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Abstract. Positive matrix factorization (PMF) was applied secondary OA via acid-base reactions of amines. The size
to the merged high resolution mass spectra of organic andlistributions of OA factors derived from the size-resolved
inorganic aerosols from aerosol mass spectrometer (AMS)nass spectra show distinct diurnal evolving behaviors but
measurements to investigate the sources and evolution praverall a progressing evolution from smaller to larger particle
cesses of submicron aerosols in New York City in summermode as the oxidation degree of OA increases. Our results
2009. This new approach is able to study the distribution ofdemonstrate that PMF analysis of the unified aerosol mass
organic and inorganic species in different types of aerosolsspectral matrix which contains both inorganic and organic
the acidity of organic aerosol (OA) factors, and the frag- aerosol signals may enable the deconvolution of more OA
ment ion patterns related to photochemical processing. In thisactors and gain more insights into the sources, processes,
study, PMF analysis of the unified AMS spectral matrix re- and chemical characteristics of OA in the atmosphere.
solved 8 factors. The hydrocarbon-like OA (HOA) and cook-
ing OA (COA) factors contain negligible amounts of inor-
ganic species. The two factors that are primarily ammonium
sulfate (SQ-OA) and ammonium nitrate (N§OA), respec- 1 Introduction
tively, are overall neutralized. Among all OA factors the or-
ganic fraction of S@-OA shows the highest degree of oxida- Atmospheric fine particles exert a serious impact on air qual-
tion (O/C=0.69). Two semi-volatile oxygenated OA (OOA) ity and visibility reduction (Watson, 2002), and harmful ef-
factors, i.e., a less oxidized (LO-OOA) and a more oxidizedfects on human health (Pope IlI et al., 2002, 2009). Organic
(MO-OO0A), were also identified. MO-OOA represents lo- aerosols (OA) — a major fraction of fine particles (Zhang
cal photochemical products with a diurnal profile exhibiting et al., 2007a; Jimenez et al., 2009) have a highly uncertain
a pronounced noon peak, consistent with those of formaldetmpact on radiative forcing (Forster et al., 2007). Current
hyde (HCHO) and Q= O3 +NOy). The NO‘f/NOér ion ra- models often underestimate OA loading substantially, mainly
tio in MO-OOA is much higher than that in NGOA and in ~ due to unknown sources, sinks, and formation mechanisms
pure ammonium nitrate, indicating the formation of organic (e.g., agueous-phase production of secondary OA) (Heald
nitrates. The nitrogen-enriched OA (NOA) factor contains et al., 2005, 2011; Volkamer et al., 2006; Dzepina et al.,
~ 25 % of acidic inorganic salts, suggesting the formation of2009; Wood et al., 2010). Thus, a better understanding of the
sources and evolution processes of OA is of importance for
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assessing aerosol’s impacts and reducing the uncertainties @OA (LV-OOA) are broadly identified depending on sites,
models. seasons, and source emissions. The OA factors together with
OA from a wide variety of sources are either primary from the measurements of hygroscopicity, volatility, and oxidation
direct emissions, e.g., combustion of fossil fuels and biomasstates significantly improve our understanding of the sources
burning, or secondary which is formed via gas-to-particle and evolution processes of OA in the atmosphere (Jimenez et
conversions such as oxidation of volatile organic compoundsal., 2009).
(VOCs) and/or aqueous-phase production. The atmospheric The recent PMF analysis of high resolution mass spectra
evolution such as aging, mixing, and cloud processing fur-(HRMS) further improves the differentiation of OA factors
ther leads to a change of the chemical, physical and opand also allows us to determine the oxidation state of each
tical properties of both primary OA (POA) and secondary factor (Aiken et al., 2009; DeCarlo et al., 2010; Sun et al.,
OA (SOA). While the primary emissions of OA are fairly 2011c). Given that the atmospheric evolution of OA might
well understood, there are considerable uncertainties in quarinvolve a progressive oxidation from fresh to highly aged
tification and characterization of SOA. The traditional EC- OA associated with a change of functionalities, volatilities,
tracer method (Turpin and Huntzicker, 1995) may involve and oxidative properties (Heald et al., 2010; Ng et al., 2010;
large uncertainties in quantification of secondary organic carSun et al., 2011b), more sub-OOA factors are expected, but
bon (SOC) due to either the differences in defining OC anddifficult to be resolved due to a lack of collocated variables.
EC from thermal-optical analysis (Khan et al., 2011) or vari- Slowik et al. (2010b) firstly combined the OA spectra from
ations in OC/EGrimary ratio from different combustion emis- AMS measurements with the VOCs measured by a proton
sion sources. The molecular-marker based chemical madsansfer reaction-mass spectrometer (PTR-MS). PMF analy-
balance (CMB) receptor model is capable of quantifying thesis of the unified dataset shows the capability of resolving
contributions of primary sources, but often a large fractionmore OOA factors and improving the interpretations of their
of secondary species remains uncharacterized (Schauer asdurces and photochemical processes. Docherty et al. (2011)
Cass, 2000; Zheng et al., 2002). In addition, the techniqueperformed the PMF analysis to the combined ambient and
mentioned above often rely on measurements over hours tthermally denuded OA spectra (TD-PMF-AMS) during the
days, making it difficult to capture the fast evolution pro- 2005 Study of Organic Aerosols at Riverside (SOAR-1). The
cesses of OA in the atmosphere. TD-PMF-AMS with improved differentiation of OA factors
The Aerodyne Aerosol Mass Spectrometers (AMS) usingidentified two more secondary OOA factors in addition to the
thermal vaporization (typically 600C) and electron impact previous SV-OOA and LV-OOA. Despite this, the two ap-
ionization ¢~ 70eV) allow us to obtain the ensemble mass proaches above are often limited by the collocated measure-
spectra of OA in real time, typically in a few seconds to min- ments of VOCs by PTR-MS or thermally denuded OA spec-
utes (Jayne et al., 2000; Drewnick et al., 2005; DeCarlo etra that are not available in field studies. Chang et al. (2011)
al., 2006). The custom principle component analysis (CPCAJfirst tried to perform PMF on the entire unit mass resolution
was firstly used to deconvolve the OA into different fac- spectra measured by a compact Time-of-Flight AMS over
tors that are associated with different sources and processeke central Arctic Ocean. This approach successfully distin-
(Zhang et al., 2005a). The hydrocarbon-like OA (HOA), a guished marine biogenic and continental sources. However,
surrogate of POA from traffic emissions, and oxygenated OAmost previous PMF analysis is only performed on AMS OA
(OOA), a surrogate of SOA, were ubiquitously resolved atspectra, while the inorganic species, e.g., sulfate and nitrate
urban locations. HOA often shows tight correlations with the are used as external tracers for comparison purpose. Since the
tracers for primary emissions, e.g., NBC, and CO, etc., organic and inorganic species from different sources and for-
while OOA is generally correlated with secondary inorganic mation mechanisms are often externally or internally mixed
species, e.g., sulfate and/or nitrate (Zhang et al., 2005b). Thas a function of aerosol evolution in the atmosphere, PMF
multiple component analysis (MCA) was further developed analysis of OA spectra only may bury the intrinsic relation-
to characterize the potential sub-OOA factors, e.g., highlyship between organic and inorganic species.
oxidized OOA (OOA-I) and less oxidized OOA (OOA-II) In this study, we re-analyze the three-week HRMS of or-
(Zhang et al., 2007a). MCA analysis of 37 AMS datasetsganic and inorganic aerosols (IOA) measured by an Aero-
in the Northern Hemisphere shows an overall dominance oflyne High Resolution Time-of-Flight AMS (HR-ToF-AMS,
OOA at various atmospheric environments from urban, urbarDeCarlo et al., 2006) at Queens College in New York City
downwind, to rural and remote sites (Zhang et al., 2007a)(NYC) in summer, 2009 (Sun et al., 2011c). For the first time,
The positive matrix factorization (PMF) (Paatero and Tap-we integrate the organic and inorganic HR spectral matrices
per, 1994), a bilinear model that constrains the factors to bento one unified dataset for PMF analysis. The sources, acid-
non-negative is currently mostly used for OA mass spectraty, and photochemical processing of OA and IOA are inves-
analysis (Lanz et al., 2007; Ulbrich et al., 2009; Zhang ettigated. In addition, the size distributions of OA factors are
al., 2011). Various POA components like HOA, cooking OA derived from 3-dimensional size-resolved mass spectra, and
(COA), and biomass burning OA (BBOA), and SOA compo- their implications in studying the sources and processes of
nents like semi-volatile OOA (SV-OOA) and low-volatility OA are discussed.
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2 Method SQf (m/z 64), SG (m/z 80), HSCQ} (m/z 81), and BSO}
(m/z 98) for sulfate, NO' (m/z 30) and NG (m/z 46)
2.1 AMS measurements and data analyses for nitrate, NH"(m/z 15), NH;(m/z 16), NHj (m/z 17)

for ammonium, and Cl (m/z 35) and HCt (m/z 36) for
The HR-ToF-AMS was deployed on the campus of Queenschioride. lons that are constrained, i.e., scaled to ion inten-
College (40.72N, 73.82 W) in NYC from 13 July through  sjties (e.g., according to the known isotope ratios for iso-
3 August 2009 for in-situ measurements of the mass contppic ions), are not included. The sum of selected fragment
centrations, chemical composition and size distributionsjgns represents a major fraction of nitrate (96.2 %), ammo-
of non-refractory submicron aerosol (NR-PMspecies. npium (99.6 %) and chloride (75.8%), and half of sul-
The descriptions of the sampling site and operations offate (50.6 %), respectively. Further, these fragment ions show
the HR-ToF-AMS and collocated instruments have beenyery tight correlations with the total mass concentration of
detailed in Sun et al. (2011C) and Lin et al. (2012) The each SpeCieS’% ~1, Fig S1in Suppiement), indicating that
HR-ToF-AMS data were re-analyzed with the latest versionsthe selected ions are well representative of each inorganic
of standard AMS software (PIKA v1.10H and SQUIR- gpecies. Similarly, the inorganic fragment ions before PMF
REL v1.51H; http:/cires.colorado.edu/jimenez-group/ analysis were also converted to mass concentrations in both
ToFAMSResources/ToFSoftware/index.itmCompared 0 gata and error matrices. After PMF analysis, the total mass
Sun et al. (2011c), a major update of the new software isconcentration of each inorganic species is derived from the

the calculation of ion counting errors. However, such updatesym of fragment ions divided by their fractional contribu-
appears to ShOW minor effeC'[S on the PMF results, Wthh i&ions in the Corresponding Species (Fig Sl)

supported by the very similar spectral patterns of OA factors

in these two studiesrf=0.99-1.0, slope=0.99-1.02). 2.3 Positive matrix factorization (PMF)

The mass concentrations and size distributions of NR-PM

species, and the elemental composition of OA were obtained?s & standard multivariate factor analysis approach, PMF
In addition, the high resolution (HR) mass spectral matrices(Paatero and Tapper, 1994) uses the positively constrained bi-
and 3-dimensional size-resolved mass spectra were extractdiear model to deconvolve the HR mass spectral matgix (

for the subsequent PMF analysis and size deconvolutiondimensionsm xn) into distinct factors ) without a priori

All data in this study is reported at Eastern Standard Timeassumptions for either time series or mass spectral profiles.

(EST=UTC -5h). Xij = Zgip fpj + eij @)
p

2.2 Preparation of mass spectral and error matrices : : o . .
wherei and; refer to row and column indices in the matrix,

The procedures for preparation of HR mass spectral and error'espectlvely, ang is the numb(_er of faptors n the sqluuon.
; is the measured concentrations of ion fragmgeat time-

matrices for PMF analysis have been detailed in DeCarlo et/ > . . . X
al. (2010).The HR data matrix was obtained by the difference_Stepl -8ip 13 the concen tration ofa given facto iat time-step
of “Open” and “Closed” ion sticks, i.e., “OMinusC” in HR "’ and f; is the fraction of an ion fragmen in the mass
analysis panel. The corresponding HR error matrix was de_spectral profile of factop, ande;; is the residual not fit by

termined as the sum of quadrature of Poisson counting statist-he model. PMF solves Eg. (1) by minimizing the sum of the

tics and electronic noise for each ion (Allan et al., 2003)_errorwe|ghed squared residualgX).

Note that the ion counting errors in the latest version of PIKA m oz 2
also included baseline errors. Also, a minimum error was in-2 = Z ) (€ij/oi)) (2)
troduced for each ion (Ulbrich et al., 2009). The “bad” ions i=1j=1

with signal-to-noise (S/N) ratio< 0.2 were removed from whereo;; is the estimated error of ion fragmehat time-step
the HR data and error matrices, and the “weak” ions withi in them x n matrix. The solutions are constrained to be pos-
S/N between 0.2 and 2 were downweighed by increasingtive which is physically meaningful in real atmospheric en-
their error values a factor of 2 as described in Ulbrich etvironment. The PMF analysis using PMF2 algorithm (v 4.2)
al. (2009). In addition, the particulate ion G@nd its asso-  in robust mode was performed on the combined HR matrices
ciated CO, H,O", HO', and O were also downweighed of OA and IOA. The PMF2 solutions were then evaluated
according to Ulbrich et al. (2009). Both the HR data and er-with an Igor Pro-based PMF Evaluation Tool (PET, v2.04)
ror matrices were converted from ion signals to mass con{Ulbrich et al., 2009) following the procedures detailed in
centrations before PMF analysis. Following the same proceZhang et al. (2011) (Fig. S2). The PMF analysis was also
dures, the mass spectral and error matrices of inorganic frageerformed on the HR matrices of OA, and the results of 5-
ment ions including sulfate, nitrate, ammonium, and chlo-factor solution were already presented in Sun et al. (2011c).
ride were prepared and integrated with those of OA into After a detailed evaluation of mass spectral profiles, time
one unified dataset. However, only major fragment ions forseries, diurnal variations, and correlations with external trac-
each inorganic species are included. They are Gz 48), ers, the 8-factor solution with FPEAKO(Q/Qexp= 1.5)

www.atmos-chem-phys.net/12/8537/2012/ Atmos. Chem. Phys., 12, 85554, 2012


http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html

8540 Y. L. Sun et al.: Factor analysis of combined organic and inorganic aerosol mass spectra

was chosen. The mass spectral profiles, time series, and diur- 104 ) _100x a
nal variations of 7-factor and 9-factor solutions are shownin . 4 _| =100
Figs. S3 and S4, respectively. While the results of 7-factor so-
lution are very similar to those reported in Sun et al. (2011c),
the 9-factor solution appears to show a split of;STA that
is difficult to interpret. Thus, we selected the 8-factor solution
in this study. The eight factors identified include two primary o
factors, i.e., a hydrocarbon-like OA (HOA, O40.04) and —|2)_ ; J: é é 1'0 I
a cooking OA (COA, O/C= 0.13), two semi-volatile oxy- MSyo, SUN et al. (2011¢) MSco Sun et al. (2011c)
genated OA (OOA) factors, i.e., a more oxidized (MO-OOA,
O/C = 0.48) and a less oxidized (LO-OOA, O 0.27),
a low volatility OOA (LV-O0A, O/C = 0.59), a nitrogen-
enriched OA (NOA, O/C= 0.28), and two factors that are
primarily ammonium sulfate (S0A, O/C= 0.69) and am-
monium nitrate (N@-OA, O/C = 0.14). The rotational am-
biguity of the 8-factor solution was explored by varying the 0¢ 0'-'1-
initial FPEAK values. The mass spectra and time series of . ; "‘ é é 1'0 0 ' l ' ; ' 1'2 ' 1'6
the factors for selected FPEAK values are shown in Fig. S5. MSsy.00a SUN et al. (2011c) MS_y.00a, SUN et al. (2011c)
While the factor profiles and time series are reasonably con-
sistent for most PMF factors, the NOA and MO-OOA ap- Fig. 1. Mass spectra (MS) comparison ¢d) HOA, (b) COA,
pear to show relatively higher uncertainties. Table S1 gives 4€) LO-00A+MO-OOA vs. SV-O0A, andd) LV-OOA+S0-OA
summary of the fractional contributions of the PMF factors \t').s' LV-OOA from 8-factor solution of PMF analysis of the com-
. . . L . ined organic and inorganic aerosols in this study and 5-factor so-

assoua_lted. ywth rotational amblguny. The PMF §o|ut|on_ Was| vion of PME analysis of OA in Sun et al. (2011c).
further justified through the comparisons of the time series of
the factors with those of tracer species. As shown in Fig. S6,
the FPEAK= 0 solution presents the best correlations be-in time series, mainly due to the apportionment of part OOA
tween PMF factors and external tracer species. Since we dmto SQ;-OA factor.
not have specific reasons for choosing other FPEAK values,
the PMF solution with FPEAK= 0 is thus chosen. 2.4 Determination of the size distributions of OA factors

We also compared the 8-factor solution results in this study
with the 5-factor solution from the PMF analysis of OA spec- The size distributions of OA factors are of importance for
tra matrix reported in Sun et al. (2011c). As shown in Figs. 1investigation of their properties, hygroscopicity, and evolu-
and S7, HOA and COA show very similar spectral patternstion processes. Recently, a 3-dimensional (3-D; dimensions:
and time series between these two studies. This suggests th@@te/time, size, ane:/z) factorization models was devel-
PMF ana]ysis of the combined HR matrices has minor ef-Oped to derive the size distribution of OA factors (U|br|Ch
fects on POA factors, consistent with the different sourceset al., 2012). Given that we have difficulties to perform such
of POA from secondary species. However, the new approacfnalysis in this study, we apply the multiple linear regres-
appear to split the previous SV-OOA and LV-OOA in Sun et sion (MLR) technique (Eq. 3) to the 3-D size-resolved mass
al. (2011c) into LO-OOA and MO-OOA, and LV-OOA and spectra for determination of the size distributions of OA as-
SOy-OA, respectively, in this study. Indeed, the combined suming that (1) the mass spectrum is a linear combination
mass spectra and time series of LO-OOA and MO-OOA, and®f six OA factors, i.e., HOA, COA, NOA, LO-OOA, MO-
LV-OOA and SQ-OA are very similar to those of SV-O0A OOA, and LV-OOA, and (2) the mass spectra of OA factors
and LV-OOA, respectively, in Sun et al. (2011c) (Figs. 1c, d are constant across the whole size ranges.
and S7c, d). Due to the absence of collocated measurement 6
of HCHO in Sun et al. (2011c), the PMF resolution was lim- MS;.; = ch-,j,p X MSon. 3)

p=1

f(x) = 1.00x b O

o
|

MS,j0a, This study
5
|

MScoa, This study

N
|

7] f(x) = 0.98x d
¥ =1.00

T fx=102x C
| =098

MS, 6.004 + Mo-00a, This study
MSv.00 + s0,-0a: This study

ited to 5 factors. Here, the OA mass spectra were re-analyzed

with PMF, and the resolution was extended to 6-factor, i.e.,

HOA, COA, NOA, LO-O0A, MO-OO0A, and LV-O0OA. The  where MS; is the mass spectrum of OA at size birand

results of this 6-factor solution are then compared with 8-time-stepi. mspa , is the normalized mass spectrum of

factor solution from PMF analysis of the combined spectraOA factor p, andc; ; , is the linear regression coefficients

in Fig. S8. Again, the POA factors of HOA and COA from in dMdlogDya (ug ni23) which is constrained to be non-

the two different approaches show much similarity in both negative. Note that the six OA spectra used for regression

spectral profiles and time series. While the spectral patternanalysis are the 6-factor solution results from PMF analy-

are overall similar, the OOA factors show some differencessis of the OA-only spectra. We also tried MLR analysis with
the eight OA factors determined from PMF analysis of the
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Fig. 2. (a)High resolution mass spectra of PMF factors. The mass spectra of OA##OBGand NG;-OA are enhanced by a factor of 3 and
10, respectively, for clarityb) Diurnal profiles of OA in each factor. The solid circles refer to mean values, and the gray shaded areas are
25th and 75th percentiles.

combined organic and inorganic aerosol spectra. The resultand COA from 6-factor solution, and OOA is approximately
are presented in Fig. S9 and compared with those from théhe sum of LV-OOA, MO-OOA, LO-OOA, and NOA. The
six OA factor analysis. As shown in Fig. S9, the average sizetracerm/z 44 andm/z 57 by subtracting its OOA contribu-
distributions of HOA, COA, NOA, LO-O0A, MO-OO0A, and tion (mainly GHsO™) were used to derive the size distribu-
LV-OO0A from the two analyses agree reasonably well. Con-tions of OOA and HOA, respectively, as described in previ-
sidering that the S@OA and NQ-OA factors are primarily  ous studies (Zhang et al., 2005b; Sun et al., 2011c; Ge et al.,
ammonium sulfate and ammonium nitrate, respectively, sim-2012). As shown in Fig. S10, the size distributions of HOA
ilar size distributions between sulfate andS0A, and be- and OOA from the two approaches show reasonably agree-
tween nitrate and NQOA are expected. However, we note ments across the whole day. While the size distribution of
that the size distribution of SEOA is quite different from  OOA is more similar, HOA has some differences with gen-
sulfate while that of N@OA is somewhat similar to nitrate. erally higher concentrations below 100 nm for the tracer-
One explanation is that the similar spectral patterns betweer /z method.

SOy-OA and LV-O0A, and the dominated two large peaks of

m/z 28 and 44 peaks in the spectrum of SOA might have

increased the uncertainties of linear regression coefficients3 Results and discussion

Thus, all the size distributions of OA factors in this study

are the results from MLR analysis of six OA factors from The mass spectral profiles of the eight factors and their di-
PMF analysis of OA spectra. In addition, only size-resolvedurnal variation patterns are shown in Fig. 2. The chemical
mass Spectra between 50-1200 nm were ana'yzed due to |09\pmp05iti0n Of eaCh PMF faCtor and the diStribution Of PMF
S/N ratio below 50 nm and above 1200 nm. The size distri-factors in each NR-species are shown in Fig. 3 and Table 1. In
bution of each OA factor is finally normalized by integrat- the following sections, we will discuss the mass spectra, di-
ing the signals between 50-1200 nm to the corresponding”na| variations, size distributions, and potential sources and
mass concentration of the factor. The MLR approach wagProcesses of these factors.

further evaluated by comparing with the results from tracer-
m/z based method. Because it’s difficult to find speaititz

for each factor, we only compared the MLR results of HOA
and OOA from 2-factor solution of PMF analysis of only
OA with those from tracem/z based method. Note HOA
from the 2-factor solution is approximately the sum of HOA

SOi-OA and NO3-OA

The SQ-OA factor is primarily composed of ammonium sul-
fate, which accounts for 82 % of the total mass of this factor
(Fig. 3b). The SQ-OA shows tight correlationr€ = 0.97)
with sulfate and the oxygenated ion (;Qm/z 44, r% =

www.atmos-chem-phys.net/12/8537/2012/ Atmos. Chem. Phys., 12, 85554, 2012
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& 4| ora 50,7 Nog 1, cni ¢ o —— € Thissuay Table 1. Summary of mass concentrations (ug#h of NR species
e e 5AI v 19% in PMF factors.
% 2 % za_ — R . PMF Factors  Org S® NO3 NHyz Chl
8 “I I I 'TF § 1«. I =0 T g 1% SOy-OA 0.785 2.665 0.003 0.920 0.004
Oag s's g sTsTsTg o g'5's':TE NO3-OA 0.118 0.060 0.387 0.140 0.011
$88°°7 494 o smetal 200 HOA 0.818 0.011 0.005 0.004 0.003
b - d " ) COA 0.741 0.015 0.004 0.002 0.000
0 7 1 NOA 0194 0036 0.021 0.007 0.000
¢ " g L LO-O0A 1.175 0.086 0.008 0.003 0.005
g %07 g 007 o MO-OOA 1.576 0.254 0.061 0.067 0.000
& o7 047 LV-O0A 1.278 0.030 0.001 0.054 0.001
0.2 0.2
0.0 — 0.0
¢ 28 NR-Species in the late afternoon. Such diurnal variation is consistent

with the diurnal profile of the equilibrium constankf) of

Fig. 3. (a, b)Chemical composition of PMF factors, i.e., mass con- . .
centrations and mass fractions of NR-species (organics, sulfate, ni'-\.lHaf(g)BHNQ”(g)_) N.HI4NOh3(S)’ Indlcatmgdthat thﬁ partho
trate, ammonium, and chloride) in each fac{or;d) Distribution of tioning between particle-phase nitrate and gas-phase

PMF factors in each NR-specidg) Average composition of OAin ~ Might have played a major role (Sun et al., 2011c). The ni-
this study and 5-factor OA (LV-OOA, SV-OOA, HOA, COA, and trate in the rest of the OA factors presents a pronounced noon
NOA) composition in Sun et al. (2011c). peak, consistent with the diurnal profile of gas-phase produc-
tion of HNO;3 (Fig. 5b), which illustrates a dominant source
of nitrate from photochemical production for these factors.
The results above suggest that PMF analysis of the com-
0.53; Fig. 4). Note that 18 % of the mass of this factor is bined OA and IOA is able to reveal the two different for-
organic with a high degree of oxidation (O#X.69). The  mation mechanisms of nitrate. Note that this factor contains
organics in this factor is the most oxidized among the eightthe majority of the total chloride (45 %) that mainly exists in
factors identified in this study (Fig. 2a). The diurnal profile the form of NH,Cl at the typical AMS vaporizer tempera-
of SO4-OA is relatively flat (Figs. 2b and 5a), very similar to tures (600°C). The similar volatile characteristics of N8I
that of sulfate (Sun et al., 2011c). These results suggest thais NH;NO5 further demonstrate the role of gas-to-particle
SOs-OA is a highly aged secondary factor which is likely partitioning in controlling this factor. The N§OA factor in-
from regional transport. Indeed, sulfate in the ,SQA fac- cludes 17 % fresh OA (O/& 0.14), likely due to the con-
tor contributes 84 % of the total sulfate mass, consistent withdensation of fresh organic vapors on the nitrate particles, es-
previous findings that- 90 % of sulfate in NYC is from re-  pecially at nighttime. Note that the majority of the nitrate
gional transport (Lall and Thurston, 2006; Qin et al., 2006). and sulfate signals are apportioned into NOA and SQ-
In comparison, sulfate in the rest of the OA factors shows apA, respectively, due to their different formation mecha-
pronounced noontime peak (Fig. 5a), in agreement with thenisms and evolution processes. Of importance, the OA mixed
peaking of gas-phase production rate @8@. It should be  within these two factors are quite different with different
noted that photochemical production of organosulfates mighipectral patterns and oxidation degrees, supporting their dif-
also have played a role in the noon peak. Nevertheless, thgerent sources and processes. In comparison, previous PMF
results suggest different sources of sulfate iy $IA com-  analysis of filter-based fine particle composition in New York
pared to sulfate associated with the other factors. In addioffered much less information of OA although separate fac-
tion, the SQ-OA factor contains negligible amount of ni- tors of secondary sulfate and secondary nitrate were also
trate, likely due to (1) different formation mechanisms, al- jdentified (Li et al., 2004; Qin et al., 2006).
though they are both secondary products, and (2) ammonium
nitrate is more volatile, which is less favorable for long-range3.2 HOA and COA
transport.

The NG;-OA factor is dominantly composed of ammo- Similar to previously identified POA factors in NYC (Sun et
nium nitrate (74 %) with the Nd’)/NO§r ratio (3.6) close to al., 2011c), the HOA and COA show mass spectral profiles
the value (3.5) determined in pure ammonium nitrate. Theresembling those from gas/diesel exhaust (Canagaratna et al.,
nitrate in NG-OA accounts for~ 80 % of total nitrate. The 2004) and cooking emissions (Mohr et al., 2009; Allan et al.,
diurnal cycle of NQ-OA shows elevated concentration in 2010), respectively. The HOA spectrum is characterized by
early morning when the air temperature is low and the rel-the hydrocarbon ion series oanl;nH and C,H}n_l, and
ative humidity is high (Fig. S10). The Nf&OA concentra-  very low O/C ratio £0.04), while the COA shows higher
tion drops rapidly during daytime and shows a minimum O/C ratio &0.13), and higher/z 55/57 ratio £2.9) — a
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(Sunetal., 2011cjb) nitrate in NG;-OA and the rest of OA factors,
Fig. 4. Correlation coefficients of PMF factors versus external trac- the estimated gas-phase production rate of HN&d equilibrium
ers. The correlation coefficients with the values larger than 0.6 aregnstant ofkp (Sun et al., 2011c).
marked as red.

signature indicating the presence of COA (Mohr et al., 2012).06:00-08:00 EST on 25 July when HOA dominated OA com-
The diurnal variations of HOA and COA are also consistentposition (35 %, Fig. 7c). The small particle mode gradually
with the emissions from traffic exhaust and cooking activities dissipates during daytime while the contribution of the large
which are characterized by the distinct peaks correspondingnode increases correspondingly. The average HOA size also
to the specific times, e.g., traffic hours in the morning andshows a considerable fraction at accumulation mode, likely
meal times at noon and evening. While the HOA shows tightfrom the emissions of large HOA particles and/or the growth
correlations with most of the tracers for primary emissions,of small HOA particles which are coated by secondary or-
e.g., NQ, Baps EC, etc., the COA shows the best correla- ganic and inorganic species (Massoli et al., 2012). The size
tion with some specific ions, e.g.3830" and GH100™ distribution of COA, however, shows a broad accumulation
(Fig. 4). HOA and COA together account for 23 % of total mode (peaking at 300 nm) at dinner time, such as the COA
OA, which is slightly lower than 30 % previously reported in dominant (57 % of OA) period between 17:00-21:00 on 2
NYC (Sun et al., 2011c). Note that the two primary factors August. The HOA and COA together account for a major
are almost completely organics 97 %) with little inorganic ~ fraction of ultrafine mode particles-(50 %) and show over-
ammonium sulfate and ammonium nitrate. This is evidenceall different size distributions from secondary species, con-
for different sources of primary organic particles and sec-sistent with the externally mixing characteristics of POA
ondary inorganic species. with secondary species.

Figure 6 shows the diurnal evolution of the size distribu-
tions of six OA factors and Fig. 7 presents the average siz&8.3 NOA
distributions for the entire study. The diurnal cycle of HOA
size distribution shows a bimodal distribution in both mid- The nitrogen-enriched OA (NOA) factor determined in this
night and morning rush hours when the small mode particlestudy shows similar spectral pattern to that reported in
peaking at~110nm are largely enhanced. Such feature isSun et al. (2011c), which is characterized by amine-related
further illustrated by the average size distributions betweerpeaks, e.g., CINT (m/z 30), GH4NT (m/z 42), GHgN™
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1.0
0.5
0.0
2.0 note that the NEI/NHJ ratio of 0.92 is quite different from
1'8 1.26 from ammonium nitrate ane 1.2 in SQ-OA and
05 NO3-OA (Table 2), which likely further indicates the pres-
0.0 ence of some N-containing compounds in addition to in-

organic ammonium. Figure 3b shows that the NOA factor
mixes a considerable amount of inorganic nitrate and sul-
fate (25% together) from the photochemical production at
Fig. 6. Diurnal evolution of size distributions of six OA factors from noon. We further calculated the particle acidity of the NOA
Iipea.tr regression technique, and sulfgte anq nitra}te. N.ote, aIIthfe sizactor by comparing the observed IX”'(NHImeasurea and
distributions were smoothed by 3 points using binominal algorlthmthat needed to fully neutralize %O, NO, and Chl, ie.
to reduce the noise. 4 -

NH; predict= 18 x (2 x SG~/96+NGC; /62+Chl/35.5) (Zhang

et al., 2007b). The NOA factor shows a high deficit oflRIH
(m/z 58), and GHioN't (m/z 72), etc. (McLafferty and  (NH} measure@NH3 predict= 0.35), indicating its acidic prop-
Turecek, 1993) and high N/C ratio (0.08 in this study). Con- erties. The acidic environment facilitates the conversion of
sistently, the NOA shows tight correlations with these amine-gaseous and basic amines to particles followed by the subse-
related ions, e.gr,2 = 0.94 for GHgN*. Our previous anal- ~quent condensation on pre-existing particles, consistent with
ysis indicated that the NOA is likely from the amines emit- the observations of broader size distributions of NOA (Figs. 6
ted from industrial and/or marine plankton emissions that areand 7) (Sun et al., 2011c).
oxidized and condensed on pre-existing particles via acid-
base chemistry. A recent study by the on-line measuremen3.4 LO-OOA and MO-OOA
of atmospheric amines in Atlanta with an Ambient Pres-
sure Proton Transfer Mass Spectrometer (AmPMS) observe®nly one SV-OOA factor was determined in Sun et
high concentrations of trimethylamine and triethylamine atal. (2011c). In this study, however, two SV-OOA factors, i.e.,
noon and in the afternoon when the photochemistry is thea less oxidized LO-OOA and a more oxidized MO-OOA,
most intense during the day (Hanson et al., 2011). Sim-were identified and show distinct spectral patterns and diur-
ilarly, we observed a pronounced NOA noon peak. Alsonal profiles. The mass spectrum of LO-OOA is characterized

0 2 4 6 810121416 18 20 22 24
Hour of Day
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Table 2. Summary of the fraction (%) of selected fragment ions, and ion ratios in eight PMF factors. The average ion ratios for the entire
study, and NG'/NO3 and NH; /NHZ from ammonium nitrate are also shown.

Factors NO NOJ NOT/NOJ NHY  NHI  NHI/NHI sot sOof sof sOf/sot  SOf/sOf
SOs-0A 0.08 131 157 1.20 161 196 329 1.22 0.20
NO3-OA 436 120 3.6 920 11.0 1.20 179 208 023 1.16 0.13
HOA 0.55 021 026 1.27 020 027 1.33

COA 0.50 021 001 0.04 0.40 0.60 1.50

NOA 6.81  1.56 4.4 142 131 0.92 319 403 054 1.26 0.17
LO-00A 0.63 0.22 114 142 071 1.25 0.62
MO-O0A 287 031 9.4 1.83  1.66 0.91 2.97 4.08 1.37

LV-O0A 0.09 170 217 1.28 0.16

Entire study 38 1.19 1.22 0.19
NH4NO3 35 1.26

by two prominent peaksp/z 29 (mainly CHO™) and 43  ter 13:00 s likely due to the further oxidation of MO-OOA to
(mainly GH3zO™), and shows much similarity to the SV- LV-OOA, consistent with the corresponding increase of LV-
OOA component resolved from PMF analysis of thermally- OOA. Figure 8a shows the time series of MO-OOA, HCHO
denuded OA spectra during SOAR-1 (Docherty et al., 2011).and G, (=03+N0Oy). Overall, similar time trends were ob-
Also, the low O/C ratio £0.27) and low fraction ofn/z 44 served for these three species. The daily correlations between
(2.6 %) for LO-OOA are consistent with those of SV-OOA MO-OOA and HCHO, MO-OOA and Qare significant dur-
in Docherty et al. (2011). In addition, the LO-OOA show ing days with intense solar radiation, exg= 0.88 and 0.90
high fraction of C.;Hyoir family (40%), most likely from  for MO-OOA vs. HCHO on 22 and 24 July, respectively. Fur-
carbonyl or alcohol function groups, while much lower con- ther, the diurnal cycle of MO-OOA is also very similar to that
tribution of C,(HyO§r family (5.3 %), mainly from carboxylic  of HCHO as shown in Fig. 8b. Our previous analysis showed
functional groups. The diurnal variation of LO-OOA shows that ~70% of HCHO in NYC is from the photochemical
some similarities to nitrate with higher concentration at night production,~ 44 % of which is from isoprene oxidation (Lin
and lower concentration during daytime, indicating their sim- et al., 2012). All these results suggest that MO-OOA is a
ilar volatile properties (Docherty et al., 2011). Note that a SOA product mainly from local photochemical processing,
small noon peak in the diurnal profile of LO-OOA is also ob- e.g., oxidation of biogenic VOCs. The diurnal size evolution
served. The mass spectral features and diurnal variation odf MO-OOA shows a much broader size distribution during
LO-OOA likely suggest that (1) LO-OOA is an intermediate the photochemical processing time, likely indicating the for-
aging product from freshly oxidized OA to highly oxidized mation of smaller particles from photochemical production
OA (Docherty et al., 2011), and/or (2) LO-OOA might be followed by condensation on pre-existing particles. Docherty
driven by the partitioning of organic vapors between gas andet al. (2011) identified a medium-volatility OOA (MV-OOA)
particle phase, which is facilitated by the high humidity and that comprises a higher-volatility MV-OOA (MV-OOA-hv)
low temperature. and a lower-volatility MV-OOA (MV-OOA-Iv) fraction dur-
The second OOA factor, i.e., MO-OOA, however, shows ing SOAR-1. The two MV-OOA factors correlate with,O
more oxidized properties with higher O/C ratie@.48) and  and WSOC significantly and show very similar diurnal cy-
higher fraction of C);Hyogr family (17 %). The mass spec- cles to that of MO-OOA in this study. Detailed analysis sug-
trum of MO-OOA resembles to that of OOA factor widely gests that the photochemical processing is the major source
observed at other sites (Ng et al., 2010), and also biogeniof these two factors, consistent with our conclusions.
OA (Slowik et al., 2010a; Sun et al., 2011a), although it ap- Further investigation of the case study on 22 July (Sun et
pears to show relatively lowe /z 43/44 ratio. Particularly, al., 2011b) also supports the photochemical production of
the spectrum of MO-OOA shows much similarity to a local MO-OOA with the processes co-varying with the solar ra-
SOA identified from PMF analysis of the unified dataset from diation and the formation of HCHO (Fig. S11). The initial
AMS and PTR-MS measurements (Slowik et al., 2010b).photochemical production in the early morning firstly leads
The local SOA was found to be associated with local photo-to an increase of MO-OOA, and then followed by an increase
chemical products of acetaldehyde and formaldehyde, indiof more aged LV-OOA after 13:00. The formation of LV-
cating that MO-OOA also likely represents a local SOA. The OOA is coincidently corresponding to the decrease of MO-
diurnal cycle of MO-OOA presents a pronounced noon peakOOA, likely indicating an oxidation process from MO-OOA
with the concentration starting to increase~a09:00 and to LV-OOA. The regional transport from the south, how-
peaking at 13:00. The subsequent decrease of MO-OOA afever, appears to play more important roles in controlling the
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a . 2010). These results together suggest that N@d Nq in
1000 4 3 MO-OOA factor is likely from the contribution of organic ni-
@ 503‘ H Ny k1A F 2 3 trates, especially at noon time, which are formed via the pho-
oo O +NO,) 2 tochemical oxidation of VOCs. The nitrate in MO-OOA fac-
5 80 tor contributes~ 12 % of total nitrate mass. If assuming that
§ Eg . N Ig!\ﬁwi"mwr\i "N,f'h, NO; fragments in MO-OOA are all from organic nitrates and
0 on average account for 10 % of total organic nitrate signal,

we estimate that organic nitrates in NYC contribut& %

of total organics. In addition, the ratio of NMNH in MO-
OOA factor is~ 0.9 which is lower than that of ammonium
(~1.2 in this study). This might also indicate the presence

i MO- OOA .

; i , i of nitrogenated organic compounds in addition to inorganic
s 24 ‘ ,' A ammonium. We also observed $@nd S fragment ions,

§ é*l ol | —at I M 41 .t,ﬁ q_, but very minor other sulfate-related ions, e.g.JS®ISC},

714 716 718 720 722 /24 726 728 7/30 81  8i3 and I—bSOI in MO-OOA. Unfortunately, we do not have evi-
97 4y s2a 2 % o o eg dence to conclude if these $@ons are from organic sulfates
gt AT [[*alel et $1T6, or ammonium sulfate.

& A O A o

05 Il4|15|16'17'18'19'20'21'22'23'24'25'26'27'28'29'30'31I 1 f 2 I 3 f 35 LV_OOA
b Date (July - Aug.)

s0d ? I 60 The LV-OOA factor determined in this study shows very sim-
o225 172 - 50 ilar spectral pattern to the previously reported LV-OOA (Ng
8204 21 - 400 etal., 2010; Sun etal., 2011c), which is characterized by high
%1-5 - ?é _ g O/C ratio &£0.59) andfa4 (15 %). The diurnal profile of LV-
T104 Qo5 B ?0 OOA is different from those of the other OA factors, showing

g'z: oo 'I"I“f'ol'olo’l*lﬁ .H,CH.O,_.‘_, C?XI N 720 a gradual increase from noon until late afternoon despite the

O 2 4 6 8 10 12 14 16 18 20 22 24 rising boundary layer. Note that the increase of LV-OOA ap-
Hour of Day pears to be associated with the decrease LO-OOA and MO-
_ _ _ o .. OOA, likely indicating a photochemical oxidation progress
Fig. 8. (a) Time series of solar radiation (SR)'and preupltatlon, from less oxidized OOA to highly oxidized LV-OOA. The
SA%(_BNO%\:;CE)C‘:Egﬁ;ﬁ&%ﬂ%ﬁ?ﬁg;‘s g?:i’n‘;?ggglt;osnsfm size distribution of LV-OOA presents a persistent and sin-
MO-O0A, HCHO, and Q for the entire study. gle _Iarge accumulatlon across the day.. Although .LV—OOA
is highly aged, it does not mix much with ammonium sul-
fate and ammonium nitrate, further indicating the different
sources of LV-OOA and highly aged OA in Q@A. Indeed,
variation of highly aged OA in S@OA factor, which shows  the correlation between LV-OOA and sulfate from the new
a gradual increase fromy 09:00 until 18:00, in agreement PMF analysis is weaker than that from PMF analysis of OA
with the air masses from the polluted regions to the south ofonly (-2 = 0.42 vs. 0.66). It appears that the previous LV-
NYC. Results here indicate that the OA evolution on 22 July OOA (Sun et al., 2011c) comprises two highly aged OA fac-
is an aging process mixed with local photochemical produc-tors primarily from regional (S@OA) and local contribu-
tion and regional transport. tions (LV-OOA). Consistently, the contribution of the sum
We also note that the MO-OOA factor contain0 % of  of highly oxidized SQ-OA (12 %) and LV-OOA (19 %) to
inorganic species, but the fragment ion patterns are quite difthe total OA is close to that of LV-OOA~ 30 %) reported
ferent from those of pure inorganic species (Table 2). For expreviously (Sun et al., 2011c). Also, the combined size dis-
ample, the ion ratio of NO/NOJ in MO-OOA factor is 9.4,  tribution of LV-OOA and SQ-OA is very similar to that of
which is much higher than 3.5 of ammonium nitrate alone.sulfate (Fig. 7), which is characterized by a large accumula-
High NO™/NO; ratio is an indication for the presence of tion mode peaking at 600 nm.
organic nitrates (Alfarra et al., 2006; Rollins et al., 2010), al-
though the ratio may vary depending on the specific HR-ToF-3.6 Evolution of OA
AMS instruments (Farmer et al., 2010). Alfarra et al. (2006)
reported a ratio of NO/NOJ of 7.5 and 5.1 for the pho- To further investigate the evolution of OA, the triangle plot
tooxidation of 1,3,5-TMB and-pinene with NQ, respec-  (faa VS. f43) (Ng et al., 2010) and the Van Krevelen diagram
tively. Similarly, high NOF/NOEL ratios were also observed (Heald et al., 2010) are presented in Fig. 9. The HOA, COA,
for NO3 oxidation of8-pinene ¢ 10) (Fry et al., 2009), vari- NO3-OA, and LO-OOA show similar low oxidative proper-
ous monoterpene{10-15) and isoprene<(5) (Bruns et al., ties with varying f43, which are located at the bottom of the
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Fig. 9. (a, b)Hourly averagedfs4 (fraction of m/z 44 in OA) vs. f43 (fraction ofm/z 43 in OA), andfCOgL (fraction of Cq in OA)

vs. fCoH30™ (fraction of GH30™ in OA). The fa4 Vs. fa3 andfCOér vs. fCoH30™ relationships for eight OA factors are also shown.

The dash lines irfa) and(b) refer to a triangular region that encompasses ambient OOA factors determined from PMF analyses of 43 AMS
datasets (Ng et al., 201(Q) Van Krevelen diagram for hourly averaged OA and eight OA factors. The dash lines indicate the changes of
H/C against O/C due to adding specific functional groups to an aliphatic carbon (Heald et al., 2010). The red and blue lines are derived from
the right and left lines in the triangle plot, and the light gray shaded region denotes + 10 % uncertainty (Ng et al., 2011).

triangular region. As aging progresses, OA evolves to the upvs. O/C in the Van Krevelen diagram. The initial oxidation
per corner and shows more similar oxidative properties toof POA shows a steeper slope thad, likely driven by the
MO-OOA and LV-OOA. However, the ensemble OA never functionalization by incorporating carbonyl groups (Ng et
reaches the high oxidation state of SOA. Since the trian-  al., 2011). The further oxidation of OA shows a shallower
gle plot represents an integration of OOA factors, in which slope ¢ —0.8), most likely from the additions of both acid
m/z 44 andm/z 43 are primarily Cq and GH30™, re- and alcohol functional groups with little fragmentation (Ng
spectively. It is of interest to check the relationship betweenet al., 2011). The evolution processes also lead to a change
fCOér (fraction of Cq in OA) vs. fCoH30t (fraction of  of the size distributions of OA factors (Fig. 7), and the size
CoH30™ in OA) (Fig. 9b). Clearly, different behaviors were appears to progress from smaller to larger particles as a func-
observed forfa4 vs. f43. The POA factors of HOA and COA tion of oxidization state.

are located at the left-bottom corner with the Iow¢§10§r

and fCyH30™, LO-OOA and NGQ-OA, however, reside in

the triangular region with highf CoH30™ yet similar low 4 conclusions

fCOJ, indicating their different sources and properties from

HOA and COA. It appears that the aging of OA is character-p\F analysis was performed for the first time to the com-
ized by two pathways. The initial oxidization of fresh OA, pined HR mass spectral matrices of organic and inorganic
e.g., HOA/COA appears to involve a synchronous increaseyerosols from the HR-ToF-AMS measurements conducted
of both fCOj and f CzHsO", and evolves into the triangu- 4t QC in NYC in summer 2009. In this study, eight factors
lar region first. The further oxidation of less oxidized OA, ere identified, including a SOA that contains primar-
e.g., LO-OOA/NQ-OA, however, appears to follow a trend jly ammonium sulfate and highly oxidized OA from regional
with a decrease of C;HzO* and increase of CO;. The  scale, a N@-OA that contains primarily ammonium nitrate,
two evolving trends are consistent with the evolution of H/C o POA factors, i.e., HOA and COA from traffic emissions
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and cooking activities, respectively, an amine-related NOAReferences

that mixes with acidic ammonium sulfate and nitrate from

local photochemical production, and three OOA factors, i.e.,Alken, A. C., Salcedo, D., Cubison, M. J., Huffman, J. A., DeCarlo,

a LV-OOA likely from further oxidation of OOA, a more

oxidized OOA (MO-0OO0A) and a less oxidized OOA (LO-

OOA). Each OA factor shows distinct mass spectral profile
and diurnal variation patterns that reflect its unique sources
and photochemical processes. The HOA and COA factors
contain minimum signals from inorganic species (ammo-
nium, sulfate and nitrate), highlighting the different sources

P. F., Ulbrich, I. M., Docherty, K. S., Sueper, D., Kimmel, J.
R., Worsnop, D. R., Trimborn, A., Northway, M., Stone, E. A,,
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