
ics. With the low prevalence of highly oxygenated organicshypothesized to be a result of acid—base reaction of primary
observed in this campaign, these species may not have catriethylamine gaseous emissions with HN@wo significant
ried sufficient weight in the model to result in the splitting industrial sources of amines located to the southwest of the
of the OOA factor in the PMyg ms analysis into the OOAI  measurement site were likely the main contributing sources.
and OOAII types. With the OOA dominated by moderately By contrast, the main determinant for the HOA factor was
oxidized organics, the addition of the inorganics-introducedprimary source emissions, given its strong daytime diurnal
correlational structure for these more minor, more oxidizedtrend, and high correlations with short-lived traffic-related
OAA types could be isolated. gases such as NO. Regional transport was most likely the
The effect of having performed PMF on the full MS is dominant determinant of variability for the Sulfate-OA and
evident when comparing the time series betweeﬁS@d Nitrate-OA factors, although local gas-to-particle partition-
the PMFeui s and PMForg ms OOA factors. In many pre-  ing also appeared to contribute to the Nitrate-OA factor.
vious studies, particularly in urban locations, the OOA fac- Allowing for PMF to cross-apportion inorganic and or-
tor from PMF of the organic MS has been highly corre- ganic species between factors led to richer conclusions re-
lated with S(j‘. Here, anr? of 0.38 was found between garding the potential sources, chemical nature, and behav-
30121* and OOA from PMF of the organic fraction. How- ior of certain factors than would otherwise have been ob-
ever, following PMF of the full MS, the correlation between tained through the application of PMF of organics only. First,
cross-apportionment of inorganic species between factors led
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to some enhanced aerosol chemistry conclusions, such akhe Supplement related to this article is available online
the relative degree of neutralization of co-varying inorganic at doi:10.5194/acp-14-8017-2014-supplement

species. It was found that l\J{Hwas cross-apportioned to
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