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11  ABSTRACT

12 The major sources of fine particulate matter (PM, s5) in New York City (NYC) were apportioned
13 by applying positive matrix factorization (PMF) to two different sets of particle characteristics:
14  mass concentrations using chemical speciation data and particle number concentrations (PNC)
15  using number size distribution, continuously monitored gases, and PM, 5 data. Post-processing
16  was applied to the PMF results to: (i) match with meteorological data, (i1) use wind data to detect
17  the likely locations of the local sources, and (iii) use concentration weighted trajectory models to
18  assess the strength of potential regional/transboundary sources. Nine sources of PM; s mass were
19  apportioned and identified as: secondary ammonium sulfate, secondary ammonium nitrate, road
20 traffic exhaust, road dust/resuspension, fresh sea-salt, aged sea-salt, biomass burning and zinc.
21 The sources of PNC were investigated using hourly average number concentrations in six size
22 bins, gaseous air pollutants, mass concentrations of PM; s, and particulate sulfate, OC, and EC.
23 These data were divided into 3 periods indicative of different seasonal conditions. Five sources
24 were resolved for each period: secondary particles, road traffic, NYC background pollution

25  (traffic and oil heating largely in Manhattan), nucleation, and Os-rich aerosol. Although traffic
26 does not account for large amounts of PM; s mass, it was the main source of particles advected
27  from heavily trafficked zones. The use of residual oil had limited impacts on PM, s mass but

28  dominates PNC in cold periods. These findings are useful for planning air quality mitigation

29  strategies for NYC.

30

31  Keywords: Source apportionment; Positive matrix factorization; PM, s mass concentration;

32 particle number concentration; New York City; Residual oil
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1. INTRODUCTION

Epidemiological studies have identified that exposure to increased mass concentrations of
airborne particulate matter (PM) leads to multiple adverse health effects (e.g., Turner et al.,
2011; Anderson et al., 2012; Loomis et al., 2013; Raaschou-Nielsen et al., 2013). Mass
concentration is the standard current metric for measuring and controlling PM exposure. Based
on the epidemiology and resulting guidance of international organizations (e.g., WHO, 2000;
IARC, 2013), national legislation in many developed countries has fixed thresholds, limits,
and/or target values for PM mass concentrations. In the U.S., air quality is regulated using
National Ambient Air Quality Standards (NAAQS) that set limit values to be attained across the
U.S. for PM with aerodynamic diameters less than 10 and 2.5 um (PM;9 and PM, s,
respectively).

Although the NAAQS are designed to reduce the adverse effects of PM on health, recent
population-based studies have reported that even the exposure to low mass concentrations may
increase acute and chronic effects and mortality (Shi et al., 2015). Since smaller particles may
be more effectively deposited in the lung (Salma et al., 2015), mass concentrations could be an
inefficient metric for the potential excess mortality and morbidity associated with PM. However,
currently there is limited knowledge of the specific components of PM (size, number, source,
composition) that drive the health outcomes (Atkinson et al., 2010).

The present study investigated the major sources of PM; s in the NYC area through the
application of receptor models to two particulate metrics: mass concentration and particle
number concentration (PNC). The most probable sources of PM; s mass were identified and
apportioned using positive matrix factorization (PMF) with 24-hour chemically speciated sample
data. The sources of PNC were also investigated by applying PMF to hourly average particle
number concentrations resolved into six size bins (20-30 nm, 30-50 nm, 50-70 nm, 70-100 nm,
100-200 nm, 200 nm to 2.5 um), gaseous air pollutants and PM; s mass concentrations, and
particulate sulfate, OC, and EC. Subsequent analyses included: (i) the comparison of sources
identified over mass and particle number concentrations through correlation analyses; (ii) the use
of wind data through polar analysis to detect the directions of the probable local sources; and (iii)
the use of an air parcel back trajectory method to estimate the strengths of potential distant

sources.
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2. MATERIALS AND METHODS
2.1 Study area

New York City (NYC) is the most populous city in the U.S. with approximately 8.5
million inhabitants within its five boroughs and almost 20 million inhabitants in the New York
metropolitan area. Despite attaining the NAAQS for ambient PM, it was estimated that ambient
PM, s still contributes to >3000 annual deaths, 2000 hospital admissions for lung and heart
conditions, and approximately 6000 emergency department visits for asthma (NYC Department
of Health and Mental Hygiene, 2013a,b).

2.2 Experimental

Measurements were made within the NYC metropolitan area at the NYS Department of
Environmental Conservation air quality monitoring site at Queens College (QC: 40° 44.225'N;
73°49.295'W; 24 m a.s.l.). This site is located in a high population density section of Queens
County (Figure 1). Nitrogen oxides (NO+NO,=NOy), sulfur dioxide (SO,), ozone (O3), and
carbon monoxide (CO) using EPA equivalent or reference methods. Details are provided in
supplementary information section S1. PM, s mass concentrations were measured with a tapered
element oscillating microbalance/filter dynamics measurement system (TEOM/FDMS) that
provides both semivolatile and nonvolatile PM concentrations.

In addition, PM, s-speciated data measured at QC were obtained from the EPA Chemical
Speciation Network (CSN) (AQS, www.epa.gov/ags). Samples were collected every third day
and analyzed for major inorganic ions (Na’, K, ammonium, nitrate, sulfate) by ion
chromatography, elemental carbon (EC) and organic carbon (OC) by thermo-optical analysis,
and elements with atomic number >11 by energy-dispersive x-ray fluorescence (EDXRF).
Details of the CSN network sampling, analyses and quality assurance are described by Solomon
et al. (2014). Data at QC are available from 2001 to the present.

Hourly concentrations of additional air pollutants were recorded at QC between June
2009 and July 2010. PNC were measured in six size bins (20-30 nm, 30-50 nm, 50-70 nm, 70-
100 nm, 100-200 nm, 200 nm to 2.5 um) with a TSI model 3031 particle monitor. Methane
(CH4) and non-methane hydrocarbon (NMHC) were analyzed using a flame ionization detector
(Horiba model APHA-360). Particulate sulfate was measured with a Thermo Scientific model
5020i. Particulate OC and EC was determined with a semi-continuous carbon aerosol analyzer

(Sunset Lab., Tigard, OR, USA) operating a modified NIOSH 5040 protocol (Bauer et al., 2009).
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QC is affected by typical anthropogenic sources of densely inhabited urban
environments. Road traffic is ubiquitous in this area and frequently congested major roads such
as the Long Island Expressway are adjacent to the site. Natural gas and number 2 oil are the
primary fuels for domestic and small building heating in NYC. Many large buildings used
residual oil in their central heating systems particularly in Manhattan (Peltier et al., 2009). There
are ship emissions from passenger ferries in the New York—New Jersey harbor and from the
large container terminal at the Port of Elizabeth, Newark NJ. Finally, there are aircraft emissions

released at the two major airports in NYC: JFK (~8.5 km SSE) and LaGuardia (~4.8 km NW).

2.3 PMF Analyses

PMF is described elsewhere (Paatero and Tapper, 1994; Paatero, 1997; Hopke, 2015;
2016) and in supplementary material section S2. US EPA PMF version 5 was used because it has
two new features: (i) displacement (DISP) analysis, which is designed to explore the realistic
bounds on the optimal (base run) solution that do not result in appreciable increases in the Q
values and (ii) constraints that can be applied to the solutions to utilize a priori information about
the nature of the profiles or contribution values and reduce rotational ambiguity (Brown et al.,
2015).

Since PMF requires concentrations and their associated uncertainties, several strategies
were used to estimate the uncertainty for each variable. Details are provided in supplementary
material section S3. The total variable (total PNC) was calculated by summing the number
concentrations over the six channels. Total PNC was assigned an uncertainty of 300% and also
marked as “weak” to avoid it driving the model (Kim et al., 2003).

The best solutions were identified based on (Reff et al., 2007; Belis et al., 2014; Brown et
al., 2015; Hopke, 2016): (i) knowledge of sources impacting the study area, (i1) the Q-value with
respect to the expected (theoretical) value and its stability over multiple (n=100) runs, (iii)
number of absolute scaled residuals over £3, and (iv) finding profile uncertainties calculated by
bootstrap (BS, n=300) and displacement (DISP) methods within an acceptable range (Paatero et
al., 2014). In this study, the ranges calculated by DISP for the dQ=4 were used to assess the

uncertainty boundaries associated to the final PMF profiles.
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2.4 Meteorology and related models

Ambient air temperature, wind speed and direction, relative humidity and atmospheric
pressure were recorded hourly at LaGuardia (LGA) airport (Figure 1 and SI1). Back-trajectories
were obtained using the NOAA/ARL hybrid single particle Lagrangian integrated trajectory
(HYSPLIT4) model (Stein et al., 2015; Rolph, 2016). Back trajectories were calculated for 96 h
with a starting height of 500 m a.g.l. and the NCEP/NCAR Reanalysis database.

The potential local source locations were assessed using bivariate polar plots: these polar
plots show the average pollutant concentrations by mapping wind speed and direction as a
continuous surface and surfaces calculated using smoothing techniques. Details are provided by
Carslaw et al. (2006) and Carslaw and Ropkins (2012). Polar plots were applied to the PMF
contributions for both the daily PM, s mass and hourly PNC concentrations. Hourly PNC data
were analyzed using the concurrent hourly wind data. For the 24-h PM, s, the same mass
concentration was assigned to each of the 24 hourly wind direction values (Kim and Hopke,
2004).

The potential locations of distant sources were assessed using concentration weighted
trajectory (CWT) analysis (Stohl, 1998). CWT weights trajectories with their associated
concentrations (Stohl, 1996; Lupu and Maenhaut, 2002; Hsu et al., 2003: Squizzato and Masiol,

2015). The details are summarized in supplementary material section S4.

3 RESULTS
3.1 Source apportionment using chemically speciated PM; 5

Because of the limited number of samples (1 sample collected every 3 days), 2 years
(April 2009-March 2011) of data were analyzed. The selected period includes the PNC campaign
(June 2009- June 2010), but the additional time provided more stable results. Days with
anomalously high concentrations due to known events (e.g., New Year’s and Independence Day)
were excluded. Based on the S/N ratios, 14 species were categorized as “strong” (nitrate, sulfate,
ammonium, EC, OC, Na, Si, CI, K, Ca, Fe, Ni, Cu, Zn), while 4 were marked as “weak” by
tripling their uncertainties (Al, V, Mn, Br). Total K was preferred to its ionic species (K"); total
sulfur was excluded because of its high correlation with sulfate (r=0.97). PM; s was included as
total variable and marked as “weak.” An addition of 5% uncertainty was included to encompass

errors not considered in the uncertainty assessment.
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The seasonal distributions of the variables are shown in supplementary material Figure
SI2. Nitrate, Na, Cl, K, Ca, Mn, Ni, Cu and Zn show highest median values in winter, while
sulfate and OC are highest in summer. PM; s was high in both summer and winter. Al, Si are
highest in spring while V and Fe are constant over the year.

Solutions were explored from 3 to 12 factors. The most physically plausible results were
obtained with a 9-factor solution that also had a Q closest to the theoretical (Q,,) value
(Qirue/Qexp=0.94). Good PMF diagnostics were found, i.e.: (i) all runs converged; (ii) all species
had stable Q values over 100 repeated base runs; (iii) low values for the sum of the squares of the
differences in scaled residuals for each base run pair by species were obtained; (iv) all scaled
residuals were symmetrically distributed; and (v) modeled total variable (PM, s5) was successfully
predicted (R* > 0.9). No edges were found in the G-space plots (Paatero et al., 2005), and
therefore, FPEAK solutions were not investigated. However, constraints were applied to V
(maximally pulled up in factor 8 and pulled down in factor 4). A series of different constraints
were investigated involving various elements and factors. The constraint allowed: (i) better
resolution of the factors sharing V; (ii) fewer swaps in BS; and (iii) higher explained variation of
V into its main factor, resulting in an easier interpretation. Despite these advantages, the
constrained solution had minor changes in the final solution: d0<1% with respect to the base run
and negligible changes in the profiles for remaining species. BS and DISP were thus applied to
the constrained solution: no factor swaps occurred for DISP analysis indicating that there are no
significant rotational ambiguities and the solutions are sufficiently robust; (vi) no unmapped
factors and no swaps occurred on constrained solution over a total of 100 BS runs.

The resulting profiles are presented in Figure 2 and the time series of contributions is
shown in Figure SI13. The contributions were also aggregated to show monthly and weekly
averages (Figure 3). The polar plot and CWT analyses are shown in Figures 4 and 5,

respectively.

3.1.1  Secondary ammonium sulfate

The first factor accounts for 34% of total annual PM,; s mass concentration (DISP range
28-48%) and shows very high explained variation for sulfate (77%) and ammonium (62%), but
also significant fractions of bromine (21%), OC (16%) and V (10%). Sulfate in NYC is typically

due to emissions of SO, by coal-fired power plants in the upper Ohio River Valley (Dutkiewicz
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et al., 2003; Hopke et al., 2005). Another source of sulfate in coastal environments is biogenic
and sea salt sulfate (Barnes et al., 2006). Factor 1 represents secondary ammonium sulfate.
Hand et al. (2012a, b) estimated that sulfate PM accounts for 30—60% of monthly average PM; s
mass in the Eastern U.S. The factor had its highest concentrations in the warmest season (June-
August). Despite the weekly pattern that shows a minimum on Saturdays, the nonparametric
Kruskal-Wallis analysis of variance indicates no statistically significant (»<0.05) variations
through the week. The polar plot analysis exhibits increased values when moderate winds (speed
3-9ms ') blow from the SW. This pattern is compatible with the CWT results, showing higher
average levels related to probable transport from the Ohio River Valley such as has been seen in

many prior studies (e.g., Dutkiewicz et al., 2003; Li et al., 2004).

3.1.2  Secondary ammonium nitrate

Factor 2 is mainly composed of nitrate (74%) and ammonium (24%), but also bromine
(17%). It is strongly correlated with NO, (r=0.65) and weakly (0.5<r<0.6) with particles in the
30-200 nm range. It represents secondary ammonium nitrate (NH4NOs3) (Seinfeld and Pandis,
2006). Annually, it accounts for 12% (10-24%) of total PM; s mass, but shows significant higher
concentrations during winter and no statistically significant weekly patterns. The seasonal pattern
is linked by the kinetics of formation of ammonium nitrate: (i) the chemistry of NH4NO3
competes with ammonium sulfate, which is generally more thermodynamically stable (Pinder et
al., 2008), but is favored by cold temperatures and high relative humidity (Stelson and Seinfeld,
1982); and (i1) nitrate partitioning leans toward the gaseous phase at temperatures above 20°C
(Schaap et al., 2004). The polar plot shows higher average concentrations when slow and
moderate winds blow from W-S sectors; CWT reveals a probable source area over the Ohio

River Valley.

3.1.3  Fresh sea-salt

Factor 3 is assigned as fresh sea-salt. It accounts for 1% of PM; s mass (1-2%), but with
high explained variations for chlorine (82%) and sodium (19%). It also includes nitrate, sulfate,
ammonium, EC, OC and Fe accounting for <4% of percent of species sum. The DISP bounds
show that their values include zero, supporting the assignment of sea-salt. The Na/Cl ratio in the

profile (0.61) is close to that of seawater (0.56), confirming a limited chlorine depletion. The
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time series of Factor 3 contributions does not show clear seasonal and weekly patterns. Slightly
higher concentrations are recorded in winter probably due to East Coast winter cyclones
(northeasters) and their consequent storm surges affecting the coastline (e.g., Colle et al., 2008).
The presence of moderate amounts of Al and the wide DISP range for Si could be linked to the
presence of crustal particles dispersed in seawater, but could be also linked to the use of road salt
in winter (Al and Si are also tracers of road dust resuspension). However, the analysis of the
time-series (Figure SI3) shows that this factor presents some one-day high peaks likely due to
sea storm events instead of road salt resuspension. Polar plot analysis further supports this
interpretation by showing increased concentrations for very strong winds from Long Island
Sound and the Atlantic Ocean compatible with the local production of marine aerosol from wind-
induced bubble bursting at the sea surface (Lewis and Schwartz, 2004). The CWT clearly

indicates its main origin from coastal areas in the northeastern U.S.

3.1.4  Aged sea-salt

Factor 4 accounts for 9% (3-14%) of PM; s mass concentration and has high shares of
sodium (81%), but also significant shares of bromine (21%), OC (10%), sulfate (13%), and
nitrate (9%). As for factor 3, sodium is a typical tracer for sea-salt, but in this case chlorine is
missing, while sulfate and nitrate are overabundant. It has been largely demonstrated that sea-salt
aerosol may show strong chloride deficiencies compared to the original seawater composition
(Keene et al., 1999; Rossi, 2003) after ageing in the atmosphere. The chloride depletion is
attributed to reaction of alkali halides with HNO3 and H,SOy in the gaseous or aqueous phases
(ten Brink, 1998; Song and Carmichael, 1999). The CWT indicates a probable origin from

coastal areas in the southeastern U.S.

3.1.5  Road traffic emissions

Factor 5 depicts road traffic emissions. It accounts for 16% of PM, s mass (10-25%) and
high percentages of EC (52%) and OC (34%) that represent primary engine exhaust. The factor
also includes V (30%), Mn (27%), Fe (56%), Cu (66%). The latter three metals are strongly
related to road traffic emissions (e.g., Adachi and Tainosho, 2004; Harrison et al., 2012; Pant and
Harrison, 2013), while V is found in residual oil (Osan et al., 2000) and related fuels. Significant
positive correlations with r> 0.5 are found with NOy (particularly NO), CO, methane, and EC
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(particularly opt.EC). Correlations >0.6 are also found with PNC from 70 to 200 nm in size.
Road traffic contributes to a large range (30-200 nm) of particle number size distributions in
urban atmosphere (e.g., Constabile et al., 2009). Weekly patterns are also typical of road traffic
showing slight decreases during weekends (when less truck traffic is expected in NYC). Polar
plot analysis shows increased values during wind calm periods, compatible with a local source,

and low wind speeds from SSE, i.e. toward central Brooklyn.

3.1.6  Crustal material

Factor 6 accounts for high percentages of Al (80%), Si (80%) and moderate (14-23%) of
K, Ca, Mn and Fe, markers of crustal origin although in urban areas, such particle arise largely
from suspension from roads by traffic and construction activities. It accounts for 3% (3-15%) of
PM, s mass. The factor showed no weekly cycles, but had higher concentrations in the spring and
summer. Similar to road traffic emissions, the polar plot shows higher values with moderate

winds from the south.

3.1.7  Biomass burning

Factor 7 accounts for 16% (11-32%) of PM, s mass and is made up of K (43%), OC
(37%), Br (33%), EC (11%) and Ca (9%). Soluble potassium is a strong marker of biomass
combustion. Biomass burning aerosol consists of a non-uniform mixing of high molecular
weight organics, soot and potassium (e.g., Lee et al., 2015). In U.S., biomass burning is relevant
in summer due to wildfires (Wang et al., 2010) and in winter from domestic wood burning (e.g.,
Wiedinmyer et al., 2006; Wang et al., 2012a,b; Zhang et al., 2014). This factor exhibits a weak
seasonality with increased winter concentrations, which is compatible with recreational wood
combustion. The weekly cycles show weak peaks on Sundays (but not statistically significant),
compatible with increased residential wood combustion in winter and barbeques in summer. The
factor shows weak correlations (0.5<r<0.6) with 70 to 200 nm PNC, that are common for wood
smoke (Chandrasekaran et al., 2013). The polar plot does not indicate a prevailing direction, but
higher concentrations are observed during high wind speeds. The CWT shows increasing
concentrations when air masses pass over the Ohio River Valley and the boreal forests of eastern

Canada.
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3.1.8  Residual oils/domestic heating

Factor 8 has high explained variations of vanadium (48%), nickel (70%) and also
moderate values for Ca (40%), Mn (32%), EC (23%) and Fe (21%). Its annual contribution to the
PM, s mass is 3% (1-15%), but strongly increases during winter (December-February) with no
evident weekly patterns. Nickel and vanadium are key tracers for residual oil combustion
(Moreno et al., 2010) including heavy fuel oil boilers (Sippula et al., 2009), petrochemical
refineries (Bosco et al., 2005; Sanchez de la Campa et al., 2011), coke production (Moreno et al.,
2007) and shipping emissions (Moldanova et al., 2009; Becagli et al., 2012). Sources present in
the NY-NIJ area include:

e Residual oil combustion is a known source of particulate nickel in NYC (Peltier et al.,
2009). No. 4 and No. 6 oils were used in large building heating systems: No.6 oil has
high sulfur concentrations (3000 ppm), Ni (~17 ppm), V (3 ppm), Mn (2.9 ppm) and Zn
(1.9 ppm) (NYSERDA, 2010).

e No.4 and 6 oils were regulated in 2011 to transition to No.2 oil. Earlier studies (e.g.,
Huffman et al., 2000) have shown that PM; s-bound Ni and V emissions from residual
fuel oils boilers are predominantly present as sulfates (NiSO4 and vanadyl sulfate,
respectively);

e There is a large oil refinery just south of Elizabeth, NJ (~35 km WSW of QC);

e Ship emissions are present in the area from the NY-NJ harbor with the container port at
the Port of Elizabeth, NJ. Vanadium was also strongly associated with ship emissions in
NYC (NYCCAS, 2016a);

Strong correlations with NOy (r=0.75), SO, (1=0.84), NMHCs (r=0.64), and particles in
the nucleation and Aitken size ranges (<100 nm) support factor 8 being local combustion
sources. Polar plot analysis shows increasing concentrations when moderate to high (5-10 m s7)
winds blow from the N-W, i.e. Manhattan. This results correlated with the map of Ni
concentrations developed for NYC (NYCCAS, 2016b) showing that the higher levels of Ni were
found in locations near to units burning No.4 or No.6 oil and in areas with high residential
population density. This way, the most probable source is residual oil combustion in Manhattan.

However, the polar plot also shows increasing levels with high (10 m s ') ESE winds.

10
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3.1.9  Zinc

Factor 9 contributes to 4% (2-12%) of PM, s mass with highest contributions in winter. It
is dominated by the explained variation of Zn (79%) with moderate values for Ni (27%), Ca
(20%), Cu (14%), Mn (13%) and K (11%). However, only Zn, Cu and Mn show DISP ranges
that never reach zero. Zinc is a known tracer for lubricating oil combustion (Kleeman et al.,
2008) as well as brake and tire wear along with Mn, Fe and Cu (Harrison et al., 2012; Pant and
Harrison, 2013). Zn accounts for around 1% by weight of tire tread and is a significant source of
Zn (Thorpe and Harrison, 2008). However, the relatively high DISP ranges of OC, Si, and Ca
could represent pavement wear. The polar plot analysis shows a potential source to the NE with
moderate winds (>7 m s '), i.e. toward two major roads (Horace-Harding and Van Wyck
Expressways). Thus, the factor could be road dust.

However, the factor also has a strong correlation with SO, (r=0.68) and increasing
correlations as particle sizes becomes smaller (<50 nm), which poorly match with this latter
interpretation and, suggests a combustion source. Mass-relevant contributions from abrasion
particles and resuspended road dust mainly peak in the coarser ranges, i.e. 1-10 pm (Bukowiecki
et al., 2010). The factor cannot be also associated to on-road diesel trucks since the use of
ultralow S fuel in U.S. began in 2006. It has a strong seasonal pattern with high concentrations in
the winter so it may space heating. Zn was found as a prevailing metal in No.2 oils, which also
contain 15 ppm sulfur and 3.2 ppb Ni (NYSERDA, 2010). Thus, the interpretation of factor 9

remains unclear, but may represent a second building heating source.

3.2 Source apportionment of particle number concentrations

Descriptive statistics, seasonality, daily cycles and relationships among the measured
species are discussed by Masiol et al. (2016 submitted). Since photochemical activity has a key
effect on driving particle size and it changes according to the solar irradiation, the best results of
source apportionment studies on particle size spectra data can be extracted by splitting the
dataset seasonally (Zhou et al., 2004). Thus, PMF was run separately for winter, summer and
transitional seasons. Seasons were selected by reviewing the air temperature and solar irradiation
variations. Winter was 16th November to 15th March, summer from16th May to 15th September

and transitional (remaining periods). Seasonal wind roses are provided in Figure SI1.

11
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Cumulative variables (NOy, THC, TC) were excluded from the datasets because they
were not linearly independent. Methane and NMHCs were excluded from the summer dataset
because of a high number of missing values. The final datasets included 18 variables for winter
and transitional periods and 16 for summer. An additional 8-10% uncertainty was added to the
models to encompass errors not considered in the uncertainty assessment. Based on the S/N
criterion, all of the variables were inputted as “strong” for the winter dataset. NMHC was
included as “weak” for the transition period. SO, and CO were categorized as “weak” in
summer. In addition, OC was also inputted as “weak” in summer due the possible artifacts
related to the evaporation of the most volatile fractions of the organic matter.

PMF solutions from 3 to 8 sources were examined. The most stable, robust, and
interpretable results were found with 5-factor solutions for each period. The solutions yielded
stable, reliable diagnostics, i.e.: (i) all runs converged; (ii) species had stable Q over 100 repeated
base runs and low values for the sum of the squares of the differences in scaled residuals for each
base run pair by species; (iii) all scaled residuals were symmetrically distributed indicating good
fits to the data; (iv) a few cases showed absolute scaled residuals exceeding +3, indicating the
presence of potential outliers; (v) modeled total variable (total PNC) was successfully predicted
for every period (R? > 0.9 and slopes=1); (vi) no factor swaps occurred for DISP analysis
indicating that there are no significant rotational ambiguities; (vii) all factors had >98% in
mapping from the BS run (n=300), suggesting that the BS uncertainties can be reasonable and
the selected number of factors is appropriate; and (viii) BS-DISP had no swaps at any dQ when
selecting all strong variables for displacement. The potential for rotational ambiguity was also
checked using the G-space plots and by running over multiple FPEAK solutions (range -10 to
+10, step 0.1). FPEAK= 0 was selected for all the seasons. Rotational uncertainties were further
assessed through the analysis of DISP ranges. A slight constraint was applied to the summer
results by pulling up PM, s in factors 2 and 4. Constraints resulted in a negligible variation in
%dQ (<1), but provided more interpretable profiles.

Generally, all periods returned similar source profiles. The extracted factor profiles and
diurnal patterns are shown in Figures 6, SI4, and SI5. Day of week patterns are provided as
Figure SI6. The contributions to total PNC are summarized in Table 2, polar plots are shown in
Figure 7 and selected CWT maps in Figure 8. The interpretation of factors was more difficult

than in prior size distribution analyses because of the much lower number of size channels (6
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compared to 52). The relationships of the PMF analysis of the speciated data were assessed with

Pearson’ correlation analysis using daily averaged factor contributions (Table 3).

3.2.1 Winter

The first factor showed limited contributions to the total PNC (DISP range 3-4%)).
Although the profile shows modes in the nucleation (20-30 nm) and accumulation (100-200 nm)
size ranges, the percentage contributions of species increases as particle size increases. Despite
the low contribution to the total PNC, factor 1 contributes to the PM mass (this is also confirmed
by the high explained variations of PM; s, sulfate, and OC). Its diurnal pattern shows a broad
minimum during daytime, which is more likely related to the mixing layer height dynamics than
variations in source emissions. Factor 1 is interpreted as secondary inorganic and organic
aerosol. It is slightly but statistically lower on Saturdays (Kruskal-Wallis p<0.05). The polar plot
showed increases from all directions under low winds (<5 m s') and from SW at moderate
speeds, i.e., directionality similar to secondary sulfate for PM, s mass (Figure 4). It also has
strong positive correlations with secondary aerosol sources extracted by the prior PMF results
(Table 2). The CWT map points out the northcentral U.S. in winter shifting toward the Ohio
River Valley in summer as strong potential source regions.

Factor 2 contributes to 2-4% of total PNC. It includes NO (90%) and has significant
variation of EC (28%), PM; s, sulfate, OC, CO and SO, (10-20%). However, PNC are low in all
sizes with a weak mode at 30-50 nm, compatible with spark ignition particle emissions.
Daily/weekly cycles reveal a sharp peak between 7-9 am, i.e. during morning rush hours, and a
drop during weekends. This factor is strongly correlated with several PM, ssources: ammonium
sulfate and nitrate, road traffic and residual oil. The polar plot indicates increased concentrations
during calm winds. This factor represents a local source. Primary road traffic emissions are the
most likely interpretation since nearby road traffic is intense at QC and NO, EC, OC, CO are
pollutants primarily emitted by motor vehicles.

Factor 3 is the major source of PNC (47-54%) and exhibits a clear pattern in particle
size, increasing with decreasing particle size. This factor also accounts for high percentages of
NO; (~50%), SO; (~50%) and moderate (>33%) EC and NMHCs. NOy is emitted by high
temperature combustion (mostly as NO) with heavy duty diesel trucks and building heating as

important sources. NO; is formed by reaction with ozone. EC, HMHCs and SO, are also emitted
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from combustion sources including vehicle emissions, with EC dominant in diesel exhaust
compared to spark-ignition vehicles (Zielinska et al., 2004; Lough et al., 2007; Cheung et al.,
2009; 2010). The diurnal pattern shows two maxima (6-8 am and 5-10 pm) characteristic of road
traffic (morning and evening rush hours), but the morning peak is about 1 h earlier than the
maxima observed for factors 2 and 4. This pattern is also consistent with building heating, which
typically starts earlier in the day and produces UFPs. The polar plot indicates increases for
moderate wind speeds (<7 m s ') and for winds blowing from the NW (Manhattan). From its
directionality, this factor can be linked to a background of pollution arising from multiple
sources in NYC, including: (i) road traffic (two diurnal peaks); (ii) harbor activities (high loading
of SO»); and (iii) domestic heating and residual oil combustion in centralized heating systems
(early morning peak; high loading for SO, and NO,; strong significant correlation with the
residual oil factor of PM; s PMF analysis (Table 2).

Factors with similar profiles were found in the other seasons. However, the
concentrations in winter were significantly higher than in the other periods. The higher winter
concentrations may be caused by: (i) ultrafine particles being more persistent in cold weather
with lower evaporation after emission; (ii) additional emissions from heating systems; and (iii)
lowered mixing layer heights during colder periods reducing pollutant dispersion.

Factor 4 contributes to 35-42% of total PNC and includes a wide particle size range (20-
200 nm). It significant contributes to PM; s mass (21%) with negligible contributions to the other
pollutants. Both the daily pattern and polar plot are similar to primary road traffic emissions
(factor 2), i.e. a sharp peak during the morning rush hours and increased concentrations for calm
winds and for winds blowing from the SW (Brooklyn). Only weak correlations were found with
any of the PM, s factors. Factors 2 and 4 seem to represent sources linked to vehicular traffic.
Although this result appears to be factor splitting from too many factors, the split remains for
solutions with lower numbers of factors, demonstrating that they represent two distinct sources.
Some studies have reported that wintertime nucleation in Northeastern U.S. occurs principally in
the morning (e.g., Jeong et al., 2004; Kasumba et al., 2009; Wang et al., 2011) resulting from
motor vehicle emissions during morning rush hours. Therefore, this factor is assigned as
nucleation and the subsequent particle growth is the result of condensation of semi-volatile

compounds on pre-existing particles.
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Factor 5 is dominated by ozone (95%), and moderate explained variation of methane

(38%), NMHC:s (27%), and OC (11%). The PNC contributions were low (3-8%) and primarily in
the smaller sizes (20-50 nm). The diurnal cycle is the mirror image of factor 3, presenting a large
peak during the afternoon. Polar plot indicates increased levels for high speed winds (>7 m s ')
blowing from most directions. This factor represents Os-rich air masses advected in NYC during
higher wind speeds. It is likely of regional origin as shown by CWT maps with increased
concentrations when air masses pass over the Ohio River Valley and the East U.S. coast. While
North America transport may be related to the generation of ozone from the biogenic Os-
precursors emitted from conifer forests, the origin from the coast may be linked to a recirculation

zone.

3.2.2 Transition periods

The factors for the transition periods are similar to those for winter. Factor 1 represents
secondary particles. However, its contribution to total PNC is much higher (21-25%). It shows
higher contributions to the larger particle size bins (>100 nm), PM; s (81%), sulfate (76%), and
OC (78%) with moderate EC (22%), NO; (23%), and SO, (22%) explained variation. Similar to
winter: (1) its diurnal pattern presents a broad minimum during daytime, which is likely related to
the mixing layer height dynamics; (ii) polar plot roughly shows increases for low wind speeds
(<5 ms); (iii) it is strongly correlated with secondary aerosol sources for PM, s mass (Table 2),
but also with biomass burning and road traffic; and (iv) CWT map points to the lower
Mississippi River basin as a strong potential source region.

Factor 2 (primary traffic emissions) is also similar to winter: (i) it contributes to 3-8% of
total PNC; (i1) it is dominated by NO (100%), but also has significant shares of EC (32%), CO,
NMHCs and SO; (16-17%); (ii1) the daily/weekly cycles show a sharp peak between morning
rush hours and a drop on Saturdays; (iv) polar plot clearly indicates increased concentrations
during wind calm periods; and (v) it is strongly correlated with road traffic emissions, residual
oils and zinc factors. Also in this case, factor 2 may depict the road traffic emissions.

The profiles, polar plot, and daily/weekly patterns of factor 3 are similar to winter.
However, it presents lower shares of PNC in the smaller size bins and its contribution to the total

PNC is also lower (13-19%). Since outdoor air temperatures are higher in the transition periods
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compared to winter, the lower concentrations (~1/4 of winter) supports the hypothesis that this
factor may also have a contribution from the use of residual oil for space heating in Manhattan.

Factor 4 contributes to 48-57% of total PNC and its profile is dominated by particles
ranging over a wide size interval (20-200 nm), while the pattern of gaseous pollutants shows
significant values for NO; (22%) and SO, (35%). The polar plot suggests a local origin, showing
increased concentrations for low winds. Similar to winter, this factor depicts the local nucleation
events, likely driven largely by direct emissions from road traffic during morning rush hours.

The Os;-rich aerosol profile matches well with that of winter profile, total PNC
explained variation, polar plot, and CWT maps. However, it can be noted that its daily maximum
lasts ~2 h more in the late afternoon: this is attributable to the more extended daylight with

respect to the winter period.

3.2.3 Summer

Secondary aerosol (factor 1) accounts for 9-10% of total PNC and mainly contributes to
particles in the coarser ranges (65% of particles >200 nm) as well as to PM; 5 (62%), sulfate
(78%), OC (38%) and SO, (33%). It strongly correlates with ammonium sulfate, but not with
ammonium nitrate (Table 2) since PM-bound nitrate concentrations are low in summer due to
evaporation (Schaap et al., 2004). It is relatively constant during the day, although a slight
decrease can be noted during afternoon. This pattern fits with the diurnal cycles of sulfate and
nitrate particles found in summer 2009 at QC using Aerosol Mass Spectrometry data (Sun et al.,
2011;2012). They reported that sulfate slightly increased during daytime and nitrate increased
overnight. Polar plot analysis shows evident increases for SW winds. However, this atmospheric
pattern may be affected by the sea/land breeze effect, which is more pronounced in summer due
to the enhanced solar irradiation. The CWT map shows the Ohio and Tennessee River Valleys as
the most probable source areas.

Traffic emissions (factor 2) also shows profiles, diurnal/weekly patterns, polar plot, and
correlations with PM; s mass sources very similar to the winter and transition periods. This
source remains constant throughout the year with its contribution to total PNC (5%) similar to

those in other periods.
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Factor 3 is again attributed to the background pollution transported from Manhattan. It
presents similar patterns of the PM, s species and gaseous pollutants as observed in the other
seasons. However, there are some key differences:

¢ The polar plot does not show transport from Manhattan (NW). It is dominated by low
wind speeds and a lack of clear directionality in summer likely due to the lack of residual oil
burning. These results support the hypothesis that central heating system emissions in Manhattan
may have a key role in this factor during the cold season. In addition, wind directionality also
suggests that this factor is more local in origin during the summer, likely dominated by local
road traffic.

e A larger sized PNC mode (50-200 nm) was found compared to the other season factor 3
profiles that had modes in the 20-50 nm range. Condensation/evaporation/dilution processes are
the major mechanisms altering particle size distributions after primary particles in the nucleation
range are emitted in the atmosphere (Zhang et al., 2004; Harrison et al., 2016). For example, Zhu
et al. (2004) measured particle size distributions at various distances downwind from a major
highway. They reported size distributions peaking at <10 nm at all distances (from 30 m up to
300 m from the highway) in winter. However, in summer there was a drop in the smallest
particle mode (10-20 nm) as distance increased from the highway. Zhang et al. (2004) modeled
these results and concluded that condensation/evaporation and dilution were the major
mechanisms in altering aerosol size distributions. Fujitani et al. (2012) showed seasonal
differences in modes of the finest particles (<30 nm) collected at a roadside site, i.e. a dominant
10-30 nm peak in winter, which was not found in summer. The larger PNC mode found in
summer may be related to the ageing processes of particles in the atmosphere after their
emission;

¢ The daily pattern has a minimum during daytime but lacks a nighttime minimum when
compared to winter and transition periods. The diurnal pattern of factor 3 presents two evident
peaks in winter; such peaks are still evident during transition periods, but the minimum occurring
overnight is less prominent. It can be assumed that the drift in the daily cycles may continue
during the summer. The different dynamics of the nighttime mixing layer due to the increased
temperatures could be the main reason for this change.

¢ The total PNC concentration attributed to factor 3 differs among the seasons. Winter

shows the higher concentration, with transition periods the lower (drop of ~4-fold) and summer
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an intermediate concentration (about half than winter). While the higher winter concentrations
were attributed to their higher stability during cold conditions and additional emissions of
heating systems (also supported by the change in directionality), nucleation may enhance
concentration in summer because of the higher solar irradiation and faster formation of low
volatility secondary material.

Factor 4 includes most of the particles in the smallest size ranges (20-50 nm), exhibits a
sharp mode in the number distribution at 20-30 nm, and makes the largest contribution to the
total PNC (38-40%). This factor shows significant weak positive correlations with road traffic
emissions and exhibits a diurnal cycle peaking at 1-2 pm, which does not match with factor 4 for
winter and transition periods. The polar plot analysis indicates enhanced levels when winds blow
from the SW quadrant, which is consistent with road traffic from Brooklyn, the stack emissions
from the oil refinery in NJ, and ship emissions from the Port of Elizabeth, NJ. However,
nucleation was predicted to be the dominant source of ultrafine particles in Eastern U.S. during
summer (Posner and Pandis, 2015) and the sharp peak at 1-2 pm is strongly related to the solar
irradiance. Thus, factor 4 is likely to be driven by early afternoon photochemical nucleation
processes (Seinfeld and Pandis, 2006; Zhang et al., 2011). For example, strong afternoon
nucleation events peaking at around 1 pm were found in spring and summer months in NE U.S.
(e.g., Jeong et al., 2004). The Os-rich factor shows daily cycles and polar plot similar to the other

s€asons.

S. CONCLUSIONS

This study has compared source apportionment of airborne particulate matter in NYC
using chemical constituent and particle number concentrations measured at an urban site in
NYC. The PNC data were collected with a TSI model 3031 with lower resolution in the
description of the particle number concentrations compared to prior work using scanning
mobility particle sizers. The conclusions to be drawn from this work are:

o PM, s mass concentrations are dominated by secondary species, i.e. ammonium
sulfate (35%) and ammonium nitrate (14%). They also contain significant OC concentrations in
profiles, i.e. secondary organic aerosol is shared in such sources. While nitrate decreases in warm

periods due to its volatilization, sulfate reach maximum levels in the warmer season.
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° Traffic emissions (16%), road dust (14%), and aged sea-salt (9%) also contribute
to the PM; s mass, while residual oil, and fresh sea-salt account for less than 5% each.

° PM, s number concentrations are dominated by nucleation particles, which are
mainly generated through (i) early morning nucleation of primary emissions in winter and
transition periods and (ii) early afternoon photochemical processes in summer. Advected
pollution from Manhattan and Brooklyn are another major source of ultrafine particles.

. In winter, and in part during transition periods, NYC background pollution is
dominated by the burning of residual oil for domestic heating.

J Primary road traffic has only a small contribution to the total PNC emitted locally.
However, NYC traffic emissions also contribute to the NYC particle background.

o Secondary aerosol accounts for a small portion of total PNC and continental U.S.
is the most probable origin.

The concurrent application of source apportionment methods to both mass and particle
number concentrations has provided more detailed information about air quality in NYC than
would be available from only one metric. In particular, traffic was found to not account for a
large amount of PM, s mass, but it is the main source of particles in NYC. Most of such particles
were not locally generated by primary emissions, but are the result of advection from most
trafficked zones. The use of residual oils has a small impact on PM; 5 mass. However, it may
dominate the PNC in cold periods. This finding is useful in order to plan current and future air

quality mitigation strategies in NYC.
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936 Table 1. Source apportionment of total PNC (percentage). Results refer to DISP ranges (min-

937 max).
Secondary Road traffic NYC Local nucleation .
. . and O;-rich aerosol
aerosol emissions background .
condensation

Winter 3—4 2—6 47—54 35—42 3—S8

Transition 21-25 3—8 13—19 48—57 3—8

Summer 9—10 5 34—35 38—40 2—3
938
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Table 2. Pearson’ correlations between PMF factor contributions on PM2.5 mass concentration and PMF factor contributions on PNC
at QC. Only correlations statistically significant (at p<0.05) are shown; correlation coefficients >0.6 are in bold.

Ammonium Ammonium Fresh Aged Road Dust Biomass  Residual Zine
sulfate nitrate sea-salt  sea-salt traffic burning oils

Winter
Factor 1 0.86 0.67 0.57 0.58 0.38
Factor 2 0.80 0.76 0.36 -0.33 0.63 0.47 0.57 0.64
Factor 3 0.32 0.40 0.68 0.39
Factor 4 0.47 0.48 0.39 0.45
Factor 5 -0.61 -0.65 -0.51 -0.35 -0.44 -0.66 -0.33
Transition
Factor 1 0.84 0.82 0.49 0.66 0.86 0.55
Factor 2 0.39 0.56 0.89 0.36 0.78 0.63
Factor 3 -0.37 0.38 0.43
Factor 4 0.32 0.37 0.37 0.37 0.75 0.34
Factor 5 -0.49 -0.37 -0.48
Summer
Factor 1 0.94 0.34
Factor 2 0.69 0.33 0.48 0.46
Factor 3 0.75 0.57 0.40
Factor 4 -0.36 0.44 0.36
Factor 5 0.53 0.32
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of total variable (total PNC), while other variables are in their own units, i.e. ppb for CO, NO, NO,, SO,, Os; ppmC for methane and
NMHCs; ug m ™ for PM, s, sulfate, OC, EC). Daily profiles are shown (right): average concentrations are provided as solid lines and
the associated 75th and 99th confidence intervals calculated by bootstrapping the data (n=200) as shaded areas.
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Figure 7. Bivariate polar-plots of all sources extracted by PMF on PNC data. Polar plots scales refer to the average factor
contributions to the total variable (total PNC).
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Figure 8. Most important CWT maps of PMF sources calculated on PNC data. Map scales refer to the average factor contributions to

the total variable (total PNC).
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