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ABSTRACT

During the past two decades, efforts have been made to further reduce particulate air pollution across New York
State through various Federal and State policy implementations. Air quality has also been affected by economic
drivers like the 2007-2009 recession and changing costs for different approaches to electricity generation. Prior
work has focused on particulate matter with aerodynamic diameter <2.5 pm. However, there is also interest in
the effects of ultrafine particles on health and the environment and analyses of changes in particle number
concentrations (PNCs) are also of interest to assess the impacts of changing emissions. Particle number size
distributions have been measured since 2005. Prior apportionments have been limited to seasonal analyses over a
limited number of years because of software limitations. Thus, it has not been possible to perform trend analyses
on the source-specific PNCs. Recent development have now permitted the analysis of larger data sets using
Positive Matrix Factorization (PMF) including its diagnostics. Thus, this study separated and analyzed the hourly
averaged size distributions from 2005 to 2019 into two data sets; October to March and April to September. Six
factors were resolved for both data sets with sources identified as nucleation, traffic 1, traffic 2, fresh secondary
inorganic aerosol (SIA), aged SIA, and O3-rich aerosol. The resulting source-specific PNCs were combined to
provide continuous data sets and analyzed for trends. The trends were then examined with respect to the
implementation of regulations and the timing of economic drivers. Nucleation was strongly reduced by the
requirement of ultralow (<15 ppm) sulfur on-road diesel fuel in 2006. Secondary inorganic particles and Os-rich
PNCs show strong summer peaks. Aged SIA was constant and then declined substantially in 2015 but rose in
2019. Traffic 1 and 2 have steadily declined bur rose in 2019.

1. Introduction

particles on humans in clinical studies. Ambient particle number con-
centrations (PNCs) have been associated with cardiovascular effects. For

Airborne particulate matter is the largest environmental cause of
excess mortality and morbidity (GBD, 2020) resulting in an estimated 7
million deaths per year (WHO, 2021). The primary focus of health
studies and resulting regulations has been on particulate matter mass
concentrations in various aerodynamic size fractions (<2.5 pm or < 10
pm). However, there are also indications of the health impacts of smaller
sized particles, the ultrafine particles (UFPs) with mobility sizes below
100 nm." Initial studies of the health impacts of UFPs were begun in the
1990s using animal toxicological studies (e.g., Oberdorster et al., 1992).
Utell and Frampton (2002) explored the effects of generated ultrafine

* This paper has been recommended for acceptance by Prof. Pavlos Kassomenos.

example, an increased rate of ST-elevation myocardial infarction
(STEMI) associated with increased UFP concentrations in the previous
hour among adults in Rochester, NY from 2005 to 2016 (Wang et al.,
2019). In a further study in Rochester, Yount et al. (2023) reported that
the association seen in 2014-2016 was no longer observed in
2017-2019 likely due to changing compositions. WHO (2021) reviewed
the effects of UFPs but concluded that there was not yet sufficient in-
formation to set health-protective concentration guidelines but recom-
mends continued studies.

Trechera et al. (2023) reviewed particle number concentrations
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across 26 sites in Europe and in Rochester. Prior studies have been
performed in a number of locations on the source apportionment of
particle number size distributions (PNSDs) (Hopke et al., 2022). How-
ever, there are relatively limited studies of PNCs and PNSDs particularly
long-term studies in urban locations that would permit analysis of trends
in PNC or size-specific PNCs that would be derived from source appor-
tionment of PNSDs.

As part of the ongoing studies of UFPs at the University of Rochester,
a particle size distribution monitoring system was established in
November 2001 on the main fire station in downtown Rochester NY in
conjunction with the New York State Department of Environmental
Conservation’s (NYS DEC) criteria pollutant monitoring station at that
location. In 2004, the site was closed, and the instruments were moved
to the current NYS DEC site on the eastern side of the city (lat:
43.146183°N; lon: 77.54215°E). However, instrument problems pre-
cluded starting measurements at this location until January 2005, and
they have continued there to the present. The resulting data have been
the subject of a number of publications describing the characteristics of
the PNCs (Jeong et al., 2004, 2006; Wang et al., 2011a), trends in PNCs
in various size ranges (Masiol et al., 2018; Chen et al., 2022), and PNC
sources (Ogulei et al., 2007a; Kasumba et al., 2009; Squizzato et al.,
2019).

One of the major goals of this long-term monitoring was to assess the
changes in PNCs related to changes in source emissions over time driven
by implementation of regulations or through changes driven by eco-
nomic changes and events such as the 2007-2009 recession. Similar
trends studies has been done by Chen et al. (2023) on all of the criteria
pollutants measured across New York State at all of the NYS DEC
monitoring sites. A table outlining the regulations and economic drivers
is provided as Table S1 in the Supplemental Material. However, it has
previously not been possible to explore the trends in source-specific
PNCs because of software limitations described by Hopke et al.
(2023). As they described in that paper, there is now an approach to use
the multilinear engine (ME-2) (Paatero, 1999) including the diagnostic
tools presented in Paatero et al. (2014) to analyze large data set. Thus, it
is now possible to analyze a much larger data set to provide source
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apportioned PNC that can be used in trend analyses. The objectives of
this work were then to apportion the PNC values from 2005 to 2019 to
sources, to analyze the trends in the source-specific PNCs, and to relate
these trends to likely causes including implementation of regulations
and changes in emissions resulting from economic drivers.

2. Data and methods
2.1. Measurements

Measurements were made at the NYS DEC site in Rochester, NY (Lat:
43.14501°N: Lon: 77.55728°W) as shown in Fig. 1. A wider view of
Rochester showing the site locations is provided in Fig. S1 of the sup-
plemental material. The particle size distributions from 10 to 500 nm
were made from 2005 to August 2018 using a TSI model 3071 differ-
ential mobility analyzer (DMA) and a TSI model 3010 condensation
particle counter (CPC). In mid-August 2018, this system was replaced
with a TSI Model 3082 classifier with a Model 3081a long DMA and a TSI
model 3750 CPC. At this site, NYS DEC also measures hourly values of
PM; 5, CO, SO3, and O3 using standard regulatory monitors. In July
2008, a Magee Scientific AE21 2-wavelength aethalometer was added to
measure light absorbing carbon at 370 and 880 nm. The resulting BC
(880) and BC(370) were used to calculate DC (BC(370)-BC(880)) as
described by Wang et al. (2011b).

2.2. Positive Matrix Factorization analyses

The data set covering the period of 2005-2019 consists of total PNC,
PNC values for 54 geometrically sized bins with midpoint diameters
from 11.1 to 470 nm, PM; 5, CO, SO5, O3, BC(880) and DC. The resulting
data set consisted of 104,311 hourly values of 60 variables or 6,258,660
data points. Uncertainties in the PNC values were estimated using the
approach of Ogulei et al. (2007a) and Squizzato et al. (2019). Un-
certainties for the ancillary variables from the manufacturers’ specifi-
cation and the approach of Polissar et al. (1998). As noted in Hopke et al.
(2023), the ME-2 program has a limit to the number of equations it can
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Fig. 1. Google Earth view of the eastern side of Rochester, NY showing the NYS DEC monitoring site (ROC).
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handle and for these data that represents a limit of less than 6 million
data points. Thus, it was not possible to analyze the entire data set in a
single analysis. Also previously, Zhou et al. (2004, 2005) and Ogulei
et al. (2007a) found that sufficient changes in the size distribution
profiles during the year due to changing atmospheric chemistry war-
ranted separating the year into subsets. Thus, the data were divided into
2 subsets representing cold (October to March) and warm (April to
September) periods.

Since factor analysis methods like PMF depend on “edge” points in
the data set where one or more sources have little or no contribution to
that sample, meteorological variations can raise or lower concentrations
depending on the dispersion conditions. Prior work has shown that
dispersion normalization can substantially improve the source appor-
tionments particularly for hourly PM data (Dai et al., 2020, 2021a) and
PNC size distributions (Dai et al., 2021b; Chen et al., 2022). Dispersion
normalization (DN) is based on the ventilation coefficient, VC, that is
calculated as the product of the mixed layer height times the average
wind speed during the sampling period. Hourly wind speeds were ob-
tained from the Frederick Douglas Rochester International Airport Na-
tional Weather Service monitoring site (KROC) via the National Centers
for Environmental Information (NCEI, 2023). Rochester has no of mixed
layer heights monitoring. Thus, hourly mixed layer heights were ob-
tained using modeled values available from the ERAS5 hourly data on
single levels from 1940 to present website (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?ta
b=form). DN involves normalizing each sampling interval to have the
same VC as the mean VC of the whole data set. Thus, each hourly data set
is multiplied by VCean/VC;j where i is the index for this specific sam-
pling interval. Each of the 2 DN data sets were analyzed using ME-2 to
make the PMF analyses as well as providing the displacement (DISP) and
bootstrap (BS) outputs (Paatero et al., 2014). As noted by Hopke et al.
(2023), the time to perform a BS-DISP analysis is too long (~75 days) to
be practical and thus, it was not performed.

The resulting source-specific PNC concentrations were then unnor-
malized by multiplying the resolved values by VC;/VCpean. These values
were then analyzed using the “timeVariation” routine of the ‘openair’
package (Carslaw and Ropkins, 2012). The wind speed and directional
data were from KROC (NCEI, 2023) were combined with the PMF results
to provide conditional bivariate probability function (CBPF) plots
(Uria-Tellaetxe and Carslaw, 2014) using ‘openair.’

2.3. Trend analyses

Three different trend analyses were performed on the complete time
series for each of the resolved factors that was developed by combining
the results of the two seasonal PMF analyses. The trend analyses were
done on monthly average values of the source-specific PNC values.
Monotonic trends in the source-specific PNCs were assessed by calcu-
lating the Thiel-Sen slope (Theil, 1950; Sen, 1968) using the routine
available in ‘openair.” This method calculates the median of the slopes
between all pair of points in the time series and its associated confidence
interval. The second approach, seasonal trend decomposition based on
loess (STL) (Cleveland et al., 1990), separates a continuous smoothed
trend from the seasonal variation and calculates the residual after sub-
tracting the two time-series from the inputted source-specific PNC
values. Missing monthly values were imputed using a Kalman filter. The
STL analyses were performed using the ‘smoothTrend’ procedure in
‘openair.’ Finally, piece-wise regression was applied to explore breaks in
the slope of the time series that might have reflected the implementation
of a policy or economic influence. This analysis was implemented in the
‘segmented’ package in R (Muggeo, 2003; 2008).

3. Results and discussion

Factor solutions from 5 to 8 factors were examined for both data
subsets. The 6-factor solution was chosen as the best result. It fit the data
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adequately as shown by the scaled residual distributions, and the pro-
files were easily interpretable for both data sets as Nucleation, Traffic 1,
Traffic 2, Fresh Secondary Inorganic Aerosol (FSIA), Aged Secondary
Inorganic Aerosol (ASIA), and Os-Rich, similar to what had been
resolved in prior analyses (e.g., Squizzato et al., 2019). The 5-factor
solution did not adequately fit the data as shown by the scaled resid-
ual distributions. The 7-factor solution had less compatible profiles be-
tween the warm and cold periods and thus, were harder to interpret. The
8-factor solution clearly showed factor splitting and was discarded.

The PNC portions of the profiles have been normalized by the total
PNC values for each factor, so they are unitless fractions of the total PNC
in each size bin. The PNC contributions have been normalized by the
same PNC contributions for each factor and then unnormalized for
dispersion as described above. The ancillary variable have not been
normalized and are concentrations in their native measurement units.
The profiles and contribution plots for the 6-factor solution are shown in
Fig. 2 (cold) and 3 (warm). The apportionment results including the
average PNC and percent contribution to the total for the warm, cold,
and whole year periods are provided in Table 1. Each of the factors will
be discussed separately with respect to the likely physical sources and
atmospheric processes that led to the size distribution and concentra-
tions that have been observed.

3.1. Nucleation

This factor profile shows a peak for the winter data at 17 nm, while
the summer mode peak is at 16 nm. Both represent most of the PNCs
below 20 nm. In Table 1, Nucleation is seen to contribute 18% of the
PNCs as the 4th largest particle source. Given the colder temperatures in
winter, a slightly larger size during the cold period might be the result of
lower vapor pressures for semivolatile constituents. It is similar to what
has been reported in prior apportionments of PNC size distributions (Dai
et al., 2021b; Hopke et al., 2022 and references therein). The profile for
the other pollutants shows small contributions to CO, SO», and BC with
very little O3, DC, or PM3 5, consistent with motor vehicle emissions and
photochemical new particle formation events.

This factor represents a combination of both direct emissions from
combustion sources including vehicular traffic along the major roads in
the vicinity of the site (Fig. 1), the diesel-powered railroad that is about
100 m from the monitoring site, and new particle formation (NPF)
events as suggested by the time series of diel patterns shown in Fig. S2.
In the early years (2005 and 2006), there was a clear morning rush hour
peak at 7-8 a.m. local time that is from vehicular traffic. There was also
a broader early afternoon peak at approximately 1 p.m. local time that is
ascribed to photochemically induced new particle formation. These
peaks diminish over time until 2015 with the rush hour peak becoming
less distinct and the NPF processes becoming dominant. However,
beginning in 2015 and continuing until 2019, the morning rush hour
peak grows relative to the NPF activity. The relatively flat pattern from
late morning through midnight in recent years may be due to the train
traffic along the main line tracks near to the monitoring site where
freight trains run frequently.

The day-of-the-week time patterns as a function of year are shown in
Fig. S3. Initially, there was a strong decline in concentrations for Sat-
urday and Sunday that diminishes as the concentrations decrease and
the relative contribution of vehicular traffic diminishes. However, the
Saturday/Sunday drop returns more clearly in 2017 as the influence of
traffic increased as seen in the diel patterns. The monthly mean and
associated confidence intervals are shown in Fig. S4 and depict similar
trends downward at the beginning of the study period and rising during
the last several years. In the early part of the period, there were peaks in
winter when colder temperatures support more heterogenous nucleation
of semivolatile emissions onto co-emitted particles with smaller summer
photochemical peaks. From 2013 through the end of the period, sea-
sonal patterns were much less discernible. As can be seen in Fig. 4, there
were data gaps from July to September 2006 and September to
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Fig. 2. Source profiles for the cold (left) and warm(right) period analyses.
Table 1
Results of the PNC apportionments by season and whole year.
Source Warm Season Cold Season Whole Year
Mean PNC % Contribution Mean PNC % Contribution Mean PNC % Contribution
Nucleation 744.4 15.50 975.6 20.37 861.7 17.96
Traffic 1 1234.3 25.70 1892.6 39.51 1568.4 32.69
Traffic 2 1220.1 25.40 1265.2 26.41 1243.0 25.91
Aged SIA 123.4 2.57 70.0 1.46 96.3 2.01
Fresh SIA 1248.1 25.98 78.3 1.63 154.7 3.23
03-Rich 233.5 4.86 508.8 10.62 873.0 18.20

December 2012 where the SMPS was not operating because it was being
repaired and several other smaller gaps occurred due to instrumental
interruptions. The overall data capture rate was around 83% over the
15-year period.

The formal trend analyses are shown in Fig. S5, and the numerical
values are presented in Table 2. For Nucleation, there is a sharp drop
from 2006 to 2007 and a rise from 2014 to 2019. The drop in 20062007
may be attributable to the requirement that 80% of the on-road diesel
fuel in the United States be ultralow (<15 ppm) as of October 1, 2006.
Thus, much less SO; and SO3 were emitted from the on-road heavy-duty

diesel (HDD) vehicles as the fuel S content changed. The SO can oxidize
to form sulfuric acid that will nucleate with ammonia or amides. Further
declines occurred as more post-2007 HDD vehicles equipped with par-
ticle traps entered the fleet and post 2010, when NOx controls were
added to new HDD vehicles. Non-road diesel fuel S content was required
to move to ultralow S beginning in 2010 and completed by the end of
2013. New York required all distillate fuels sold in the state after July 1,
2012 to be ultralow S.

The upward trend beginning in 2014, is likely the result of the sub-
stantial reduction in PM; 5 that was occurring from 2010 onward (Chen
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Table 2
Results of the trend analyses.

Factor Theil-Sen Slope Segmented Slope
#cm-3yr-1 %yrl Slope (# cm-3 Period
yr-1)
Nucleation -6 [-30, -0.79 [-3,2.69]  —784 [-893, 01/2005-05/
17] —675] 2006
—65 [-73, 05/2006-11/
—58] 2014
231 [215, 247] 11/2014-12/
2019
Traffic 1 —62 [-84, —-3.33 [-4.16, —202 [211, 01/2005-07/
—40] —2.37] —193] 2011
5[-2,13] 07/2011-11/
2018
867 [731, 11/2018-12/
1002] 2019
Traffic 2 —-62 [-77, —3.72 [4.35, —192 [-202, 01/2005-07/
—45] —2.99] —182] 2011
2 [-6, 10] 07/2011-12/
2018
652 [504, 800] 12/2018-12/
2019
Aged SIA -8 [-10, —5.27 [-5.91, 0[-2,1] 01/2005-12/
—6] —4.47] 2011
32 [9, 56] 12/2011-12/
2012
—25 [-27, 12/2012-10/
—23] 2018
105 [86, 123] 10/2018-12/
2019
Fresh SIA —28 [-45, -3 [-4, -1] 102 [89, 115] 01/2005-03/
-11] 2008
—145 [-157, 03/2008-08/
-132] 2011
2 [-2, 6] 08/2011-08/
2018
321 [276, 366] 08/2018-12/
2019
03 Rich 3 [0, 6] 2.31 [-0.16, 84 [78, 90] 01/2005-10/
5.60] 2006
-3 [-3, -3] 10/2006-12/

2019

et al., 2023). The shut-down of many coal-fired power plants during the
2007-2009 recession reduced SO, emissions and the low cost of fracked
natural gas meant a substantial shift in electricity generation to new
combine cycle natural gas turbines and renewables as described by
Squizzato et al. (2018). Thus, the reduction in accumulation mode sul-
fate particles substantially reduced the condensational sink such that
new particle formation became possible (McMurry and Friedlander,
1979).

In addition, the shift in light-duty spark-ignition vehicles from port
fuel injection (PFI) to gasoline direct injection (GDI) beginning in 2007
meant that by 2014, a substantial fraction of the fleet was using GDI
engines. From 2010 to 2014, gasoline in the United States was being
reformulated to reduce its benzene content. To maintain the perfor-
mance of the gasoline vehicles, intermediate volatility organic com-
pounds were used as replacements (Zhao et al., 2014). As a result of the
combination of changes in engine technology and gasoline constituents,
more secondary organic aerosol (SOA) was being produced based on the
studies of Zhao et al. (2015, 2016, 2018).

To further investigate the sources of nucleation mode particles, the
CBPF plots by season and year are presented in Figs. S6-59. These plots
present the probabilities of sources to be in the direction (angular
dimension) and associated with wind speed (radial direction). Lower
wind speeds are normally associated with more local sources while
higher wind speeds suggest more distant sources. In the early years, the
source areas throughout the year were to the south of the site where the
major highways are situated. However, in the last 2 years, there was a
shift to the northwest for summer and autumn when there were the

Environmental Pollution 347 (2024) 123708

highest probabilities. Northwest is the direction of the railroad tracks
leading to a relatively large switch yard (Fig. S1). Unpublished studies
has found high concentrations of black carbon coming from that rail
yard and it is likely that the diesel engines were a source of nucleation
mode particles and condensable organic compounds. Kittelson et al.
(2002, 2004, 2006a) and Ogulei et al. (2007b) report measurements of
nucleation mode particles as part of a multimodal distribution present in
diesel engine exhaust.

3.2. Traffic 1

These profiles have single modes at 28 nm (warm) and 31 nm (cold)
and similar profiles have been reported in many studies. The ancillary
variables in this profile are also CO, SO2, and BC with little or no O3, DC,
or PMy 5. Over the whole year, Traffic 1 provided the highest contri-
butions to the measured PNC representing about 33% of the PNC. This
profile has consistently been assigned to spark-ignition vehicles by a
number of studies (Hopke et al., 2022 and references therein) and the
assignment is supported by measured distributions reported by Kittelson
et al. (2006b) and Ogulei et al. (2007b). Such vehicles would also expel
condensable gases that would have nucleated and been assigned to
Nucleation. Fig. S10 presents the annual average diel patterns by year in
which a morning rush hour pattern can be discerned across all of the
years. There were also relatively flat values through the late morning
and early afternoon with evening peaks in recent years. A slow but
continuous trend downward can be observed across the whole study
period.

The day-of-the-week plot (Fig. S11) shows a low Sunday pattern but
somewhat erratic low values on Saturday that varied from year to year.
There is again a slow decline in traffic 1 PNC through 2013 when they
became relatively constant. The month-of-the-year plot in Fig. S12
shows winter high values. Although the conventional explanation would
be poorer dispersion conditions due to lower mixed layer heights and
wind speeds, Rochester has anomalously higher winds in the winter
compared to many locations so there is actually more dispersion in
winter than in summer (Fig. S13). The time variations in VC values were
relatively similar from year to year as shown in Fig. S14. There may be
increase cold starts in the winter leading to the increased winter con-
centrations as well as morning rush hour when the VC values were low.

The trend analyses are depicted in Fig. S15 with the numerical details
in Table 2. There was a slow decline from 2005 to 2012, likely due to the
increased penetration of Tier 2 vehicles into the on-road fleet with a rise
in 2018 and 2019. There is a dip in the STL plot in 2012 where there was
a substantial loss of data from instrument failure. The trends in PMj 5
apportioned to gasoline vehicles reported by Chen et al. (2024) indi-
cated an increase beginning in 2015. Since there are weak correlations
between PNC and PMy 5 (Jeong et al., 2004), there may have been
substantial coagulation of the locally emitted Traffic 1 particles with the
regional secondary inorganic aerosol that represented the bulk of the
PM, 5 surface area up to around 2017 as discussed above for Nucleation.

The seasonal CBPF plots (Figs. S16-519) generally show the areas of
maximum probability to be to the south of the site in the direction of the
major roadways and the railroad. The decline in Traffic 1 PNC can be
seen with the decline of the probabilities across the study period. In the
summer (JJA) in recent years, there are areas of higher probability to the
northwest in the direction of the rail yard.

3.3. Traffic 2

Traffic 2 is characterized by a mode centered around 66 nm in winter
and 75 nm in summer. This profile has the opposite seasonal behavior
compared to Nucleation and Traffic 1. The ancillary variables in this
profile are CO, O3, SO, BC and DC but with no PMj 5. This source has
been alternatively assigned as aged traffic particles (Zhou et al., 2004,
2005) or diesel vehicle emissions (Kasumba et al., 2009; Squizzato et al.,
2019; Dai et al., 2021b). This peak is similar to the larger mode in the



P.K. Hopke et al.

measured distributions of Kittelson et al. (2002, 2004, 2006a) and
Ogulei et al. (2007b). The diel patterns are shown in Fig. S20. These
patterns are distinctly different from Traffic 1 with a strong evening
peak up to midnight and a much weaker morning rush hour peak (7-9 a.
m.). The day of the week variations are shown in Fig. S21. There is a
much weaker or no drop in PNC on weekend days when compared to
Traffic 1. Heavy-duty diesel (HDD) traffic in Rochester is a combination
of long-haul trucks delivering or picking up loads in Rochester, local
HDD vehicles, and the railroad. This combination appears to provide
more uniform emissions with similar evening peaks on all evenings as
seen in the hour of week plots (not shown). The monthly patterns are
presented in Fig. S22. In the early years, there were clear peaks in the
winter. The periods with the highest concentration were in the evening
(Fig. S20) even after adjusting for dispersion since at that time VC values
are below average Fig. S14b). These winter peaks declined across the
study period as the combination of cleaner on- and non-road diesel fuel
replaced the traditional fuel and there was continuous penetration of
new HDD vehicles with particle traps and then selective catalytic
reduction systems for particle and NOx controls.

The trend analyses are shown in Figure F23. The STL plot shows a
sharp drop in 2005-2006 and then a longer-term, lower slope decline up
to 2012. These decrements may be associated with the HDD rules that
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introduced ultralow S fuel in 2006, particle trapped new vehicles in
2007, and NOx controls in 2010. There again is a 2013 dip as in Traffic 1
with no known cause. Over the past decade, Traffic 2 has been relatively
constant but with a rise in 2018 and 2019. It is not clear why there is this
rise since more of the pre-2007 should be rotating out of the fleet. There
was an increase in economic activity beginning in 2017 and that may
have resulted in higher HDD vehicle traffic. However, there is also an
indication of leaking from aging catalytic regenerative traps (Yang et al.,
2016; Preble et al., 2019) and it may be that it contributes to the Traffic
2 PNC rise.

Figs. 524-527 present the CBPF plots for Traffic 2. The patterns in the
early years suggest emissions from the west of the monitoring site
generally at low wind speeds suggesting sources near the monitor. Thus,
there appears to be more influence of the railroad and potentially the rail
switch yard. There is no indication from the 2018 or 2019 CBPF plots
suggesting reasons for the rise in the most recent years. Examination of
the trends in source-specific PMy 5 from diesel vehicles (Chen et al.,
2024) show mixed recent year trends across New York with some
increasing and some decreasing so it appears that the rise in Rochester
may be the result of increased local diesel activity.
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Fig. 3. Source profiles for the cold (left) and warm(right) period analyses.
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3.4. Aged Secondary Inorganic Aerosol

This profile represents the largest size particles that were measured
with the SMPS (Figs. 2 and 3). Ancillary variables include SO, BC, and
about one-third of the PMys. In prior studies, the winter profile was
typically labeled as secondary nitrate. The annual average diel patterns
by year, month-of-year and day-of-week are presented in Figs. $28-S30,
respectively. There is a significant drop in PNC between 2014 and 2015
that continues for the rest of the study period with another drop in 2019
as seen in the diel patterns (Fig. S28) and the day-of-week (Fig. S29)
plots. However, this factor represents a very low source of particles with
values below 25 #/cm?® so there is a large uncertainty in these values.
The diel patterns show a weak traffic pattern that diminished after 2013.
The day-of-week plot does not suggest any clear pattern as would be
expected from a regional source. The month of the year plots shown in
Fig. S30 generally show a summer peak with weak winter peaks. The
summer peaks are attributed to secondary sulfate while the winter peak
was expected to be largely secondary nitrate given the differences in
formation rates between summer and winter.

To try to understand the apparent shift in concentration beginning in
2013, further analyses were made. There were closures of out-of-state
coal-fired power plants including a number of shutdowns in Ontario
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beginning in 2009 and given the reduced demand for electricity during
the 2007-2009 recession. Fig. 5 shows the SO, and NOx emissions in the
United States from 2000 to 2020 (USEPA, 2023) as a result of various
policy implementations and the 2007-2009 recession. There was a
substantial decline in the SO, emissions in 2014 that extends to 2016.
During this period, several coal-fired power plants in western NY were
closed. The 816-MW Huntley plant in Tonawanda began reducing its
output in 2015 going from 3192 tons of SO in 2014 to 1158 tons in 2015
and closed completely in March 2016. The 627- MW plant in Dunkirk,
NY was closed in January 2016 with only a small decrease in emissions
between 2014 and 2015. Reductions in sulfate or nitrate PM were not
observed in Rochester (Chen et al., 2024). Thus, the major reduction in
larger particle sizes may be in part the result of reduced emissions in
western NY. However, the origins of the full extent of the reduction are
unclear. Given the reductions in local sources, it may be that given
greater distances from the remaining SO, sources, there was an increase
in particle sizes through additional cloud processing that increased the
diameter of the particles, so they fell outside of the measurement range
of the SMPS. John et al. (1990) reported that there were two size modes
for the inorganic aerosol in the accumulation mode size range. The
smaller mode with a peak at 0.2 £+ 0.1 pm aerodynamic diameter, was
assigned to be a condensation mode resulting from homogeneous
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Fig. 5. United States total emissions of SO, and NOx from 2000 to 2020 as reported by the US EPA (2023).

oxidation of the precursor gases that nucleated to form the product
particles. The larger mode at 0.7 + 0.2 pm was assigned to be the result
of a droplet mode in which additional material was accumulated leading
to the larger particle size.

The trend results are shown in Fig. S31 that shows a general decline
in the piecewise and STL analyses but with a small peak in early 2013 of
unknown origin. There was a constant value through late 2018 with a
rise during the last 14 months of the study period. There are no similar
increases in 2019 in either secondary sulfate or nitrate PM (Chen et al.,
2024). This factor was important in terms of representing the majority of
PNC in sizes above 250 nm.

3.5. Fresh Secondary Inorganic Aerosol

This bimodal profile has a major mode around 150 nm with a minor
mode in the range of 20-30 nm (Figs. 2 and 3). The winter major mode is
larger than that in summer where the mode is in the 90-100 nm range.
The colder temperatures in winter would lead to additional material
condensation onto the particles leading to its larger size. It also may be
augmented by non-secondary local building heating emissions that had
been resolved in earlier studies (Kasumba et al., 2009; Squizzato et al.,
2019). The diel patterns (Fig. S36) show higher concentrations and
smoother results across the study period. There are clear peaks around
midnight and in the morning around 6 a.m. The overnight peak supports
the contribution from heating emissions. In addition, this factor had a
high explained variation of DC, a marker of wood combustion (Wang
etal., 2011b). The 6 a.m. peak is earlier than the morning rush hour seen
in traffic diel patterns. Zhou et al. (2005) reported the possibility of
nitrate nucleation around sunrise when temperatures are minimal, and
photochemistry has just begun. The time around sunrise would be more
likely to have relative humidity values around the deliquesce relative
humidity for ammonium nitrate (~60%) (Wang et al., 2020). There are
much sharper peaks in the early years with gradual diminution to
around 2012 and relatively constant patterns to the end of the period.

There were mixed weekend day patterns with declines in some years
and increases in other (Fig. S37). In the day-of-week results, there is also
a sharp drop as in the Aged SIA concentrations, but in this case, it was
between 2010 and 2011 with continued lower concentrations out to
2019. Again, there is not an obvious association of this drop with known
changes in likely sources. The monthly variations for each year are
presented in Fig. S38 showing strong peaks in each summer although the
magnitude of the peaks declining relatively smoothly over time. The
large summer peak suggests that the composition is likely to be sulfate.

The trend analyses in Fig. S39 show a relatively flat over all result
with a wide variation in the monthly mean values. Fig. S38 showed
strong summer peaks but they have been separated from the central
emissions trends in the STL line. The piecewise analysis showing a rise in
the early years, a decline until 2012, constant until 2019 and again a rise
in 2019 similar to what was seen in several other concentration trends.

The CBPF plots (Figs. S40-543) generally show higher probabilities

centered on the south of the monitoring site at moderate wind speeds
(5-10 m/s). There were higher seasonal values in different years
although the highest values were typically in the early years in the
winter and spring. The summer high probabilities tended to be more
southwesterly in the early years. In the first several years, there was still
high higher S in on-road and non-road diesel fuel and thus, the potential
for local formation of particles as seen by Sun et al. (2011) in 2009 in
New York City. However, these events were observed at midday when
photochemistry was highest while the observed pattern here was at
midnight suggesting primary emissions of SO3 likely coming from diesel
locomotives prior to the requirement of ultralow S non-road diesel fuel.

3.6. Og-rich

The final factor is O3-Rich which has the highest explained variation
for Os. It accounts for 100% of Oz in the winter and 75% in the summer.
The other ancillary variables include CO, SO5, BC, and PM, 5 (28% and
48% for winter and summer, respectively). The profile typically has
multiple modes with a small winter peak in the 10-20 nm range, the
largest mode centered at 47 nm, and third mode at 170 nm. Summer has
a similar small nucleation size mode, but the largest mode was the 170
nm mode representing more PM mass, and a relatively small mode at 37
nm.

Similar profiles were resolved in prior apportionments for Rochester
(Ogulei et al., 2007a; Kasumba et al., 2009; Squizzato et al., 2019).
Similar profiles have also been seen in most of the published PMF ana-
lyses of PNC data that included O3 among the gaseous pollutants. For
example, Sowlat et al. (2016) resolved a secondary aerosol profile in Los
Angeles in which Os has the highest concentration, but the explained
variation was not provided.

Given the strong relationship of the PNC with Os, this source is
thought to represent secondary particles that are likely to be organic in
origin. O3 reacts with olefins such as terpenes to produce lower vapor
pressure compounds that could then nucleate predominately in winter
or condense on preexisting particles more in the warmer months to
produce the observed multimodal distributions. However, the exact
nature of the source(s) is not certain. There is a drop beginning in late
2007 and 2008 that could be related to the closing of the 260 MW coal-
fired power plant on the northwestern side of Rochester whose effect
had been observed in earlier studies (Jeong et al., 2004).

4. Conclusions

There were clear reductions in the PNC that were related to motor
vehicles particularly with respect to the mandated reductions in fuel S
content. These results suggest that the Tier II rules for light-duty vehi-
cles, the heavy-duty diesel rules, and the non-road diesel fuel S content
rules have had a definite effect on reducing PNCs in Rochester. Although
it appears the new particle formation events declined for most of the
study period, nucleation mode particles are increasing in recent years
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likely due to the reduction of the condensational sink provided by
accumulation mode particles. There were sudden drops in the two
accumulation mode factors that were identified as secondary inorganic
particles. These declines came in different years and the exact nature of
these major changes are not known. However, both of these factors
represent relatively low concentration contributions and thus, are sub-
ject to greater uncertainty. The particles associated with ambient O3
concentrations remained fairly constant across the period. It may be that
the increases in ambient O3 concentrations have counteracted the de-
clines in reactive precursors that form these particles.
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