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Abstract. Submicron aerosol particles (AM were  are two distinct and mass-equivalent POA sources in NYC,
measured in-situ using a High-Resolution Time-of-Flight together contributing~30% of the total OA mass during
Aerosol Mass Spectrometer during the summer 2009 Fieldhis study. The OA composition is dominated by secondary
Intensive Study at Queens College in New York, NY. Organic species, especially during high PM events. SV-OOA and LV-
aerosol (OA) and sulfate are the two dominant species, acOOA on average account for 34% and 30%, respectively,
counting for 54% and 24%, respectively, of the total PM of the total OA mass. The chemical evolution of SOA in
mass. The average mass-based size distribution of OAYC appears to progress with a continuous oxidation from
presents a small mode peaking-at50nm (Dyy) and an  SV-OOA to LV-OOA, which is further supported by a grad-
accumulation mode~550 nm) that is internally mixed with ual increase of O/C ratio and a simultaneous decrease of
sulfate, nitrate, and ammonium. The diurnal cycles of bothH/C ratio in total OOA. Detailed analysis of NOA (5.8%
sulfate and OA peak between 01:00-02:00 p.m. EST duef OA) presents evidence that organic nitrogen species such
to photochemical production. The averageo( oxygen-  as amines might have played an important role in the atmo-
to-carbon (O/C), hydrogen-to-carbon (H/C), and nitrogen-spheric processing of OA in NYC, likely involving both acid-
to-carbon (N/C) ratios of OA in NYC are 0.36:0.09), base chemistry and photochemistry. In addition, analysis of
1.49 0.08), and 0.012+0.005), respectively, correspond- air mass trajectories and satellite imagery of aerosol optical
ing to an average organic mass-to-carbon (OM/OC) ratiodepth (AOD) indicates that the high potential source regions
of 1.62 @0.11). Positive matrix factorization (PMF) of of secondary sulfate and aged OA are mainly located in re-
the high resolution mass spectra identified two primary OAgions to the west and southwest of the city.

(POA) sources, traffic and cooking, and three secondary
OA (SOA) components including a highly oxidized, re-
gional low-volatility oxygenated OA (LV-OOA; O/C =0.63),

a less oxidized, semi-volatile SV-OOA (O/C=0.38) and al Introduction

unigue nitrogen-enriched OA (NOA; N/C =0.053) character-

ized with prominent GHoy, 2N peaks likely from amino  Aerosol particles play significant roles in climate change by
compounds. Our results indicate that cooking and trafficaltering the radiative balance of the Earth’s atmosphere di-
rectly and indirectly (IPCC, 2007). They also constitute a
threat to public health by increasing the risk of morbidity
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environments are of particular concern for their adverse ef-appeared to be related to traffic emissions as it intensified
fects on human health and regional air quality (Molina andduring morning rush-hour (Drewnick et al., 2004a). In addi-
Molina, 2004). The New York City (NYC) metropolitan tion, significant differences in aerosol composition and size
area is one of the most populous megacities in the worlddistributions were observed in winter at the same site due to
and among the most polluted cities in the US by fine PM different meteorological conditions and photochemical pro-
and ozone (American Lung Association’s Report, 2010).cessing (Weimer et al., 2006).
It is well known that atmospheric aerosols are influenced The AMS used during PMTACS-NY 2001 and 2004
by various emission sources and transformation processesvas equipped with a Quadrupole mass spectrometer(i.e., Q-
Characterizing the chemical composition and dynamic vari-AMS; Jayne et al., 2000) which generates unit mass reso-
ations of aerosols in large urban environments such as NYQution (UMR) spectra. In summer 2009 we returned to the
is important to unravel the complexities of anthropogenic same site with a new advanced version of the AMS — a High-
aerosols and supporting health outcome studies (DemerjiaResolution Time-of-Flight AMS (HR-ToF-AMS, termed as
and Mohnen, 2008; Wexler and Johnston, 2008). HR-AMS hereafter) (DeCarlo et al., 2006). Compared to the
A number of studies conducted in recent years characterQ-AMS, the HR-AMS is significantly improved on chem-
ized inorganic species (e.g., sulfate, nitrate, and ammonium)ical resolution and sensitivity. In particular, the high'z
carbonaceous material (e.g., organic and elemental carbomesolution of the HR-AMS allows most ion fragments, es-
OC and EC), and trace metal species in aerosols in metropolipecially those at lown/Zs (<100), to be resolved and their
tan NY (Schwab et al., 2004; Bae et al., 2006; Dutkiewicz etnominal elemental compositions (i.e., the ratios among car-
al., 2006; Qin et al., 2006; Venkatachari et al., 2006; Sundetbon (C), hydrogen (H), oxygen (O), and nitrogen (N)) of OA
Raman et al., 2008; Rattigan et al., 2010). Sulfate and OGo be determined (Aiken et al., 2008). Here we report the
usually dominate fine PM composition in the region. While main findings from this study, including (1) evaluation of
sulfate is mainly contributed by regional transport, organicHR-AMS based on the comparisons of measurements with
aerosol (OA) have contributions from both local and regionalcollocated instruments; (2) mass concentrations, size dis-
accumulation (Dutkiewicz et al., 2004; Lall and Thurston, tributions, chemical composition, and temporal and diurnal
2006; Qin et al., 2006). Particulate organic materials canvariations of PM species; (3) elemental composition of OA,
be classified as either primary OA (POA) from direct emis- and (4) characteristics and dynamic variations of OA com-
sions, e.g., fossil fuel and biomass burning, or secondary OAponents determined via Positive Matrix Factorization (PMF)
(SOA) from the oxidation of gas-phase precursors (Kanaki-of the high-resolution mass spectra (HRMS). Based on these
dou et al., 2005). SOA has been identified as a major conresults, the sources and processes of organic and inorganic
tributor to the fine PM burden in NYC, especially under sum- aerosol components in NYC are also discussed.
mertime conditions. Using the EC tracer method, Rattigan et
al. (2010) estimated that SOA accounted for 63—73% and 40—
50% of total OC during summer and winter, respectively, in2 Methods
South Bronx, NY. In addition, by analyzing ambient aerosol
data acquired with an Aerodyne Aerosol Mass Spectrome2.1 Sampling site and instrumentation
ter (AMS, Canagaratna et al., 2007), Zhang et al. (2007a)
reported that oxygenated OA (OOA), a surrogate for SOA, This study took place from 13 July through 3 August 2009 on
on average accounted for 70% and 50% of total OA mass irthe campus of QC (40.74, 73.82 W, ~25ma.s.l.; Fig. S1
Queens, NY during summer and winter, respectively. in the Supplement). The HR-AMS measurements were
Two AMS measurements were conducted in summer 200konducted inside the state-of-the-art Atmospheric Sciences
(Drewnick et al., 2004a, b) and winter 2004 (Weimer et al., Research Center Mobile Laboratory (ASRC-ML) (Schwab
2006), respectively, on the campus of Queens College (QCgt al., 2010) along with various fast-response aerosol and
in NYC as part of the PMs Technology Assessment and gas instruments. These instruments include a DMT single-
Characterization Study-NY (PMTACS-NY) — one of the EPA wavelength Photoacoustic Soot Spectrometer (PASS-1), a
supersite programs (Demerjian and Mohnen, 2008). Thes&SI Fast Mobility Particle Sizer (FMPS, Model 3091, 5.6—
real-time, highly time-resolved measurements of the con-560 nm) spectrometer, a TSI water Condensation Particle
centrations and size distributions of non-refractory submi-Counter (CPC, Model 3781), an Aerodyne Quantum Cascade
cron aerosol (NR-Pl) species (i.e., organics, sulfate, ni- Laser (QCL) Spectrometer for measurements of formalde-
trate, ammonium, and chloride) offered valuable insights intohyde and N@, a Li-COR CQ analyzer, a BTEX analyzer for
the chemistry, sources, and evolution processes of fine PNbenzene, toluene, ethylbenzene, and xylenes, and 2B tech-
in NYC (Drewnick et al., 2004a, b; Weimer et al., 2006; nologies analyzers for §) NO, and NQ. The ASRC-ML
Demerjian and Mohnen, 2008; Wexler and Johnston, 2008)was parked at Lot 6 (Site B in Fig. S1) during this study ex-
An interesting observation was a distinct small particle modecept for two mornings on 28 and 30 July, and two evenings on
(~70nm) of organics in summer that was externally mixed 27 July and 1 August when it was moved to Lot 15 (Site C in
with sulfate and nitrate (Drewnick et al., 2004b). This mode Fig. S1) to measure near-road traffic plumes. Lot 6 is located
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approximately 500 m south to the Long Island Expressway2.2 HR-AMS operation

(LIE, 1-495) and 1.2km east to the Van Wyck Expressway

(1-678), two high-traffic highways in the NYC metropolitan Ambient air was sampled isokinetically into the HR-AMS
area. Lot 15 is on the immediate south side of 1-495 andfrom a 1.0 inch (outer diameter) stainless steel tube with an
~500 m to the northeast of Lot 6. During part of this study, inline PM, 5 cyclone (URG-2000-30EH). The inlet of sam-
an Aerodyne Mobile Laboratory was also deployed, in whichpling line was positioned on the top of ASRC-ML &2 m

a novel Soot Particle-AMS (SP-AMS) was operated along-above the ground. The residence time of air between the in-
side a number of aerosol and gas instruments. let and the HR-AMS was estimatedabs. The HR-AMS

In addition to measurements from the mobile facilities, was operated under the “V” and “W” ion optical modes al-
aerosol and gas species were also measured inside a onternatively every 5 min. The V-mode is more sensitive while
story building (Site A in Fig. S1) situated at140 m north  the W-mode has higher mass resolution. Under V-mode op-
of Lot 6. This was the same sampling site for the PMTACS- eration, the AMS cycled through the mass spectrum (MS)
NY 2001 summer and 2004 winter campaigns. Detailed de-mode and the particle time-of-flight (PToF) mode every 30s,
scriptions of this site are given in Drewnick et al. (2004a) spending 10s and 20 s, respectively, in each mode. Size dis-
and Weimer et al. (2006). A key instrument deployed attribution data are reported in units of mass-weighted aero-
Site A is a Particle-into-Liquid Sampler (PILS) coupled with dynamic diameter. No PToF data were sampled in W-mode
two Metrohm Compact 761 lon Chromatography (IC) sys- due to limited signal-to-noise (S/N) ratio. However, the high
tems (Herisau, Switzerland). The IC systems were equippenass resolution{5000—-6000) of W-mode allows us to de-
with an A Supp 5-250 and a C 4 column, respectively, fortermine the ion-specific mass spectra and thus the elemen-
in-situ, simultaneous measurements of anions and cationtal compositions of OA (DeCarlo et al., 2006; Aiken et al.,
at 30 min time interval. Ambient air was sampled into the 2008). The HR-AMS was calibrated for ionization efficiency
PILS, in sequence, after a URG BNlcyclone, a VOC de- (IE) and particle sizing at the beginning and in the middle
nuder, and two URG 2000 annular glass denuders coatedf this study following the standard protocols (Jayne et al.,
with sodium carbonate and citric acid to remove acidic and2000; Jimenez et al., 2003; Drewnick et al., 2005). The de-
basic gases, respectively. The IC systems were calibrated evection limits (DLs) of NR-PM species were determined as
ery 3-5 days, and the denuders were regenerated every weektimes the standard deviations(3f the corresponding sig-

In order to account for volatile losses, a correction factor of nals in particle-free ambient air through a HEPA filter (Zhang
1.14 (=/0.88) suggested by Sorooshian et al. (2006) was apet al., 2005b). The 5-min DLs of organics, sulfate, nitrate,
plied for ammonium quantification. ammonium, and chloride are 57, 5, 4, 23, and 5 ng me-

In addition to the PILS-IC, other aerosol instruments de-spectively for V-mode and 110, 24, 30, 151, and 22ngm
ployed in the building include a Sunset Lab OC/EC Ana- respectively for W-mode, which are close to the values re-
lyzer, a long- and a nano- Scanning Mobility Particle Sizer ported in previous HR-AMS studies (DeCarlo et al., 2006;
(SMPS), a Thermo Electron 5020 Sulfate Particulate Ana-Sun et al., 2009).
lyzer (SPA), a Tapered Element Oscillating Microbalance
(TEOM), and an Aerodyne Aerosol Chemical Speciation2.3 HR-AMS data analysis
Monitor (ACSM). Note that the Sunset Lab OC/EC Analyzer
provides an optical measurement of EC (denoted as optica?2.3.1 Standard data analysis
EC) by laser transmission in addition to the standard ther-
mal measurement of EC (Rattigan et al., 2010). The opticalThe mass concentrations and size distributions of NR-PM
EC shows tight correlation with the thermal E€ & 0.86, species were analyzed using the standard AMS data analysis
slope =0.93) and also very good correlation with the light software (SQUIRREL v1.46, Sueper, 2010) written in lgor
absorption coefficientRgps r2:0.86) from DMT PASS-1  Pro 6.12A (Wavemetrics, Lake Oswego, OR). A collection
measurements. Here we use the optical EC due to its higlefficiency (CE) was introduced to account for the incomplete
time resolution (1-min) and hence a better characterizatiordetection of aerosol species due to particle bounce at the va-
of aerosol evolution. All the EC data cited in this study refer porizer (Ep) (Matthew et al., 2008) and/or partial transmis-
to the optical EC unless otherwise noted, while the EC valuesion of patrticles by the lens (Huffman et al., 2005). Previ-
quoted from other studies refer to the thermal EC. ous studies have shown that the particle loss is mainly due

All the data in this study are reported at ambient temper-to Ep which is primarily dependent on particle phase and
ature and pressure~(01 kPa) conditions in Eastern Stan- composition (Matthew et al., 2008). A CE=0.5 has been
dard Time (EST), which equals Coordinated Universal Timewidely found to be representative for ambient particles in
(UTC) minus 5h or local time (i.e., East Daylight Time — many AMS studies (Canagaratna et al. 2007 and references
EDT) minus 1 h. therein). High CE values were also observed for the am-

bient particles with high fraction of nitrate (Crosier et al.,
2007; Matthew et al., 2008), high acidity (Quinn et al., 2006;
Kleinman et al., 2007), high particle phase water content or
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high organic liquid content (Matthew et al., 2008). Given that The “weak” ions with S/N between 0.2 and 2 were down-
the aerosol particles in this study are overall neutralized (seeveighed by increasing their errors by a factor of 2 (Paatero
Sect. 3.5.4) and that ammonium nitrate accounts for a minoand Hopke, 2003; Ulbrich et al., 2009). In additiom®,
fraction of total NR-PM mass for most of time, a CE=0.5is HO™, O™, and CO" were removed from the data and error
used for the AMS quantitative analysis. The value of 0.5 wasmatrices before the PMF analysis because they were deter-
further validated based on inter-comparisons with collocatedmined according to the relationship with go Including
measurements (see Sect. 3.1) and is consistent with the Chese ions may introduce additional weight to C@Ibrich
values observed in previous AMS campaigns at the same sitet al., 2009). They were inserted back into the mass spectral
(Drewnick et al., 2003, 2004a; Hogrefe et al., 2004; Weimermatrix after the PMF analysis.

et al., 2006). However, using a constant CE value may in- A summary of the PMF results is presented in Fig. S2.
troduce an uncertainty 0f20-30%. Relative ionization ef- After an extensive evaluation of the mass spectral profiles
ficiencies (RIEs) of 1.4 for organics, 1.2 for sulfate, 1.1 for and time series of different number of factors and the rota-
nitrate, and 1.3 for chloride were used as previously reportedional forcing parameter, fPeak, the 5-factor solution with
.(Allan et al., 2003b; Jimenez et al., 2003). The RIE for am-fPeak =0 0/ Qexpected= 3.6) was chosen. The OA com-
monium was determined at 4.0 based on the analysis of purponents of the 5-factor solution solved under different fPeak

NH4NO3 particles during this study. values show very similar mass spectral patterns and time se-
ries (Fig. S2). The direct comparisons of the mass spectra
2.3.2 High resolution mass spectra analysis and time series of 4-factor and 6-factor solution are shown

in Fig. S3. The 4-factor solution does not resolve the small,
The HRMS of both V- and W-mode were ana- yet distinct, fifth factor 6% of total OA) (see Sect. 3.5.4
lyzed using the PIKA v1.06 - software toolkit for details). The 6-factor solution splits the semi-volatile OA
downloaded at http://cires.colorado.edu/jimenez-group/ (SV-OOA) into two components for which we cannot offer
ToFAMSResources/ToFSoftware/index.htniThe W-mode  a physically meaningful interpretation. We therefore choose
spectra were analyzed to determine the elemental compahe 5-factor solution. A detailed list of reasons for the selec-
sitions of ion fragments, and subsequently the H/C, O/C tion of the 5-factor solution is given in Table S1.
N/C, and OM/OC ratios of OA (Aiken et al., 2008). Since
the organic HO*, HO', O, and CO signals were not 2.4 Air mass trajectories and aerosol optical depth
measured directly due to large uncertainties, they were ) ) o
scaled according to the intensities of the organicjCO 3-day back trajectories arriving at QC were calculated ev-
signal using the ratios suggested by Aiken et al. (2008) £y 1h over the time period of this study using the National
ie., CO+:CO§, H,Ot =0.225 Cq, HO' =0.25 KO+ Oceanic and Atmospheric Administration (NOAA) HYS-
and O" =0.04 BO*. Additionally, elemental analysis was PLIT 4.8 model (Draxler and Rolph, 2003) and the mete-
also performed to the V-mode spectra using the same io@rological input from Air Resources Laboratory FNL data
fragments identified for the W-mode spectra. Very similar archive. 490 trajectories in total were obtained. These trajec-
OIC, H/C, and OM/OC ratios as those from W-mode weretories were then categorized into four clusters, i.e., cluster 1
observed. However, the V-mode N/C ratios are on average #0m northwest (7.3% of time), cluster 2 from west (37.3%
factor of 2 different from the W-mode results, due to larger Of time), cluster 3 from the Atlantic Ocean (24.5% of time),
uncertainties in quantifying >@-in§ ions using the lower and cluster 4 from southwest (30.8% of time), using the tra-

resolution V-mode spectra. jectory cluster analysis of the HYSPLIT 4.8 model.
Aerosol optical depth (AOD) was retrieved from the
2.3.3 PMF analysis of high resolution mass spectra observations at wavelength of 550nm made by National

Aeronautics and Space Administration (NASA) Moderate

PMF analysis (Paatero and Tapper, 1994) was performeéfesolution Imaging Spectroradiometer (MODIS) onboard
to the HRMS, i.e., the ion-speciated W-mode spectra, usihe Terra satellite. The Collection 5 level 2 data was used in

ing the PMF Evaluation Toolkit (PET) v2.02 (Ulbrich et al., this study Gttp:/ladsweb.nascom.nasa.gov/browsages/
2009). The error matrix for PMF analysis was determined!2-browser.html?form=AADS&browseType=Level+p
based on propagation of errors of Poisson counting statisticd e algorithm of retrieval and validation of retrieved AOD
and electronic noise (DeCarlo et al., 2010). The peak fit-IS described in detail in Remer et al. (2005).

ting errors calculated from the residuals of PIKA fitting were

also considered for small ions situated in close proximity to

large ions. lons with S/N ratie:0.2 were removed from the

HRMS data and error matrices before PMF analysis. Ex-

cluding these noisy ions improves the differentiation of OA

components, but has little impact on the mass concentrations

since they together account for oni2% of total OA signal.

Atmos. Chem. Phys., 11, 1581602 2011 www.atmos-chem-phys.net/11/1581/2011/


http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://ladsweb.nascom.nasa.gov/browse_images/l2_browser.html?form=AADS&browseType=Level+2
http://ladsweb.nascom.nasa.gov/browse_images/l2_browser.html?form=AADS&browseType=Level+2

Y. -L. Sun et al.: Sources and processes of organic and inorganic aerosols in NYC

1585

30 (a) Total — AMS Total 3 r_n‘ = o _
A A — TEoM S oD, J0=068x+391 £ 2T =250
20 H 20 = = 30 4 320—2_ +
I = 2 RS =207 =0.79
10 ) 0we I £ T 815
5 520 g
: ;
20 o 2 10 S 5. )
15 5 i '
10 9 <o e o e e
: 3 0 10 20 30, 0 2 4 6
12 TEOM PM, 5 (ug/m”) Sunset OC (ugC/m”)
s e Jfw=071x  “g£ ®T=075x -
e 122 . > +
£ 4 2 =090 . - 2
g ° + PILSIC G- =
20 28 PLSIC J3l, g
= 4 = % 5
;’. 3 (% 4 b=
[%) )
z 2 £ o=, © =
¢ 1 ¢ < <
T s Q 0 4 8 12 012345
— PILS-IC - = PILS-IC/SPA Sulfate (ug/m’; PILS-IC Nitrate (ug/m”)
-4 « o
N 6 £0.5 _
Z f(x) = 0.76x ) £ f(x) = 0.35x
A Pabdth, By ol e
\n i A r w ~
T T T T T T

0.20

0.15

0.10

0.05

0.00 L L L L

7114 7116 7/18 7/20 7/22 7/24 7/26 7/28 7/30 8/1
Date & Time (EST)

r T T T
Chlorid — AMS
() Chloride - — PILS-IC

AMS Ammonium (ug/ms)

L
8/3

0.00.10.20.30.40.5

0
PILS-IC Chloride (ug/m")

2

4
PILS-IC Ammonium (ug/m’.

Fig. 1. Inter-comparisons between the NR-PMass concentrations measured by the HR-MS vs. the data acquired by collocated instruments:
(a) total (=organics + sulfate + nitrate + ammonium + chloride) vs. oRNhass by a TEOM(b) organics vs. PMg OC by a Sunset Lab
OC/EC Analyzer, andc—f) sulfate, nitrate, ammonium, and chloride vs. those measured by a PIL@}I@so shows the comparison

with PMy 5 sulfate by a SPA(a’-f’) are the scatter plots with the linear regression parameters and the 1:1 line (dash line) shown for the
comparisons.

trate (Drewnick et al., 2003; Drewnick et al., 2004a; Weimer
et al., 2006). However, a CE value of 0.43 was applied in
those studies vs. CE=0.5 used in this analysis.

While the chloride concentrations measured by the HR-

Figure 1 shows the inter-comparisons of measurements b\MS correlate with those by the PILS-IC-{= 0.47,

the HR-AMS and other collocated instruments. Over- Fig. 1f’), the HR-AMS on average reports onh85% of the

all, the HR-AMS results correlate well with those of chloride measured by PILS. In addition, there are times when
TEOM, PILS-IC, SPA, and Sunset Lab OC/EC An- the AMS-chloride is much lower than the PILS-chloride
alyzer ¢2 = 0.47 — 0.90). NR-PM. in total (=sul- (e.g., 09:00 a.m.—20:00 p.m., 31 July, Fig. 1f). This is prob-
fate + nitrate + organics + ammonium + chloride) reports 68%ably because the HR-AMS measures primarily NR-chloride
of the TEOM PMs mass, mainly because the HR-AMS (e.g., in the form of NHCI) and is insensitive to refractory
only detects PM and does not respond to refractory com- species such as NaCl and KCI at its vaporizer temperature
ponents such as black carbon and crustal materials. An inof 600°C. Indeed, significantly elevated signals of chloride
tercept of 3.91 ug m? for the linear regression of AMS total (€.9., *°CI™ and 3’CI*) are observed in the “closed” (or
vs. TEOM mass is likely due to the losses of semi-volatile “background”) mass spectra acquired during this study, in-
materials at 50C inside TEOM (Eatough et al., 2003). The dicating the detection of considerable amounts of refractory-
AMS sulfate, nitrate, and ammonium account far1-76%  chloride. Refractory species, such as lead, evaporate slowly,
of those in PM 5 from PILS-IC measurements wittf rang- ~ Yet continuously, on the AMS oven and thus show elevated
ing between 0.62-0.90. These comparisons are consistegtgnals in the “background” spectra (Salcedo et al., 2010).
with previous observations at other urban sites, e.g., PittsGiven the proximity of NYC to the Atlantic Ocean, sig-
burgh (Zhang et al., 2005b), Tokyo, Japan (Takegawa et al.hificant amounts of refractory-chloride are likely present in
2005), Toronto, Canada (Buset et al., 2006), and Mexicodirborne PM.

City (Salcedo et al., 2006). Note that during PMTACS-NY  Although the HR-AMS organic concentrations show tight
2001 and 2004 the correlations between Q-AMS and PILS-correlation with the OC concentrations measured by a Sunset
IC measurements were close to 1:1 for both sulfate and niL.ab OC/EC Analyzer? =0.79), the linear regression slope

3 Results and discussions

3.1 Inter-comparisons

www.atmos-chem-phys.net/11/1581/2011/ Atmos. Chem. Phys., 11,1682-2011
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of 2.59 is higher than the average OM/OC ratio of 1.62 deter—Talble 1. Summary of the mass concentrations ( jgnof NR-
mined via elemental analysis of the HRMS (Sect. 3.3). ThePNI S écies OA é’om onents. and EC H

typical OM/OC ratios observed at urban sites range6— 1P ' P ‘ '
1.8 (Turpin and Lim, 2001; Takegawa et al., 2005; Zhang

et al., 2005b; Bae et al., 2006; Aiken et al., 2008). Weimer

Average b Median Minimum Maximum

et al. (2006) also observed relatively high slopes of 2.06— Organics 6.34 3.2 5.76 1.03 27.7
2.72 in winter 2004 at QC comparing Q-AMS vs. Sunset ;\\/;_%%AA 12%3; 11":’3% 11'226 %%i g%%
OC measurements. Possible reasons for this discrepancy in- oa 037 055 0.76 0.00 3.66
clude: (1) evaporative losses of semi-volatile species during  coa 1.02 0.96 0.63 0.01 5.61
the carbon analysis, which is consistent with the observation = HOA 091 0091 0.21 0.08 6.54
that semi-volatile organic species compose a large fraction Sulfate 2.82 181 2.71 0.13 121
of OA in NYC (see Sect. 3.5.1), (2) “over-correction” of the /T:g;tgnium (1)'32 g'gg 222 g'gz g'g‘;
OC data using the blank filter values (Bae et al., 2006), and -y, oride 0.03 003 002 <D.L.Aa 0.20

(3) underestimation of the CE value for organics. Note that gc 0.70 0.54 057 <D.L. 6.21

in a previous AMS study in Pittsburgh, Zhang et al. (2005b) Total 11.7 5.43 11.1 2.08 35.8

applied a CE value of 0.7 for organics and CE=0.5 for in-
organic species based on the observations that the small@petection Limit _ _ _

mode organics appeared to be externally mixed witIf{SO Total = organics + sulfate + nitrate + ammonium + chloride + EC.

NO; and Nl-[f and that the small mode particles appeared to

be primarily sooty combustion particles for which the trans- )

mission and detection is close to 1 in the AMS according toSimilar betvgveen this study (11.7 ugt and summer 2001
laboratory studies (Slowik et al., 2004). Although the chem- (12-51g ) (Drewnick et al., 2004a; Weimer et al., 2006).
ically resolved size distributions of this study also suggested1OWeVer, on average sulfate 4s31% lower and organics
external mixtures of the small mode organics and the inor-"9% higher in 2009 compared to 2001. The decrease in sul-
ganics, we did not see clear indication that the CE valueda!€ IS consistent with the statewide reduction in,Stis-
should vary significantly according to particle size or com- SIons in New York over the years (e.g., by more than a fac-
position. For example, the correlations between AMS OM tOr of 2 from 2001 to 200%http://www.dec.ny.gov/chemical/
and Sunset Lab OC are independent on the mass fraction ot+328:ntm), for which the introduction of ultra low sulfur
the small mode organics or the fraction of hydrocarbon-like di€S€l fuél starting in 2006 is part of the mitigation measures.
OA (Fig. S4). Given that using CE = 0.5 for inorganic species HoWever, differences in wind patterns between the 2001 and
is supported well by the intercomparisons with other particle2009 study periods might have also played an important role
measurements (Fig. 1) and that the major fraction of the or{Or the concentration differences.

ganics appears to be internally mixed with the inorganics, our While nitrate overall represents a minor fraction of
decision of using CE =0.5 for all species seems to be validPM1 (4.2%), high fraction of nitrate (up to 30-40% of
and the organic mass concentrations reported in this studf{’M1) are observed during some time periods (e.g., 02:00—

are unlikely biased. 04:00a.m., 22 July, Fig. 2). The average EC concentration of
0.70 ug nT23 (6% of PMy) is close to the values observed in
3.2 Mass concentration, composition, and NYC previously, e.g., 0.7% 0.20 ug nT3 from 2002—-2004
diurnal variation of submicron aerosol particles at QC (Bae et al., 2006) and 0.5-1.4 pgirfrom 2006—

2008 at South Bronx (Rattigan et al., 2010). In compari-
Figure 2 shows the time variations of total Plvhass, the son, the EC concentrations observed in rural NY were typ-
mass fractional contributions of individual species, and theically 2—4 times lower, e.g., 0.180.20 ug m3 at Pinnacle
meteorological conditions during the entire campaign. TheState Park (Bae et al., 2006) and 0.31 and 0.36 ¢y me-
PM3 concentration and composition vary dynamically with spectively, at Potsdam and Stockton (Sunder Raman et al.,
high aerosol loadings generally associated with southerly2008). A weekday vs. weekend comparison of the concentra-
wind. Low PM; loading periods typically occur with north-  tions of NR-PM species shows almost no difference (1.5%)
westerly wind. The total mass concentrations of jP(ifh- for sulfate yet~8-28% lower concentrations for the other
cluding EC) vary between 2.08 and 35.8 pghuuring this ~ NR species during weekend. EC shows the largest decrease
study. Organics frequently comprise the largest fraction of(on average 35%) during weekend, similar to the observa-
PM; with sulfate being the second largest (Fig. 2d). On aver-tions made in South Bronx (Rattigan et al., 2010). The av-
age, organics and sulfate account for 54.3% (24.5-96.5%¢rage diurnal cycles of aerosol species are shown in Fig. 3.
and 24.2% (0.7-54.8%), respectively, of Pivhass (Ta- Organics show a small early morning peak between 05:00—
ble 1). The dominance of organics and sulfate is similar06:00 a.m. (i.e., 06:00-07:00a.m. local time) and a distinct
to previous observations at the same site in summer 200&arly afternoon peak between 12:00-14:00 p.m. The morn-
(Drewnick et al., 2004a). The average loading offHMalso  ing peak correlates with that of EC, which is primarily due
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to local traffic emissions. The early afternoon peak of or- ~0.35 pg nT2 from 08:00 a.m. to 14:00 p.m., is much lower
ganics is mostly contributed by oxygenated species as théhan the observed-1 ug n3 increase of sulfate (Fig. 4a),
result of photochemical formation of SOA and by emissionsindicating that regional transport and/or aqueous processes
of POA from cooking-related activities as well (Sect. 3.5.3). may have played a significant role controlling sulfate con-
The high concentration of organics at night is likely due to in- centration in NYC. Indeed, the relatively flat diurnal pattern
creased traffic from heavy duty diesel trucks (to avoid com-and a general trend of multi-day build-up signify the regional
muter traffic; Venkatachari et al., 2006) compounded withinfluences on sulfate in NYC, consistent with the regional
less dilution due to shallow boundary layer. Indeed, substaneharacteristics of sulfate in the northeastern US (Dutkiewicz
tially elevated EC (Fig. 3a) and HOA — a surrogate for traffic et al., 2004; Zhang et al., 2005b; Qin et al., 2006).
related POA (Sect. 3.5.2) — are clearly seen at night. Both nitrate and chloride show similar diurnal cy-
Sulfate shows an early afternoon peak afl3:00- cles with peak concentrations appearing in early morn-
14:00 p.m., similar to that observed in summer 2001ing (04:00-07:00a.m., Fig. 3d, f). The diurnal cycle
Drewnick et al., 2004a). In order to investigate the sourceof nitrate is mainly driven by HN@ production, gas-to-
of this peak, the diurnal production rate of sulfuric acid was particle partitioning to form ammonium nitrate, and bound-
estimated based on the gas phase bi-molecule association rary layer dynamics (Seinfeld and Pandis, 2006). Fig-
action of SQ@ + OH+M — HOSO + M. The OH concentra- ure 4b shows the production rate of Hjl@stimated from
tion data used for the calculation was acquired in the saméhe reaction of N@+ OH+—HONO, + M, which is the
month during PMTACS-NY 2001 at the same location (Ren main formation mechanism of nitrate during daytime, and
et al., 2003). The calculation formula is presented in Ap-the diurnal profile of the equilibrium constank{) of
pendix A and the diurnal profile of the production rate of NH3(g) + HNO3(g) <> NH4NO3(s) (see Appendix A for cal-
sulfuric acid is shown in Fig. 4a, in which gaseous «CO culations). Note that the formation of NNOgz(s) is also
is used as an indicator of dilution associated with changesontrolled by the acidity of particles as acidic particles re-
in boundary layer height. The gas phase production ratdain very little nitrate (Zhang et al., 2007b). However, since
of sulfuric acid peaks at early afternoon as sulfate doesPM; appears to be bulk neutralized for a large fraction of
counteracting the dilution associated with higher boundarytime during this study (Sect. 3.5.4), the overall influence of
layer that clearly leads to a gradual drop in the concentraaerosol acidity on ammonium nitrate production is very small
tions of primary emission species (e.g., £0Oy, EC, and  and the gas-to-particle partitioning of NNO3 is primarily
HOA) during daytime. The integrated increase of sulfate controlled by temperature and RH.
due to gas phase production o§$0;, which is estimated at
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o

(Fig. 4b), as well as the occurrence of several nighttime ele-

”% 12 § vated nitrate events (Fig. 2d), may also be due to nighttime
31 gj ;; heterogeneous hydrolysis of,@5 — a reaction product of

Y 0o EX NO; and nitrate radical (Brown et al., 2003). The hydrolysis
— 8 N processes is favored by the high RH at night. These results
£ s § suggest that gas-to-particle partitioning of HN@&nd noc-

g ‘2‘ ; turnal processing control the diurnal variation of nitrate in
° 5 Z NYC. Similar diurnal pattern of nitrate was observed in Pitts-
T 4 N burgh (Zhang et al., 2005b), Ontario, Canada (Rupakheti et
g 2 ;i al., 2005) and at the same site in summer 2001 (Drewnick
~'o< 1 § et al., 2004a). However, significantly different patterns were
@ .9 = observed in both Mexico City (Salcedo et al., 2006; Aiken
£ 10 g et al., 2009) and Beijing in 2006 (Sun et al., 2010), where
208 g daytime photochemical production of HN@ much faster

'czs’ >3 g likely due to considerably higher NGemissions. The diur-

0.0 - nal cycle of ammonium is very similar to the sum of sulfate
e 15 g and nitrate as it presents mainly in the form of ammonium
3 10 % sulfate and ammonium nitrate.
£ 05 g
ZO%Z it 3.3 Bulk composition and elemental ratios of OA
E £
goos Zzz% Figure 5 shows the average HRMS of OA based on the con-
5 222 s i = £ tributions of elements and ion categories. Thiz44 peak,

0 2 4 6 8 10 12 14 16 18 20 22 24 mainly contributed by CQ (92%, Fig. 5c), is the base peak

Hour of Day (EST) in the spectrumm/z57 (~2% of OA), which has been sug-

gested as an AMS spectral tracer for HOA (Zhang et al.,
Fig. 3. Diurnal profiles of the mass concentrations (solid black cir- 2005a), is also a significant peak. However, on average only
cles) and the size distributions of EC, organics, sulfate, nitrate, am709 of signal am/z57 is the hydrocarbon ion _4e|5r and
monium, and chloride. the rest 30% is associated withid€s0" (Fig. 5¢). The bulk

mass-based composition of OA in NYC is dominated by car-

() bon (62.1%) and oxygen (29.3%) with a minor contribution

380~ 40 ] _ from hydrogen (7.7%) and nitrogen (0.8%). All of the el-
§37o ; . 72 ements peak at01:00 p.m. due to photochemical produc-
;‘; 3 ] o tion and enhanced cooking emissions despite deeper bound-
0307 3 "B ary layer (Fig. S5). A small morning peak of C, H, and N
350 , occurs betweern-05:00-06:00 a.m. due to local traffic emis-
(b) sions and shallow boundary layer, consistent with that of EC.
2-031015 2 08 - In contrast, the average mass fractions of elements show rel-
e g EN- atively flat diurnal patterns except for slightly higher contri-
Zoe ze butions of C in the morning and of O during the afternoon
0572 - (Fig. 5d). On a daily basis, the O/C ratio of PMaries be-
00 R B N B B B I L I I L L L tween 0.31-0.40 and OM/OC between 1.56-1.67 (Fig. 5e).

T
0 2 4 6 8 10 12 14 16 18 20 22 24
Hour of Day (EST)

The averageH£1c) OM/OC ratio for the entire study is
1.62 £0.11), which is consistent with the value of 160.2)

Fig. 4. Diurnal cycles ofa) sulfate, estimated gas phase production SUg9ested for urban aerosols (Turpin and Lim, 2001). The
rate of SOy, and CQ and (b) nitrate, estimated gas phase pro- OM/OC ratios determined from a multi-year study at QC
duction rate of HN@, equilibrium constant ok, for ammonium by comparing the reconstructed R¥mass and OC vary
nitrate, and CQ. between 1.27 and 2.01 (Bae et al.,, 2006). The O/C ra-
tio (0.364 0.09) of this study is also consistent with AMS
observations at other urban sites, e.g., Mexico City (Aiken
Despite intense daytime production of Hl(at peak rate et al., 2008), Tokyo (Takegawa et al., 2005), and London
of 5.6 ugm 3 h~1, Fig. 4b), the diurnal cycle of nitrate shows (Allan et al., 2010). The OM/OC and O/C ratios both in-
overall similar variation pattern as that &, which de- crease gradually from morning to late afternoon due to en-
creases during daytime and reaches minimuG:00 p.m.  hanced photochemical SOA formation (Fig. 5e). The H/C
EST. However, the higher concentrations of nitrate at nightratio (1.49+ 0.08) shows an opposite diurnal pattern with a
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ratios. The inset pie charts {g) and(b) show the average mass fractions of elements and ion categories, respectively. The average elemental
and OM/OC ratios of OA are also shown in the legende)f

significant morning peak due to local traffic influence. While

— 20
g chl the average N/C ratio of 0.012:0.004) is similar to the
NO | 15 values observed from previous HR-AMS studies (DeCarlo
Soj et al., 2008; Aiken et al., 2009; Sun et al., 2009), periods

with much higher N/C ratio{0.03-0.04) are also observed,

dM/dlogD,, (ug/m’)
o))
|

[
5
(_wybr) **gbojp/rer01p

4 — likely due to the formation of N-containing organic com-
pounds (Sect. 3.5.4).
2 =5
w 3.4 Chemically-resolved size distributions of submicron
b) 0T NIRRT 0 aerosol particles
1.0 - The average size distributions of aerosol species and the size-
- 0.8 resolved aerosol composition for the entire campaign are
2 shown in Fig. 6. We derived the size distribution of EC
S 0.6 based onmm/z57 after removing the contribution of;850™
(s (Fig. 7), assuming that the distribution pattern of EC mir-
§ 0.4 rors that of QH;,r — a dominant hydrocarbon ion at/z
= 57 (Fig. 5c). The rationales behind this assumption are:
' (1) C4H5L (or m/z57 of the unit resolution AMS data) is
0.0 - an AMS spectral tracer for HOA (Canagaratna et al., 2004;
4567 100 2 3 4567 1000 Zhang et al., 2005a; Aiken et al., 2008) and (2) HOA is a sur-

rogate for combustion-related POA in urban areas (Zhang et
al., 2005c, 2007a; Jimenez et al., 2009; Ulbrich et al., 2009;

0 6. A ize distibutions q&) rati g Allan et al., 2010; Ng et al., 2010). Indeed4H corre-
ig. 6. Average size distributions mass concentrations an . 2 2

(b) fractional compositions of submicron aerosol species for the en-lates We!l W'_th EC {°=0.42) and NQ, (f’ B 9'61)_' The,
tire study. The size distribution of EC was estimated based on thafiSSUMptioN is also supported by the similar size distributions

of m/z57 after removing the contribution ofE50™ . betweenm/z 57 and BC from the SP-AMS measurements
of exhaust plumes of heavy duty trucks and Metropolitan
Transportation Authority (MTA) standard buses during this
campaign (Massoli et al., 2010). However, sincgHgO™

Dya (nm)
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Fig. 7. Diurnal evolution of the size distributions ¢d) m/z44, (b) m/z57, and(c) C4H;. (d) The average size distributions wfz57, m/z
44, C4HZ, and sulfate for entire study.

contributes~30% of them/z57 signal during this study, the McFiggans et al., 2005; Zhang et al., 2005b; Takegawa et
size distributions om/z57 may be influenced by oxygenated al., 2006; Weimer et al., 2006; Huang et al., 2010; Sun et
species that are secondary in origin. The poor correlatioral., 2010) and in a chamber study on mixing and partitioning
between GHsO* and QH;; (r?=0.14) indicates their dif- of semi-volatile SOA and POA related to vehicle emission

ferences in sources. Similarly, Liggio et al. (2010) observed(Asa-Awuku et al., 2009).

at a rural site of Ontario, Canada that the ratios gfl§O™ During this study, ultrafine particles<00nm) are al-

to C4H5r in aerosols increased with the photochemical age,most completely composed of carbonaceous material with
suggesting the association ofl@sO" with SOA or oxidized  EC contributing 24% of total mass and OA contributing an

POA. average 73%. EC is only a minor mass fractionb¥o)

We estimated the size distribution o§lgs0* according of particles larger than 200nm. The accumulation mode
to that ofm/z44, which is an AMS spectral tracer for OOA aerosols are mainly composed of organics and sulfate, which
(Zhang et al., 2005a). 4Bis0™ correlates well withm/z44  together account for80% of the total mass.

(r? = 0.73) and moderately with sulfate{= 0.29), a well- o

known secondary inorganic aerosol species. The size distriS> DPetermination of OA components and

butions ofm/z44 and sulfate also closely resemble each other characterization of their sources and processes
(Figs. 7 and 3c). Note that upon these treatments, the ags
cumulation mode of EC may nevertheless be overestimateﬂ
becauseff .the contribution of OOA tQ‘B; (NlO%,Of the tion and mass spectral patterns (Fig. 8) that are indicative
total G4Hg signals on average, Sect. 3.5.2), especially in [at€y¢ e associations with unique sources and processes. In
afternoon when SOA production is intense. +A SUPPOIt fOr p et the OA components include: (1) a highly oxidized and
this possibility is the better correlation ofsBg with EC low-volatility OOA (LV-OOA; O/C=0.63), (2) a less oxi-
(r?=0.60) and NQ (r*=0.76) during morning rush hours  gized and semi-volatile OOA (SV-OOA; O/C=0.38), (3) a
(04:00_—08200 a.m., EST or 05:00-09:00 am local time) tha”nitrogen-enriched OA (NOA) with a much higher N/C ratio
other times of day. (0.0523) than other OA components@.004-0.011), (4) a

All aerosol species show an overlapping accumulationcooking-emission related OA (COA) which shows spectral
mode peaking at-550 nm in vacuum aerodynamic diameter features similar to those of POA from cooking emissions
(Dva) (Fig. 6a). This mode dominates the size distributionsand a unique diurnal pattern peaking during lunch and din-
of secondary aerosol species, i.e., sulfate, nitrate and ammarer times, and (5) a hydrocarbon-like OA component (HOA)
nium, andm/z 44 as well. In addition, it usually persists that represents POA from incomplete fossil fuel combus-
throughout the day with relatively little variations in inten- tion given its low O/C ratio (0.06) and good correlation with
sity (Fig. 3). However, a mode peaking at 100—-150 nm showscombustion emission tracers such as,Nd EC. Detailed
up in the size distributions of organics, EC (Fig. 6), ank  discussions on each component, including the mass spectral
57 (Fig. 7b), suggesting that primary carbonaceous particleprofiles, correlations with the tracer species, temporal varia-
are externally mixed with secondary species. Similar phe-tion patterns, and associations with different sources and pro-
nomena were observed at various other urban sites (Allaesses, are given in the following subsections.
et al., 2003a; Alfarra et al., 2004; Drewnick et al., 2004b;

MF analysis of the HRMS of OA identified five OA compo-
ents, each of which demonstrates distinct temporary varia-
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Fig. 8. HRMS (left) and time series (right) of OA componen(a) low-volatility oxygenated OA (LV-OOA)b) semi-volatile OOA (SV-
OOA), (c) nitrogen-enriched OA (NOA)d) cooking-emission OA (COA), ang@) hydrocarbon-like OA (HOA). Also shown are the corre-
sponding time trends of tracer compounds, i.e., sulfate for regional secondary spéajastimte and chloride for semi-volatile secondary
species in(b), C3HgN™T as a tracer ion for amine-type of compoundgdj) CgH19O1 as a tracer ion for cooking aerosolg@), and EC and
NOy as tracers for combustion emissiongé) The elemental ratios and OM/OC ratio of each component are also shown in the legends.

3.5.1 Semi-volatile and low-volatility OOA (SV-OOA & and C;HyN;. On average LV-OOA accounts for 51% and
LV-O0A) 38% of GHyOf and GH,Of, respectively, for the entire
) _ . study (Fig. 10). Apportionment of the ions of six major
The mass spectrum of LV-OOA (Fig. 8a) is characterized /35 (Fig. 11) further reveals that that LV-OOA accounts
by a dominant peak at/z 44 (Cq), similar to the more ¢, 5304 of co; (m/z 44), 61% of QHZOj (m/z58), and
oxidized OOA-1 component determined at other urban sites; 5o, . GH4O5 (m/z60). Compared to LV-O0A, SV-O0A

(Lanz et al., 2007; Ulbrich et al., 2009; Sun et al., 2010). k : . n .
Its O/C and OM/OC ratios (0.63 and 1.96, respectively) ishows eve:nl Eghr:er corrlelgnons _V\;:tmﬂégl Ianld slightly
are in the range of the values of LV-OOA and total OOA ess, yet still high, correlations with,€i,O; . It also corre-

(when LV- and SV-OOA are not separated) observed World_lates much betterW|th>(I-|;,L ions than LV-OOA does. On av-
wide (Jimenez et al., 2009; Ng et al., 2010). The masserage, SV-OOA contributes 42% of thg!&,0; signal and
spectrum of SV-OOA (Fig. 8b), which has lower O/C ra- 31% of the C;H),O;r (Fig. 10). These results clearly indicate
tio (0.38) and higher fraction af/z43 (fa3=9.3%, mainly ~ that the chemical compositions of the two OOA types are
CoH30™) compared to LV-OOA, tracks the spectral pattern significantly different: SV-OOA comprises less oxygenated,
of previously reported SV-OOA (Morgan et al., 2010; Ng Possibly freshly oxidized species, while LV-OOA comprises
et al., 2010). In addition, the spectrum of SV-OOA resem- highly oxidized species including di- and poly-carboxylic
bles those of biogenic SOA observed in ambient atmospher@cids.
(Chen et al., 2009; Slowik et al., 2010) and chamber exper- LV-OOA correlates well with sulfaterf = 0.66, Fig. 8a
iments (Kiendler-Scharr et al., 2009; Shilling et al., 2009; and Table 2), consistent with previous studies at various
Chhabra et al., 2010). sites showing that these two species are secondary in na-
A survey of the correlations between the five OA com- ture and mostly driven by regional production (Zhang et
ponents and individual ions in the HRMS is shown in al., 2005c; Lanz et al., 2007; Ulbrich et al., 2009; Sun et
Fig. 9. LV-OOA shows most significant correlation with al., 2010). SV-OOA in general correlates with chloride and
oxygenated ions containing two O atoms,K§O3) fol-  nitrate (Fig. 8b), indicating its semi-volatile characteristics
lowed by C;Hyoir, and very weak correlation with>g(131;,r (Lanz et al., 2007; Ulbrich et al., 2009; Sun et al., 2010). The

www.atmos-chem-phys.net/11/1581/2011/ Atmos. Chem. Phys., 11,1682-2011



1592 Y. -L. Sun et al.: Sources and processes of organic and inorganic aerosols in NYC
1.0 — (a) LV-O0A * .
o8 (@) cgz CzH 0, C3H‘302 CHO: 0,
0.6 - l‘]| | \
| Jﬂ |
927 [ J | Lyl ll...l"l I, ull L |||Il [
. T T T I+ T A T T 1
1.0 — (b) SV-00A21:0 CsH 60 CaHO 0" CeHiO'  CHO
0.8 g
0.6
AL |||
£ 02- T
2 0.0~ atilf 11 UL,
£ 1.0 o C,H,N 3HSN+ C4H10N
g g ] (©)NOA + " + c:xHy+ CH0,"
£ 0.6 + C,H,0," CHN,"
S 0.4+ + +
202 +% + &
€00 _AWMH@%WWMMW
S lo- CoHig0
«° 0.8 — (d) coA C3HZ;0 CsHgO" C;H;,0
— . 3’3 \ /
0.6 \
0.4 |
02 - T AT
' . CHy  CeHy  CoHs ' ' '
1.0 () HOA  CiHy 4 ° '
0.8 ’
0.6
Ll
0.2
06 ||=|| 111N TTTL
20 30 40 50 60 70 80 90 100 110 0
m/z (amu)

Fig. 9. Correlations of each OA component with the HRMS ions colored by four ion categories,ﬂd{,ﬁ,cctxHyOf, CXHyOEF, and
CxHyNg. The formulas of the ions that show significant correlations with individual OA components are marked.

Table 2. Correlations between OA components and tracers from collocated measurements.

2

2 Slope r2  Slope
HOA vs. EC 0.44 129 SV-OOAvs.Chloride 0.30 48%
0.72 1.4P Total OOAvs. Sulfate  0.51 1.89
0.65 1.25 0.74 0.38
HOA vs. NO 0.59 0.048 Total OOAVs. G 0.08 0.1%
0.82 0.04% 055 0.18
LV-OOA vs. Sulfate 0.66  0.65

2NYC, This study.

b Pittsburgh Zhang et al. (2005c).

¢ BC, Mexico City Aiken et al. (2009).
d Mexico City Aiken et al. (2009).

correlation coefficient between SV-OOA and nitrate appeardOOA) correlates well with total secondary inorganic species
low (r2 = 0.05), mainly due to the occurrence of several (=sulfate + nitrate + chloride;2 = 0.50, Fig. 12a), marking
nighttime nitrate plumes (e.g., 22 July) likely from nocturnal the link between OOA and SOA. The ratio of total OOA
processing of MOs. For instance, upon excluding the nitrate to sulfate in NYC is 1.29 (Table 2), much higher than 0.38
plume on July 22 (5% of total data points), the correlation observed in Pittsburgh (Zhang et al., 2005c), highlighting
between SV-OOA and nitrate improvesto=0.17. Incom-  the importance of SOA contribution to fine PM loading in
parison to the tight correlation between LV-OOA and sulfate, NYC. Total OOA does not show much correlation witl O
the relatively weaker correlation between SV-OOA and chlo-(=0z + NO,, r2 = 0.08), similar to the observations made in
ride/nitrate might also be due to the contribution of biogenic Pittsburgh (Zhang et al., 2005c).

OA to SV-OOA in summer. Total, OOA (=LV-OOA + SV-
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CH,O,* garatna et al., 2004; Schneider et al., 2006) and the spec-
38%

tra of HOA components determined at other sites (Zhang et
al., 2005a; Aiken et al., 2009). The O/C (0.06) and OM/OC
(1.24) ratios of HOA are also close to the values (0.03-0.04
and 1.22-1.24) determined for POA in motor vehicle exhaust
6% (Mohr et al., 2009). As shown in Fig. 9e, HOA correlates
3% best with hydrocarbon ions,&l3, , , and GH3, ,. It con-
12% tributes 25% of the ¢H" signal and only 3% of the &y OF
and the QHyog signals (Fig. 10). In addition, HOA corre-
Ny* lates well with combustion tracers such as E€ £ 0.44)
and NG, (r2=0.59) (Fig. 8e and Table 2) and presents a
pronounced morning peak associated with traffic emissions
14% 30% (Fig. 13a). These facts together indicate that HOA is likely
7%) Q a surrogate for combustion POA, a conclusion achieved in a
9% 39% number of other studies (Zhang et al., 2005a, c; Aiken et al.,
31% 9% 2009; Ulbrich et al., 2009). HOA on average accounts for
14.2% of the total OA mass for the whole campaign, show-
Fig. 10. Average contribution of OA components to four ions cate- ing the highest contributionr{28%) in the morning and the
gories, i.e., GHy, CxHyOT, CxHyOJ, and GHyNj, for the en-  lowest (~8%) in the afternoon (Fig. 13b). As summarized in
tire study. The area of each pie is scaled to be proportional to theTable 2, the average ratios of HOA/EC (1.29) and HOA{NO
mass concentration of the corresponding category. (0.045 pg nr3 ppbv1) observed in this study are similar to
the values reported for Pittsburgh (Zhang et al., 2005c¢) and

Mexico City (Aiken et al., 2009).
LV-OO0A accounts for 30.3% of the OA mass on average,

with the average contribution up to 46% during late after- 3.5.3 Cooking OA (COA)
noon and down to 22% at night (Fig. 13). SV-OOA accounts

for an average 34% of the OA mass, showing a major con- o . I
tribution (~50%) in early morning. LV-OOA and SV-OOA Although emissions related to cooking activities have been

: S om0
together account for 64% of OA on average, similar to theobserved to contribute a significant fractior5—20%) of OA

. Lo . . at various urban sites (Rogge et al., 1991; Zheng et al., 2002;
estimated SOA contribution (63—73%) in NYC using the EC
tracer method (Rattigan et al., 2010). In addition, OOA in Chow etal,, 2007), reports of COA from AMS measurements

are rare (Allan et al., 2010; Huang et al., 2010). In this study,
total accounts for 81% of the O mass, 58% of the C mass . o
5296 of the H mass, and 49% of the N mass in OA (Fig. SG).a COA component was identified. The HRMS spectrum of

COA is significantly different from those of other OA com-
LV-OOA displays a pronounced diurnal cycle that is 'S signit y di

. X . . onents but very similar to the reference spectra of POA from
characterized by a gradual increase in concentration froni)

) ) . ooking emissions (Mohr et al., 2009) as well as the spectra
~Q9.00 a.m. t0~17:00p.m. (Fig. 13a). SV-OOA also starts of COA components observed in London (Allan et al., 2010)
to increase at-09:00 a.m. but peaks at13:00 p.m. The de-

and Beijing (Huang et al., 2010).
crease of SV-OOA in the afternoon is likely due to higher am- The glo?/-\(s ljactr%m i charac)terized by a hiah rationd
bient temperature that evaporates more semi-volatile specie555/57 (=2.9) ;nd a high fraction ai/z55 (fy —S%A)) which
and the rising boundary layer, counteracting the phOtOCherT]E:ould be ﬁsed as a diagnostic indicatorsl?o? the : resence of
ical production of SOA. Since the decrease of SV-OO0A is 9 P

accompanied with a gradual increase of LV-OO0A, it is also gr%ASE;t P:Jar\\ljznsilor?i?it(l:gﬁ.cgrir?gli\i%%nfr?r% cl:%) : m;igz 2iiall
possible that further oxidation of less oxidized, more-volatile 9 » €SP y

species to highly oxidized, less-volatile species has occurre heir oxygenated ions. In sgecific, CQrA contributes 38% and
! 0, I 0,
Indeed, the O/C ratio of total OOA gradually increases from 9%, respectively, of §H30™ and GHy atm/z55 and 25%

0.49 to 0.54 between 09:00a.m. and 17:00 p.m. The contin@"d 20%, respectively, of&&isO" and GHg atm/z57. In
uous oxidation of SV-O0A to LV-OOA was observed at a re- addition, COA shows most significant correlation with a few

+ + + +
mote coastal site in Europe as well (Hildebrandt et al., 2010).C_><Hyol lons (e'g'f GHO™, CeH100™, and GH120™ in
Fig. 9d), all of which are prominent peaks in the sources

3.5.2 Hydrocarbon-like OA (HOA) spectra of cooking emissions, thus could be used as spectral
markers for COA.

The mass spectrum of HOA (Fig. 8e), which is character- The HRMS of COA reveals that it is on average

ized with the prominentQ—@X_1 and (;(HELXJrl ion series, is more oxidized than HOA (O/C=0.18 vs. 0.06), contain-

very similar to previously reported reference spectra of POAIng much higher contribution of oxygenated iongH;O;

emitted from gasoline and diesel combustion sources (Canaand C;<HyO§L (30% vs.~9%), thus higher O content mass

CiH,
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(10% vs. 3%), consistent with the detection of more oxy- The diurnal pattern of NOA is marked with a pro-
genated organic species in meat cooking emissions (Mohnounced noon-time peak (Figs. 13a and 8c) in associ-
et al., 2009). The O/C and H/C ratios of COA are 0.18 andation with southerly wind (Fig. 14a). To investigate
1.58, respectively (Fig. 8d). The diurnal cycle of COA shows the sources and processes of NOA, periods of highest
distinctive peaks corresponding to lunch and dinner timesNOA concentrations~+17% of time; denoted as Hi-NOA)
Similar diurnal patterns of COA were observed in London are compared to the rest of the time (denoted as Lo-
(Allan et al., 2010) and Beijing (Huang et al., 2010). On av- NOA). The average concentration of NOA during Hi-NOA
erage, COA accounts for 16% of the total OA mass in NYC. (1.29 ug nt3) is ~6 times higher than that during Lo-NOA
Similar fractions of cooking aerosol were determined using(0.22 ugnt3). Note that the average NR-RMcomposi-
the molecular tracer approach in Los Angeles (Rogge et al.tion is very similar between the two types of periods ex-
1991), Fresno, CA (Chow et al., 2007), and some urban sitesept for a substantially higher fraction of NOA during Hi-
in the southeastern US (Zheng et al., 2002). NOA. Based on comparing measured l\IHs. predicted
During this study, POA (=HOA + COA) accounts for an NHI(:18x (SOE[/48+ NG, /62 + CI~/35.5); Zhang et al.,
average 30% of the OA mass and up~40% during morn-  2007b), particles appear to be slightly anion-rich during Hi-
ing rush hour and at night (Fig. 13b). It is interesting to NOA while fully neutralized during Lo-NOA (Fig. 14b), sug-
note that despite the fact that our sampling site is close tqyesting that NOA might be carrying positive charges. In ad-
two major highways 1 mile), the average mass concen- dition, Fig. 14c illustrates a broader size distributiomufz
tration of COA (1.02pugm®) is higher than that of HOA 58— them/zcontributed the most by NOA (Fig. 11e) — during
(0.91ugnT3). This is an indication that cooking activities Hi-NOA than during Lo-NOA while the size distributions of
are a significant source of primary particles in NYC and thathoth m/z 44 and 57 show essentially no difference. Other
efforts to reduce particle pollution in this densely populatedm/zs with relatively high contribution of NOA such as/z
metropolitan area should focus on controlling both cooking42 (G,H4N*t) and 30 (CHN*) also show broader size dis-
and traffic emissions. POA and total OOA show almost notriputions during Hi-NOA. These results together suggest a
correlation ¢%=0.01, Fig. 12b), confirming their different  stronger influence of gas-particle partitioning on the size dis-
source origins. However, there is a general trend that lowribution of NOA, consistent with the hypothesis that NOA
particle loading periods are characterized with elevated POAs mainly produced via acid-base reactions of amino com-
that accounts for a high mass fraction of OA (Fig. 12b), duepounds with acidic gases (Ge et al., 2010b) followed by
to stronger influences from local primary emissions. High the condensation of low volatility products onto pre-existing
PM events, on the other hand, are mainly contributed by secparticles. A recent study in Cape Verde observed non-
ondary inorganic species and oxygenated organics specigfegligible contribution of aliphatic amines, e.g., dimethy-

formed regionally. lamine (GH7N) and diethylamine (gH11N), to OC during
. . algal blooms (Miller et al., 2009). Given the proximity of
3.5.4 Nitrogen-enriched OA (NOA) NYC to the Atlantic Ocean, it is possible that the NOA spikes

are associated with marine emissions of aliphatic amines. In
addition, given that amines are emitted from various indus-
'trial operations (Ge et al., 2010a), the large industrial region
to the southwest of NYC could also be an important source
of NOA.

A unique N-enriched OA (NOA) component was determined
for this study. Compared to the other four OA components
it shows a much higher N/C ratio (0.053; Fig. 8c) and cor-
relates much better with the N-containing ions (Fig. 9c).
The NOA component correlates particularly tight £r0.85)

with CoH4NT, C3HgN™T, and GHyoN™, which were likely

generated from amino compounds (McLafferty and Turecek,

1993). It, however, shows almost no correlation WitHG  Fjgyre 15a and Table S2 present the average composition of
and GHyOZ" (Fig. 9c). NOA on average accounts for 5.8% pp; and OA corresponding to four principal clusters of air
of the total OA mass, yet 39% of theByN; signal (Fig. 10)  masses, i.e., northwest (NW), west (W), southwest (SW), and
and 33% of the nitrogen mass (Fig. S6). Note that the NOAat|antic Ocean determined via cluster analysis of the HYS-
of this study is clearly different from the “local N-containing pL|T back-trajectories (BT). The air flow patterns in NYC
reduced OA” (LOA) detected in Mexico City (Aiken et al., during this study were predominantly westerly and south-
2009), despite similar N/C ratios (0.06 for LOA). Specifi- \yesterly (at frequencies of 37% and 25%, respectively) with
cally, the mass spectrum of NOA resembles more to that ofnfrequent flows from NW (7.3%). Aerosol loadings are on
OOA, while LOA in Mexico C|ty is more similar to HOA average the |Owest (66 ug‘ﬁb for the NW C|uster and the
and biomass burning OA (BBOA). The O/C and OM/OC ra- highest (14 ug m3) for the SW cluster, consistent with the
tios of NOA are 0.37 and 1.69, respectively, close to those ofspatial distribution of emission sources of air pollutants in
SV-O0A but much higher than 0.13 and 1.40, respectively,the northeastern US (Fig. 15a). The correlation of aerosol
of LOA in Mexico City. loadings with different BT clusters is also consistent with the
average spatial distribution of AOD determined from satellite

3.6 Potential source regions of PMin NYC
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retrieval. As shown in Fig. 15b, the daily averaged AOD val-

The chemical compositions of PMare also significantly

ues observed above NYC agree well with the average PM different among the four clusters, likely reflecting the charac-
concentrations measured during this study, indicating that theeristics of different source regions of air pollutants. For ex-
satellite AOD data (Fig. 15¢) may be a useful indicator for the ample, the contributions of EC and HOA to Rlsre the high-

est in the NW cluster, suggesting that emissions of primary

spatial distribution of PN during this study.
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particles from local sources are a key controller ofRidn- (ng n3 ppbv 1), respectively. LV-OOA correlates tightly
centration and composition in NYC during relatively clean with sulfate and (,ZHyOEL ions while SV-OOA correlates bet-
periods. In comparison, secondary species, e.g., OOA an¢kr with chloride and the Q—|y01“ ions. The diurnal cycle
sulfate, dominate the PMcomposition in air masses orig- of HOA shows a pronounced morning traffic peak, so do
inated from SW. The westerly air masses also correlateEC and NQ. The diurnal cycles of SV-OOA and LV-OOA
with high aerosol pollution with large fraction of secondary demonstrate a trend of chemical evolution of SOA in NYC
species. The observed correlations between aerosol loadin@at likely involves a continuum of oxidation from SV-OOA
and air mass trajectories are consistent with the high AODto LV-OOA. The SV-OOA to LV-OOA evolution is consis-
and the large source emissions in the regions W and SWent with a gradual increase of O/C ratio and a corresponding
to NYC, e.g., large coal-fired plants and industrial sourcesdecrease of H/C ratio in total OOA. NOA, which accounts
in the Ohio River Valley, West Virginia, and Pennsylvania for 5.8% of the OA mass, yet 33% of the organic N mass,
(Polissar et al., 2001; Qin et al., 2006). In addition, the shows a pronounced peak around noon time and correlates
large contribution of SV-O0A+70%) to total OOA (=SV-  well with amines related peaks, e.g.xHpx:2NT. Analy-
OOA +LV-OO0A) in the NW cluster (Fig. 15a) might re- sis of the sources and ion balance of NOA suggests that N-
flect large biogenic emissions in regions to the NW of NYC containing organic species such as amines might have played
(Slowik et al., 2010). In addition, for25% of the time dur-  an important role in the atmospheric processing of OA, likely
ing this study, air masses were traced back to the Atlantiovia acid-base chemistry coupled with photochemical produc-
Ocean with very low flow speed. Relatively high loadings of tion of acidic organic species. Air mass trajectory analysis,
PM; composed of higher fraction of sulfate (26.6% of DM  together with satellite AOD observations, indicates that emis-
and LV-OOA (40% of OA) appear to correlate with these air sions of primary particles from local sources likely play an
masses, which likely reflects the recirculation air pollutions important role in controlling PM concentration and load-
in the US continental outflow. Indeed, the high AOD along ing in NYC during relatively clean periods associated with
the coastal line and near shore (Fig. 15c)seems to support thisortherly flows. High PM pollution events, however, are
possibility. mainly contributed by secondary inorganic and organic par-
ticles typically associated with air masses originated from

regions to the west and southwest of the city.
4 Conclusions

The mass concentration, chemical composition, and size dishPPendix A

tributions of submicron aerosol species in NYC were mea- N :

sured in-situ using an HR-AMS in summer 2009. Aerosol Al  Estimation of production rates of HNOz and H2S0,
composition varies dynamically with OA and sulfate on av-
erage comprising 54% and 24% of total Pkhass. Analy-
sis of aerosol ion balance indicates that submicron particle

The production rate of HN@and HSO, can be estimated
from bi-molecule association reactions (Seinfeld and Pandis,
%006). The effective second-order rate constant for a given

in NYC are over{:lll bulk neutr:?lllzed. The S'Ze. d|str|but!ons temperature and pressure (altitude) can be calculated using
of NR-PM; species, all of which vary dynamically during Eq. (A1)

this study, on average present a similar large accumulation )
mode peaking at-550 nm with an additional small mode ( k,(T)[M] ) {H[log(kowM])]z},

(~150nm) for OA. In addition to boundary layer dynam- k([M],T)= oo (A1)
ics, local photochemical production plays an important role
in controlling the variation of sulfate and OA during day-
time. Gas-to-particle partitioning and nighttime hydrolysis h
of N2Os drive the diurnal cycle of nitrate. The average O/C ko (T) :kgoo(i) (cm6molecule_2§l) (A2)
and OM/OC ratios of OA are 0.364.08) and 1.62£0.11), 300
respectively. T\

PMF analysis of the HRMS of OA identifies five com- k.o (T) =k§3°(—> (cmPmoleculels ) (A3)
ponents, i.e., a traffic-related HOA, a highly aged, regional 300
LV-OO0A, a less oxidized, more volatile SV-OOA, a cooking- M
related COA, and a NOA enriched of organic nitrogen com—NOZJFOH — HONG, (R1)
pounds. SV-O0A and LV-OOA constitute the Iarggst frac- SO, +OH M HOSO (R2)
tion of OA, accounting for 34% and 30%, respectively, on
average. HOA and COA, which have similar mass con-Wherek,(T) (Eq. A2) is low-pressure-limiting rate constant
centrations, together account for 30% of the OA mass.andkeo(7) is the high-pressure-limiting rate constant. The
HOA correlates well with the primary traffic emission trac- four parameter& 30, n, k3%, andm for Reactions (R1 and
ers, with HOA/EC and HOA/NQratios of 1.29 and 0.045 R?2) are listed in Table Al.

ko (DIM]
I+ 5D

o1
(cmPmolecule®s )
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Table Al. Kinetic parameters used to determine the production References

rates of HNQ and HS0, (JPL, 2009). Aiken, A. C., DeCarlo, P. F., Kroll, J. H., Worsnop, D. R., Huff-

man, J. A, Docherty, K. S., Ulbrich, I. M., Mohr, C., Kimmel,
J. R, Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway,
M., Ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra,
M. R., Prevot, A. S. H., Dommen, J., Duplissy, J., Metzger, A.,
Baltensperger, U., and Jimenez, J. L.: O/C and OM/OC ratios
of primary, secondary, and ambient organic aerosols with High-
Resolution Time-of-Flight Aerosol Mass Spectrometry, Environ.
Sci. Technol., 42, 4478-4485, 2008.

Aiken, A. C., Salcedo, D., Cubison, M. J., Huffman, J. A., DeCarlo,
P. F., Ulbrich, I. M., Docherty, K. S., Sueper, D., Kimmel, J.
R., Worsnop, D. R., Trimborn, A., Northway, M., Stone, E. A,,
Schauer, J. J., Volkamer, R. M., Fortner, E., de Foy, B., Wang, J.,
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