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Abstract

The effectiveness of air pollution emission control policies can be evaluated by examining
ambient pollutant concentration trends that are observed at a large number of ground monitoring
sites aver time. In this paper, we used ground monitoring measurements in conjunction with
satellite aerosol optical depth (AOD) data to investigate fine particulate matter (PM> 5; particulate
matter with aerodynamic diameter <2.5 pm) trends and their spatial patterns over a large U.S.
region, New England, during 2000-2008. We examined the trends in rural and urban areas to get a
better insight about the trends of regional and local source emissions. Decreases in PM5 g
concentrations (ug/m3) were more pronounced in urban areas than in rural ones. In addition, the
highest and lowest PM, 5 decreases (pg/m?3) were observed for winter and summer, respectively.
Together, these findings suggest that primary particle concentrations decreased more relative to
secondary ones. This is also supported by the analysis of the speciation data which showed that
downward trends of primary pollutants including black carbon were stronger than those of
secondary pollutants including sulfate. Furthermore, this study found that ambient primary
pollutants decreased at the same rate as their respective source emissions. This was not the case
for secondary pollutants which decreased at a slower rate than that of their precursor emissions.
This indicates that concentrations of secondary pollutants depend not only on the primary
emissions but also on the availability of atmospheric oxidants which might not change during the
study period. This novel approach of investigating spatially varying concentration trends, in
combination with ground PM5 5 species trends, can be of substantial regulatory importance.
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1. Introduction

Fine particulate matter (PM> 5; particulate matter with aerodynamic diameter <2.5 um) is a
mixture of local and regional pollutants including sulfate, nitrate, ammonium, organic and
elemental carbon, metal oxides, and crustal compounds (U.S. EPA, 2004). The particles
originating from anthropogenic and natural sources are released directly from the sources
(i.e., primary pollution) or are formed in the atmosphere largely through photochemical
reaction from precursor gases (i.e., secondary pollution). Numerous studies have
demonstrated that ambient PM, 5 concentrations are associated with adverse human health
and environmental effects (Bell et al. 2007, 2010; Dockery et al. 1993; Gent et al. 2003,
2009; Ramanathan et al. 2001). The World Health Organization (WHO) annual and 24-hr
PM, 5 guidelines are 10 and 25 ug/m?3, respectively (WHO, 2005). In the U.S., 2012 U.S.
Environmental Protection Agency (EPA) PM, 5 standards are 12 pg/m3 (annual) and 35
Hg/m3 (24-hr) (U.S. EPA, 2013a). To comply with the standard, federal and state
environmental protection agencies have planned and implemented emission mitigation
strategies (e.g., National Clean Diesel Campaign; Cross-State Air Pollution Rule, formerly
Clean Air Interstate Rule) to reduce particle pollution levels and thus protect human health
and the environment (U.S. EPA, 2011a, 2011b).

The effectiveness of these policies can be evaluated by examining ambient pollutant
concentration trends that are observed at a large number of ground compliance monitoring
sites over time. However, the sampling frequency of these sites is usually every three or six
days in the U.S., and PM, 5 monitoring networks are typically sparsely distributed and there
are many geographical areas without monitoring sites. This may cause less reliable
environmental assessments, leading to the necessity of spatially and temporally resolved
methods for comprehensively evaluating the regulatory efforts. Satellite remote sensing is
increasingly used to provide PM, 5 information to complement ground PM> 5 monitoring
networks. The satellite data include aerosol optical depth (AOD), which provides
information about the amount of aerosol in the atmosphere, and are available for different
geographical areas without spatial limitations. Recently, we introduced models that used
AOD data to predict daily surface-level PM5 5 concentrations with reasonably high accuracy
(Lee et al. 2011a, 2012), as discussed below.

The objective of our study was to estimate the PM> 5 concentration trends (with the
assumption of an identical percent change in concentrations per year) using daily satellite-
based PM, 5 predictions in the New England region, U.S. during the period 2000-2008. We
first investigated the location-specific PM, 5 concentration trends that varied spatially using
satellite AOD (10x10 km resolution) and statistical models. The spatially and temporally
resolved satellite-based PM, 5 concentrations led us to assess location-specific (i.e., grid-
specific) PMs 5 trends throughout the study region. In combination with the seasonal
variation of PM> 5 concentration changes, this enabled us to evaluate the relative
contributions of primary and secondary particles to the PM> 5 mass trends and thus assess
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the effectiveness of PM; 5 emission reduction policies. We further examined the trends of
ground PM,, 5 species concentrations observed in the Boston area and compared them with
source emission trends, while analyzing the relative impacts of primary and secondary
pollutants on the observed PM, s trends.

2. Methods

2.1. Satellite-based fine particulate matter concentrations

The PM5 5 mass trend estimates were based on the PM> 5 concentration predictions using
satellite AOD data, previously developed by Lee et al. (2011a, 2012) and updated in this
study. To develop the prediction models, we obtained filter-based PM, 5 mass
concentrations from 69 EPA monitoring sites and Moderate Resolution Imaging
Spectroradiometer (MODIS) AOD values from the National Aeronautics and Space
Administration (NASA) in Massachusetts, Connecticut, Rhode Island, Southern Maine, New
Hampshire, and Vermont for the period 2000-2008. AOD values were provided by the
MODIS due to its relatively fine spatial (10 km) and temporal (1-2 days) resolution
compared to other available satellite sensors. The MODIS AOD data were calibrated using
ground PM, 5 measurements on a daily basis using a mixed effects model to predict PM, 5
in the study region (Lee et al. 2011a). This AOD daily calibration model generated day-
specific PM, 5-AOD relationships, as a combination of a fixed effect representing an
average relationship for all days and a random effect explaining the daily variability of the
relationship for each day. The model significantly improved the PM, 5 predictive power in
the study domain, which rendered AOD a robust predictor of PM> 5. For days when AOD
data were not available due to cloud, snow/ice cover, and retrieval errors (i.e., non-retrieval
days), a spatial clustering method was shown to be useful to estimate the missing PM, g
concentrations (Lee et al. 2012). This modeling approach enabled all daily location-specific
PM, 5 concentrations to be estimated with reasonably high predictability. This study could
contribute to acute and chronic health effect studies while providing spatially and temporally
resolved PM, 5 exposure estimates and thus reducing exposure errors. Taking advantage of
the clustering method used in Lee et al. (2012), we performed the cluster analysis using the
observed spatial variability of the PM, 5 measurements over the study region in the current
study. This cluster analysis identified groups (i.e., clusters) of days exhibiting similar spatial
patterns of PM, 5 concentrations, and a prediction model was developed for each cluster. In
each cluster, we assumed that the relationship between average of PM, 5 concentrations
predicted from AOD data and average of regional PM, 5 concentrations was constant and
then calculated the ratio between the concentrations in each grid cell. This produced both
cluster- and grid-specific ratios, and thus enabled us to predict all missing PM5 5
concentrations. The regionally averaged PM5 5 concentrations (i.e., average of all available
PM, 5 measurements on a given day) were available for all days. Using these two modeling
approaches, daily ground PM, 5 concentrations in each of the 579 grid cells (10x10 km?)
were estimated both for days with and without AOD data for a total of 3,287 days.

2.2. Ground fine particulate matter species measurements

Ambient PM, 5 samples were collected at the Harvard-EPA Clean Air Research Center
monitoring site (42.34°N, 71.10°W) in Boston, MA from 2000 to 2008. This monitoring site
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has played a role in providing regionally representative data and thus PM> 5 exposure
estimates in epidemiological studies performed in the New England region, U.S. for more
than a decade. At the monitoring site, daily 24-hr integrated PM, 5 samples were collected
using the Harvard Impactor (Koutrakis et al. 1993). These samples were analyzed
gravimetrically to determine daily PM, 5 mass. Sulfate (S0427) concentrations were
measured using ion chromatography before February 2, 2004. Since then, semi-continuous
hourly measurements of SO42~ using a sulfate particulate analyzer (Thermo Electron
Corporation, model 5020, Franklin, MA) were employed to calculate 24-hr averages. These
two different methods for SO42~ concentrations (i.e., ion chromatography and sulfate
particulate analyzer) produced fairly equivalent results, as shown by Kang et al. (2010).
S042~ concentrations were not available for a number of days in 2004, 2005, and 2006.
Thus, we estimated missing data from sulfur concentrations by X-ray fluorescence analysis
using a simple linear regression (correlation r=0.98). Hourly ambient black carbon (a
surrogate of elemental carbon) and particle number concentrations, measured with an
Aethalometer (Magee Scientific Corporation, model AE-16, Berkeley, CA) and a
Condensation Particle Counter (TSI Incorporated, model 3022A, Shoreview, MN),
respectively, were used to determine 24-hr average black carbon and particle number
concentrations. The same samplers and analytical methods for black carbon and particle
number concentrations were constantly used for the entire study period. The black carbon
concentrations measured by an Aethalometer may have bias caused by filter loading artifact
(Arnott et al. 2005; Virkkula et al. 2007; Weingartner et al. 2003). However, in this study,
we used the uncorrected black carbon concentrations because these values have been widely
applied for health effect studies as exposure estimates in the study region. The total number
concentration is dominated by ambient ultrafine particles (<0.1 pm) due to higher number
distribution in the nucleation- (size range less than 0.01 pm) and Aitken-modes (size range
between 0.01 and 0.1 pm). More details about Harvard-EPA Clean Air Research Center
measurements are described in Kang et al. (2010). It is noted that the sampling frequency at
the monitoring site was every day, which provided more frequent species measurements and
thus potentially more reliable trend estimates, compared to Chemical Speciation Network
(CSN) monitoring sites generally with the sampling schedule of every three days.

We also obtained ambient PM, 5 mass, SO42", nitrate (NO3"), organic carbon, and

elemental carbon concentrations measured at a Chemical Speciation Network site (42.33°N,
71.08°W) in the Boston area for the same period (2000-2008). We used this Chemical
Speciation Network monitoring site primarily to complement unavailable or very limited
species concentration information (NO3™, organic carbon, and elemental carbon) at the
Harvard-EPA Clean Air Research Center monitoring site. This monitoring site is located
approximately 1.8 km away from the Harvard-EPA Clean Air Research Center monitoring
site. The concentrations were determined by analyzing 24-hr integrated PM, 5 samples every
three days. It is noted that this site used an identical carbon sampler for the period 2000—
2008 (U.S. EPA, 2013b).

2.3. Data analysis

An autoregressive model was used to examine the trends of satellite- (PM> 5 mass) and
ground-based (PM, 5, SO42~, black carbon, and particle number) concentrations due to
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potential autocorrelations of time-series data. The autoregressive model produces more
reliable error estimates for independent variables compared to a linear regression model
without autoregressive errors. For the model, we first employed a stepwise autoregression
method to select the final order of the autoregressive error model. This method sequentially
tested autoregressive error models from high-order ones, resulting in all significant error
lags left in the model (p<0.05). Considering the residence time of PM, g (days to weeks),
PM5 5 mass and species concentrations on lag 0 were much less likely to be correlated with
those on lag day larger than 7 (one week). Due to potentially longer residence time, we
decided to have an extra margin and thus ran the model with a starting lag of 25. The
stepwise autoregressive model showed estimates of autocorrelations from lag 0
(correlation=1) to lag 25 with the corresponding p-values. This result demonstrated that
autocorrelations generally became much smaller after the lag day of 3, indicating that the lag
day of 3 was reasonable to estimate all the trend parameters in this analysis.

Because the concentration values were log-normally distributed we log-transformed them
for the model calculations. Also, this transformation was based on the assumption that the
percent change per year in the concentrations was constant throughout the study period.
Despite the seasonal variations in ambient PM, 5 mass and species concentrations, the
assumption of constant annual percent changes is reasonable because the seasonal nature
was evenly included in each year. To account for the annual trends, we considered the year
as a continuous variable and used the year of 2000 as the baseline year. Daily satellite-
predicted PM, 5 mass concentrations in each of 10x10 km? grid cells allowed us to
investigate grid-specific PM, 5 mass trends. At the Harvard-EPA Clean Air Research Center
monitoring site, there were more missing sampling days of the speciation compared to
PM, 5 mass. Thus, to compare trends for PM, 5 mass and species concentrations, we
selected only those days (a total of 2,590 days) with valid measurements of PM, 5 mass,
S042, black carbon, and particle number. The concentrations generally showed monthly
and day of week patterns, but the missing days were not equally distributed in each month
and day of week. Since the distribution of the missing data could bias the yearly average
concentrations and their subsequent trends, we added month (from January to December)
and day of week (from Monday to Sunday) into the autoregressive models as categorical
variables. Although we did not have missing satellite PM, 5 predictions, we also added those
variables into the satellite trend models to account for the periodic effects of month and day
of week in each year, which was likely to estimate more accurate yearly concentration
trends. The following equation of autoregressive models was used for the PM> 5 trend
analysis (the same type of equation was also used for all the species):

In(PMg.5),;=Bo+B1 (Year) 482 (Month) ;+8s (Day of week) ;+<; ;

1
€i,j=P1€ij—1HP2 & j—2tPsgij—3+0i; o

where (PMy5); j is the PM; 5 concentration at a spatial location i on day j; (Year);, (Month);,
and (Day of Week); are the year, month, and day of week for day j, respectively; /& is an
intercept of the autoregressive model; f; is a coefficient of the continuous Year variable; 5
is the coefficient of the categorical Month; (January-December) variable; /5 is the coefficient
of the categorical Day of Weekj (Monday-Sunday) variable; & j, & -1, & -2, and & j.g are the
error terms at a location i for day j, j-1, j-2, and -3, respectively, and 4 j is the random error
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at a location i for day j. The slope (coefficient) of the year variable (f;) can be used to
estimate annual percent change (%) in the concentrations by calculating [exp(f;) — 1] x 100.
The seasonal concentration trends were also examined. The linear assumption between log-
transformed concentrations and year was assessed by residual plots (i.e., residuals versus
year), and the plots did not show clear curvature. The absolute changes in concentrations
(ng/m3 or counts/cm?3) during the study period 20002008 were calculated as follows:

Absolute changes in concentrations=model— estimated average PM 5 5 concentrations in 2000X [ exp(81x 8)— 1]

The absolute concentration change was determined relative to the baseline concentration
level in 2000. We did not consider meteorological variables in this study because
meteorological data in each grid cell were not available for satellite-based PM; g
concentration trends. To be consistent, we did not control for the variables for ground PM5 g5
species trends as well.

2.4. Emission data

We compared the trends of ambient PM, 5 species concentrations (SO42~, NO3™, organic
carbon, and black carbon/elemental carbon) measured in the Boston area (i.e., Harvard-EPA
Clean Air Research Center and Chemical Speciation Network sites) to those of their
corresponding national and/or regional emissions [sulfur dioxide (SO,), nitrogen oxide
(NO,), volatile organic compounds (VOCs), and highway PM, 5] obtained from the
National Emissions Inventory (U.S. EPA, 2011c and 2011d) and Clean Air Markets
Division (Acid Rain Program) (U.S. EPA, 2013c). Finer spatial and temporal resolution of
emission data for SO, and NOy were provided by the Acid Rain Program, which requires
regulated facilities to continuously monitor emissions. It is worth noting that the
uncertainties of emission inventories vary by source type and need to be better quantitatively
characterized, although the data have been substantially improved and are valuable for air
quality management (NARSTO, 2005).

During the period 2000-2008, national emission data were available on a yearly basis (i.e.,
nine values for each emission), and state emission data were provided annually (SO, and
NO,) and for the years of 2002, 2005, and 2008 (highway PM, 5). This prevented us from
using the equation (1), and thus we estimated averages of 2000-2002 and 2006-2008 and
subsequently the changes between the two periods for the national emission data. The
statewide data including the states of Massachusetts, Connecticut, and Rhode Island were
used to estimate averages of 2000-2002 and 2006—-2008 for SO, and NO, and to compare
traffic PM, 5 emissions for three individual years (2002, 2005, and 2008). All the associated
concentration changes were investigated accordingly. It is noted that the chemical reactions
of precursor VOCs to form secondary organic aerosols are complex and not fully understood
(Kanakidou et al. 2005) and thus the comparison between them needs to be interpreted with
caution. Also, there was a methodological change for estimating VOC emissions between
1999 and 2002, creating an artificial increase in national VOC emissions from 2001 to 2002
(Blanchard et al. 2013). Consequently, for the VOC emissions, we compared both the
averages of 2000-2002 and 2002 to those of 2006—2008.
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The model performed reasonably well with the high R2 and a good agreement between the
measured and predicted PM, 5 concentrations [model R2=0.89, slope=1.02 (SE=0.004), and
intercept=—0.09 (SE=0.05) for retrieval days; cross-validation R?=0.86, slope=1.00
(SE=0.005), and intercept=0.10 (SE=0.06) for retrieval days; R2=0.79, slope=1.02
(SE=0.003), and intercept=0.02 (SE=0.03) for non-retrieval days]. The nine-year average
predicted PM, 5 concentrations varied from 10.14 to 11.90 pg/m? in the 579 selected grid
cells during the period 2000-2008 (Figure 1A). The spatial variability in the nine-year
average PM, 5 concentrations was relatively small. A good agreement between the measured
and predicted PM, 5 concentrations supports that the estimates were reasonable. Note that
the grid-specific average values were based on daily (not every three or six days) PMs 5
estimates for the 9 years and the spatial variability of daily concentrations was larger than
that of 9-year average ones. The spatial pattern of PM> 5, as shown in Figure 1A, indicated
large population and traffic areas and high point emission sources in the coastal cities (U.S.
EPA, 2011d). The average concentrations across the New England region also varied by
season, with the highest in the summer [12.82 (SD=7.69) ug/m?q], followed by winter [11.59
(SD=6.30) ug/m3], fall [9.14 (SD=5.19) ug/m?3], and spring [8.87 (SD=4.61) pg/m3].

Between 2000 and 2008, PM> 5 mass concentrations decreased in all of the grid cells with
concentration changes varying by location and season. As shown by Figure 1B, grid-specific
decreases in PM, 5 mass concentrations ranged from 2.15 to 2.62 pg/m?3 and were more
pronounced in urban areas compared to rural ones. The correlation between the average
grid-specific absolute (ug/m3) and relative (%) decreases in PMs 5 concentrations was high
(Pearson r=0.67), indicating a similar spatial variability in PM> 5 concentration changes. The
difference in PM, 5 concentration changes between urban and rural areas was larger in
winter compared to the one in summer. Figure 2 depicts the seasonal decreases in satellite-
derived PM, 5 concentrations during the period 2000-2008. The decrease in PM5 5 mass
concentrations for winter ranged from 2.57 to 3.13 pg/m3. In contrast, the decrease for
summer varied from 1.10 to 1.42 pg/m3, but significant annual PM,, 5 changes were not
observed in any of the grid cells during this season [p> 0.05 for 1 in equation (1)]. The
decreases in PM, 5 mass concentrations in the spring and fall were 2.31-2.91 pg/m3 and
1.79-2.29 pg/m3, respectively. All PM, 5 changes in each grid cell were statistically
significant (p< 0.05) during the winter, spring, and fall.

The New England region is mostly impacted by transported pollution (e.g., coal-fired power
plants in the Midwest and traffic pollution from large metropolitan areas including New
York City along the East coast) (Engel-Cox et al. 2007). Because of this high regional PM5 5
background, the difference in concentrations between urban and rural areas is small, as
shown in Figure 1A. Thus, the difference in the PM, 5 trends between the two areas also
tends to be relatively small (Figure 1B).

During the winter, primary particles represent a larger fraction of PM, 5 mass as compared
to summer. This is because the rate of secondary particle formation is slower during this
season. In addition, concentrations of secondary organic carbon precursor emitted from
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biogenic sources are considerably lower during the winter. Therefore, this difference
between the winter and summer PM s mass trends (Figure 2) suggests that primary particle
concentrations decreased more relative to the secondary particle ones. This is also evidenced
by the larger decrease in concentrations (ug/m3) in urban areas and along the highways
(Figure 1B) which are relatively more impacted by primary emissions from local sources
such as motor vehicles and possibly residential heating.

3.2. Fine particulate matter species measurements

The average PM, 5 mass concentration measured at the Harvard-EPA Clean Air Research
Center monitoring site was 10.23 (SD=6.53) pug/m3 between 2000 and 2008. Also, the
average SO42", black carbon, and particle number concentrations for the same period were
3.02 (SD=2.51) pg/m3, 0.71 (SD=0.40) ug/m?3, and 22,254 (SD=12,501) counts/cm3,
respectively. The PM, 5 mass, SO42~, black carbon, and particle number concentrations
varied by season (Table 1).

The overall and seasonal absolute and relative (percent) concentration changes in PM5 5
mass, SO42~, black carbon, and particle number are presented in Table 1. From 2000 to
2008, the PM, 5 mass concentrations decreased by 2.29 pg/m3 at an annual rate of 3.2% (p<
0.0001). This is fairly comparable to average 17% decrease of PM, 5 mass concentrations in
the U.S. between 2001 and 2008, as reported by U.S. EPA (U.S. EPA, 2010). For the same
period, SO42", black carbon, and particle number concentrations were reduced by 0.46
pug/m3 (2.4% year~1, p= 0.0010), 0.23 pg/m3 (4.5% year~1, p< 0.0001), and 18,025
counts/cm3 (10.3% year™1, p< 0.0001), respectively (Figure 3). The concentration trends
displayed a seasonal pattern with generally larger decreases in winter. Most of the pollutants
exhibited more pronounced decreases during the winter: PM, 5 mass (3.39 pg/m3, 4.6%
year™1, p< 0.0001), black carbon (0.27 pg/m3, 6.0% year~1, p< 0.0001), and particle number
(30,117 counts/cm3, 11.6% year™1, p< 0.0001). The larger decrease in elemental carbon
concentrations during the winter compared to that during the summer in the U.S. was also
observed by Murphy et al. (2011). However, the decreasing trend of SO4%~ concentrations
was stronger in spring (0.84 ug/m3, 4.7% year™1, p= 0.0010) than in either winter (0.61
pg/m3, 3.2% year~1, p= 0.0035) or fall (0.61 pg/m3, 3.6% year~1, p= 0.0094). SO42~
concentrations increased by 0.41 pg/m3 (1.7% year™1, p= 0.3304) in summer. Hand et al.
(2012) found the decreasing trends of SO42~ concentrations at most of monitoring sites in
the U.S. during the summer of 2000-2010, although the statistical significance of the trends
varied by site. This may be partly due to additional study period (2009-2010) which tended
to be strongly affected by economic recession and thus large decline in SO, emissions.

As shown above, black carbon and particle number concentrations decreased at a higher rate
than SO42~ concentrations. To quantitatively examine the impact of SO42~ and black carbon
decreases on the PM, 5 mass trends, we added log-transformed SO42~ or black carbon
concentrations into the equation (1) as an independent variable in two separate
autoregressive models. By controlling for SO42~ or black carbon concentrations, we can
estimate the trends of PM, 5 mass when either SO42~ or black carbon did not change. The
trend differences between adjustment and non-adjustment represent the PM5 5 mass trends
related to SO42~ or black carbon changes. Controlling for SO42~ reduced the PM, 5 mass
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decrease to 1.7% year™1 (p< 0.0001) compared to 3.2% year~! (p< 0.0001) without
adjustment. Therefore, 1.5% of the annual PM 5 decrease (i.e., 3.2%) was due to SO42~ and
its associated components. However, after controlling for black carbon concentrations, no
significant PM, 5 mass changes were found (+ 0.5% year~1, p= 0.3102). Note that there was
a moderate correlation (r=0.498) between SO42~ and black carbon concentrations, which
implies that the percent difference between the SO42 -adjusted and non-adjusted models
(i.e., 1.5% year™1) did not completely exclude the contribution of black carbon to the
observed percent difference. This is also applicable to the percent difference between the
black carbon- adjusted and non-adjusted models, which partly included the contribution of
5042_.

Table 2 shows the impact of primary emissions (U.S. EPA, 2011c, 2013c) on their
associated ambient concentrations. We compared nationwide highway PM> 5 emissions to
the concentrations of ambient black carbon (Harvard-EPA Clean Air Research Center) and
elemental carbon (Chemical Speciation Network) measured in the Boston area. Although
there might be other black carbon and elemental carbon emission sources, the observed day
of week patterns for black carbon and elemental carbon (i.e., higher concentrations on the
weekdays compared to those on the weekends) led us to focus on traffic PM; 5 emissions.
When 3-year averages (i.e., 2000-2002 and 2006—-2008) were compared, the highway PM> g
emissions decreased by 26.8% from the earlier period (2000-2002) to the later one (2006—
2008). At the same time, the ambient black carbon and elemental carbon concentrations
decreased by 24.5 and 26.7% between the two periods, respectively. The percent changes
were quite comparable even with the potential bias due to other emission sources not
considered. Between 2000-2002 and 2006—2008, the nationwide and state SO, emissions
decreased by 25.7 and 57.5%, respectively. However, the ambient SO42~ concentrations
measured at the Harvard-EPA Clean Air Research Center and Chemical Speciation Network
Boston sites showed much lower reduction rates of 10.0 and 11.1%, respectively. The NOy
emissions in the U.S. and New England decreased by 23.1 and 63.4% between 2000-2002
and 2006-2008, respectively, while the ambient NO3~ concentrations measured at the
Boston Chemical Speciation Network site decreased only by 7.3%. Further, the ambient
organic carbon concentrations at the same Chemical Speciation Network site showed the
decrease of 2.3%, whereas the national VOC emission decreased by 9.4% for the same
period. When we compared 2002 VOC emissions to 2006—2008 emissions, the decrease in
the national VOC emissions became larger (20.8%). Considering two major biogenic VOC
components alone, the sum of terpene and isoprene was reduced by 12.3% nationwide and
11.7% in the New England region from 2002 to 2005 (U.S. EPA, 2011d). Organic carbon
can be both primary and secondary, and the changes of primary and secondary organic
carbon concentrations may differ due to their heterogeneous atmospheric processes.
Therefore, the trends of primary and secondary organic carbon should be examined
separately. For the analysis of secondary organic carbon concentration trend, we used
elemental carbon as a tracer of primary organic carbon and estimated secondary organic
carbon concentration from the equations (Lim and Turpin, 2002): primary organic carbon=
1.8 x elemental carbon and thus secondary organic carbon= organic carbon—primary organic
carbon, resulting in the 13.1% increase of secondary organic carbon between 2000-2002
and 2006-2008. The relationship between primary organic carbon and elemental carbon
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may vary by location (Blanchard et al. 2008). To account for the varying primary organic
carbon to elemental carbon ratios by region, we performed a sensitivity analysis which
showed that the increasing trends of secondary organic carbon concentrations ranged from
6.2 to 26.0% with the ratios of primary organic carbon to elemental carbon ranging from 1.2
to 2.5, respectively.

4. Discussion

In this study, we investigated the spatially varying PM, 5 mass concentration trends using
PM, 5 prediction models developed by exploiting satellite AOD and spatial clustering. We
also used ground speciation data to examine the trends of PM, 5 species concentrations in
the study region. Together, our results suggest that the PM 5 air quality improved
considerably in the New England region during the period 2000-2008 and downward PM 5
mass trends can be mostly attributed to primary emission decreases and their subsequent
primary pollutant reductions.

Nationwide, PM, 5 emissions from highway vehicles decreased from 173 thousand tons
(2000) to 107 thousand tons (2008) (U.S. EPA, 2011c). Specifically, in the states of
Massachusetts, Connecticut, and Rhode Island, on-road vehicular PM 5 emissions from
overall and diesel vehicles decreased by 28.4 and 37.4% from 2002 to 2008, as reported by
emission inventories (U.S. EPA, 2011d): 3,544 and 2,093 tons in 2002, 3,069 and 1,708 tons
in 2005, and 2,539 and 1,310 tons in 2008, respectively. Note that we examined both
national and New England region emissions given that the vehicular particles may be
transported for long distance. Ban-Weiss et al. (2008) reported that the PM, 5 emission
factors of light-duty vehicles and heavy-duty diesel trucks were reduced by 36 and 48%
between 1997 and 2006, respectively. This can be attributed to retrofit technologies (e.g.,
diesel particulate filters and diesel oxidation catalysts), improved fuel efficiency, and cleaner
fuels (U.S. EPA, 2011a). In addition, economic recession and high fuel price in 2008 [U.S.
Energy Information Administration (EIA), 2012] may further explain the larger decrease in
diesel emissions from 2005 to 2008 (23.3%) compared to that from 2002 to 2005 (18.4%).
Regarding home heating, the majority of U.S. residential fuel oil (i.e., No. 2 distillate oil) is
consumed in the Northeast (approximately 84% in 2009) (U.S. EIA, 2011a). According to
U.S. EIA (2011b), less No. 2 distillate oil for residential use was consumed in 2008 (1.7
billion gallons) compared to in 2000 (2.3 billion gallons). The decreased consumption may
be due to the replacement of oil boilers with natural gas boilers, better fuel efficiency, more
efficient building insulation, and increasing oil market price (U.S. EIA, 2011c).

In Table 1 and Figure 3, the ground speciation data showed that black carbon and particle
number, indicating primary combustion pollution, decreased at higher rates than a secondary
pollutant, SO42~, between 2000 and 2008. The quantitative assessment provides strong
evidence for the relative effects of black carbon and SO42~ on PM, 5 mass concentration
trends. The trend differences between black carbon or SO,2~ adjusted and non-adjusted
models indicate that both black carbon and SO42~ concentration changes contributed to the
PM, 5 mass trends, but the trends were more driven by primary pollutants including black
carbon rather than secondary pollutants including SO42~.

Environ Res. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 11

In the New England region, a primary pollutant black carbon is associated with both
regional and local emissions from motor vehicles, residential heating (e.g., oil heating
boilers) and cooking, and biomass burning. The ambient black carbon concentrations
displayed a significantly higher concentration on weekdays (p<0.0001) at the monitoring
site. This indicates that black carbon concentrations were most likely to be derived from
traffic sources, predominantly diesel emissions but not limited to local traffic. Murphy et al.
(2008) showed that the day of week patterns of elemental carbon concentrations (i.e.,
minimum on Sunday) were pronounced even in remote and rural areas, indicating that
transported diesel pollution can influence much wider areas than previously recognized.

The particle number concentrations mostly reflect the number of ambient ultrafine particles
(<0.1 um), indicating primary combustion pollution levels, usually from vehicular
combustion exhaust (e.g., diesel-powered vehicles) (Shi et al. 1999; Zhu et al. 2002). The
significantly higher particle number concentrations during weekdays (p<0.0001) provide
evidence that it is mostly related to local sources. Unlike black carbon, the transport of
ultrafine particles may be very limited, because of their relatively short atmospheric
residence time due to their rapid coagulation onto accumulation mode (Hinds, 1999). The
largest decreases in particle number concentrations (30,117 counts/cm3, 11.6% year~1) were
shown in winter possibly due to vehicular emission trends. It is possible that particle number
concentrations increase with decreasing PM» 5 mass which is mostly present in the
accumulation mode as a result of the lower ultrafine particle coagulation rates. However, in
this analysis, both PM 5 mass and particle number concentrations decreased during the
period between 2000 and 2008. This may be because of the use of more efficient emission
control systems for removing ultrafine particles from the diesel engine exhaust. It can be
also attributed to decreased sulfur content in diesel fuel since particle number concentrations
depended on diesel sulfur content as shown by Jones et al. (2012) and Wang et al. (2011).

The sulfate particles impacting the Northeastern cities are transported from other regions
(Lall et al. 2006; Lee et al. 2011b; U.S. EPA, 2003). SO42~ concentrations measured at the
monitoring site in Boston presented a strong seasonal pattern (p<0.0001), which showed the
highest concentration during the summer. However, the SO42~ concentrations did not show
a significant day of week variability. These seasonal and day of week patterns are
characteristics of regional pollutants whose impact is relatively homogeneous throughout the
study region.

The similar decreases of source emissions (i.e., highway PM, ) and their associated ambient
primary particle concentrations (i.e., black carbon and elemental carbon), as shown by Table
2, implicate that ambient concentrations of primary pollutants are directly influenced by
emission changes. However, the decreasing rates of ambient SO42~ concentrations were
lower than those of primary SO, emissions. This may be due to the fact that secondary
sulfate levels depend not only on the primary SO, emissions, which were likely to be
reduced by legal actions against power generating utilities including retrofitting or shutting
down the units, economic impacts, and partly 2006 highway diesel sulfur standards and
2007 heavy-duty vehicular emission standards (U.S. EPA, 2012), but also on the availability
of oxidants in the atmosphere which might not change between 2000 and 2008. The non-
linear relationship between other gaseous precursor emissions and ambient concentrations
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also provides evidence that oxidation rates (i.e., gas-to-particle conversion rates) increased
during the period 2000-2008. The secondary particle concentrations (i.e., NO3~ and
secondary organic carbon) decreased at a lower rate compared to their associated primary
emissions (i.e., NOy and VOC) or even increased. This may be attributable to more available
gaseous reactive species (e.g., ozone, hydroxyl radicals, peroxy radicals, and hydrogen
peroxide) which cause more active secondary particle formation (U.S. EPA, 2004). It is
supported by an increasing ozone concentration trend in the Boston area for 2000-2008
(3.2% year™1, p<0.0001) because the trend of 0zone concentrations can indicate that of other
atmospheric oxidants (Reid et al. 2001). The ozone concentration trend was estimated by
constructing the same autoregressive model (i.e., equation 1) with daily averages of hourly
ozone concentrations measured at the Chemical Speciation Network site in the Boston area.
Earlier work showed the non-linear relationship between SO, emissions or concentrations
and SO42~ concentrations, as found in this study (Jones and Harrison, 2011; Lovblad et al.
2004).

This trend analysis has several limitations. We compared the Boston pollutant levels to both
national and regional emissions including three states of Massachusetts, Connecticut, and
Rhode Island. However, it is difficult to determine the geographical boundaries of the
sources that are mostly responsible for the observed pollutant trends in Boston. Uncertainty
related to satellite AOD retrievals and ground measurements might also affect the trend
estimates found in this study.

This study suggests that satellite remote sensing, in combination with ground measurements,
can be successfully applied to assess air quality trends. No previous studies have evaluated
the effectiveness of emission control policies in the context of the spatially varying PM> 5
trends using satellite AOD (579 grid locations), which expanded the spatial coverage of
ground monitoring networks (69 ground monitoring locations). Also, the use of daily PM; g
species measurements for 9 years makes the air quality assessment more reliable. Moreover,
the observed relationships between source emissions and primary and secondary particle
concentrations are of substantial regulatory importance. As satellite technologies develop
more spatially and temporally resolved PM, 5 mass data will be able to further enhance our
understanding of the effectiveness of previously implemented policy programs.
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Figure 1.

Page 18

Spatial variability in: (A) 2000-2008 nine-year average PM, 5 concentrations and (B) PM5 5
concentration decreases between 2000 and 20082 (Unit: pg/m3).
@The PM, 5 concentration decreases in each grid cell were statistically significant at the

significance level of 0.05.
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Figure 2.
Decreases in seasonal satellite-derived PM> 5 concentrations between 2000 and 2008 (Unit:

pg/m3). Each boxplot represents changes in PM, 5 concentrations estimated from each of
579 grid cells in the study region. The lower and upper limits of each box indicate 25t
(lower quartile) and 75™ (upper quartile) percentiles of the distribution, respectively. The
whiskers cover from (lower quartile — 1.5 x interquartile range) to (upper quartile + 1.5 x
interquartile range).
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Figure 3.
Yearly average concentrations of (A) PM, 5 mass, (B) SO42~, (C) black carbon, and (D)

particle number based on the identical sampling days (2,590 days) for 2000-2008. The
dashed line displays an exponential trend line of yearly average concentrations.
@Yearly average concentrations are defined as arithmetic averages of measured
concentrations.
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Overall and seasonal changes changes in concentrations between 2000 and 2008 (Units: pug/m?3 for change in
PM, 5, SO42~, and black carbon; counts/cm3 for change in particle number; % for annual percent change). The
concentration trends were based on ground measurements at the Harvard-EPA Clean Air Research Center

monitoring site in Boston, MA.

Overall N Mean@ SD Changeb | APC
PM, s 2,590 | 1023 | 6.53 -2.29 -3.2
S0,2" 2,590 3.02 251 -0.46 -2.4

Black Carbon 2,590 0.71 0.40 -0.23 -4.5
Particle Number | 2,590 | 22,254 | 12,501 -18,025 -10.3

Winter
PM, 5 658 | 10.01 5.31 -3.39 -4.6
S0,% 658 2.59 1.33 -0.61 -3.2

Black Carbon 658 0.63 0.37 -0.27 -6.0
Particle Number 658 32,001 | 13,279 | -30,117 | -11.6

Spring
PM, 5 662 8.57 4.77 -2.48 -4.0
S0,> 662 2.59 1.76 -0.84 -4.7

Black Carbon 662 0.56 0.32 -0.23 -5.4
Particle Number 662 24,027 | 10,905 | -20,470 | -10.7

Summer
PM, s 684 | 13.21 8.55 -0.60 | g7
S0, 684 | 418 | 360 0.41 1.7¢

Black Carbon 684 0.87 0.40 -0.21 -3.2

Particle Number 684 13,843 6,485 -10,113 -9.3
Fall

PM, s 586 8.89 5.54 -2.40 -3.8

S0,2 586 2.65 2.24 -0.61 -3.6

Black Carbon 586 0.78 0.43 -0.21 -3.7

Particle Number | 586 19,126 | 10,355 | -14,132 -9.4

a . ) : .
Mean is defined as arithmetic average.

bChange indicates absolute concentration change between 2000 and 2008.

CThe annual percent change (APC) is not statistically significant at the significance level of 0.05.
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Table 2

Percent change (%) of primary emissions and their associated concentrations between 2000-2002 and 2006—

2008 (Units: thousand tons for emission; ug/m3 for concentration). For the comparison, on-road vehicular
PM, 5 emissions in the New England (NE) region decreased from 3.5 (2002) to 2.5 (2008) thousand tons

(—28.4%). The % change in national VOC emissions from 2002 to 2006—2008 was —20.8%.

Emission@ Region | 2000-2002 | 2006-2008 | % Change

SO, U.S. 15,684 11,654 -25.7

NE 388 165 -57.5

NO u.sS. 21,761 16,744 -23.1

NE 121 44 -63.4

VOoC us. 18,596 16,853 -9.4

Highway PM, 5 us. 159 117 -26.8
Concentration Site

S0,2~ Harvard 3.14 2.83 -10.0

CSN 3.13 2.78 -11.1

NO3~ CSN 1.16 1.08 -7.3

Organic Carbon CSN 4.05 3.96 -2.3

Black Carbon Harvard 0.82 0.62 -24.5

Elemental Carbon CSN 0.87 0.64 -26.7

aThe national emission data were based on the version 1.5 of 2008 National Emissions Inventory.
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