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ABSTRACT – Exposure Core (Core A) 
Current understanding of air pollution effects on human health has been limited by the inability 
of available analytical methods to assess exposure to ambient multi-pollutant mixtures, which 
encompass both physico-chemical and spatio-temporal complexity. To address this problem, the 
Exposure Core will develop and employ new methodologies to assess short- and long-term 
exposures to individual pollutants, sources and mixtures, permitting us to assess pollution 
effects on human health outcomes for our New England Cohorts (Projects 2-4) and National 
Study (Project 5). In addition, these methodologies will be made available to researchers outside 
the Center. This Core unites our research agenda, bringing all human Projects together to address 
a common set of exposure assessment-driven hypotheses. Accordingly, we have designed the 
Projects such that each of the three Cohorts and the National Study will assess the effects of the 
same six exposure metrics (short- and long-term exposures to individual pollutants, sources 
and mixtures) on cognitive and vascular health and inflammation, birth weight and growth, 
cause-specific hospitalization and mortality.  
 
Exposures to individual pollutants will be based on direct measurements from local, regional and 
national networks combined with exposure models. Exposures to sources will be calculated 
using source apportionment techniques. Exposures to mixtures will be characterized using 
temporal clustering methodologies to group days with similar pollutant concentration profiles 
and using spatial clustering methodologies to identify groups of geographical locations, e.g. zip 
codes or counties, with similar pollutant concentration profiles. 
 
Our approach to exposure assessment will employ: 1) the use of air pollution data collected by 
local and regional monitoring sites; 2) the use of satellite Aerosol Optical Depth (AOD) data to 
estimate spatial pattern of PM2.5 levels; 3) the development of clustering algorithms to identify 
profiles of air pollution mixtures; and 4) the use of state-of-the-art spatiotemporal and long-term 
spatial exposure models. 
 
To assess exposures within the New England Region we will characterize both temporal and 
spatial patterns of pollution. We will assess temporal patterns of exposures within the Region 
using data from our Boston Supersite combined with spatial patterns analyzed using spatial 
networks, satellite data and spatiotemporal statistical models. We will also assess exposures to 
pollutant sources and mixtures using this information. 
 
This investigation will also include populations across the US, for which our exposure 
assessments will be based on data from national monitoring networks. Time series analysis will 
be based on nearest-monitor air pollution data. In addition to assessing exposures to individual 
pollutants in the National study, for a subset of its geographical locations we will assess 
exposures to pollutant sources and mixtures.  
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1.  INTRODUCTION 
1.1 Objectives: The main objectives of the Exposure Core are: 1) to assess short- and long-term 
exposures to individual pollutants, sources and pollutant mixtures for the Regional (New 
England) and National Studies (Projects 2-5); and 2) to develop novel exposure assessment 
methodologies that will be employed by the Center and made available to the scientific 
community in general. 

1.2. General Approach: Our strategy for exposure analysis enables us to strongly address 4 of the 
6 priority research questions outlined in the EPA solicitation, because it will permit us to assess 
the effects of individual pollutants (including particles and gases), sources and multi-pollutant 
mixtures as well as exposure-response relationships. To do so we will apply novel, sophisticated 
spatial and temporal analyses. Accordingly, we designed the Projects for each of the three 
Cohorts and the National Study to investigate the effects of the same six exposure metrics (short- 
and long-term exposures to individual pollutants, sources and mixtures) on cognitive and 
vascular health and inflammation, birth weight and growth, cause-specific hospitalization and 
mortality (Table 1). Exposures to individual pollutants will be based on direct measurements 
from local, regional and national networks combined with exposure models (Sections 3.1 and 
3.4). Exposures to sources will be calculated using source apportionment techniques (Sections 
3.2 and 3.5). Exposures to mixtures will be characterized using temporal clustering 
methodologies to group days with similar pollutant concentration profiles (Section 3.3) and using 
spatial clustering methodologies to identify groups of geographical locations, e.g. zip codes or 
counties, with similar pollutant concentration profiles (Section 3.6). The general approach of 
exposure assessment will rely on: 1) the use of air pollution data collected by local and regional 
monitoring sites; 2) the use of satellite Aerosol Optical Depth (AOD) data to estimate spatial 
pattern of PM2.5 levels; 3) the development of clustering algorithms to identify profiles of air 
pollution mixtures; and 4) the use of state-of-the-art spatiotemporal and long-term spatial 
exposure models. Below we outline our activities as they relate to the Regional (New England) 
and National Studies. 
 

Table 1: Exposure Overview 
  

Exposure Metrics/ 
Exposure Approaches 

Boston 
Supersite 

Regional 
Pollutant 
Networks 

National 
Speciation 
Networks 

 

HSPH 
Spatial 

Sites 

MODIS 
GOES 

Satellites 

Exposure 
Models 

 

Short-Term Exposures:       
Pollutants        
   PM2.5 Regional Regional National  Regional  
   BC and O3 Regional Regional National   Regional 
   Other Pollutants Regional Regional National    
Sources  Regional  10 US Counties    
Mixtures (Temporal) Regional  10 US Counties    

       

Long-term Exposures:       
Pollutants        
   PM2.5 Regional Regional National Regional Regional  
   BC and O3 Regional Regional National Regional  Regional 
   Other Pollutants Regional Regional National Regional  Regional 
Sources  Regional  30 US Counties Regional  Regional 
Mixtures (Spatial) Regional Regional National Regional  Regional 
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1.2.1. New England Studies: The Regional Studies include the three New England Cohorts 
(Projects 2-4) and part of the National Study (Project 5). These investigations have enrolled 
individuals residing mostly in Central and Eastern MA and contiguous areas in surrounding 
states, including southern NH, VT and ME as well as RI and northern CT. Our exposure 
assessment efforts for the Region will focus on characterizing both temporal and spatial patterns 
of pollution. We plan to assess temporal patterns of exposures within the Region using data from 
our Boston Supersite and spatial patterns using spatial networks, satellite data and spatiotemporal 
statistical models.  
 

1.2.2 National Study: We will estimate mortality and hospital admission risks associated with 
long-term exposure to sources on a sub-population of the 12 million Medicare enrollees having a 
place of residence in the largest 30 US counties for the period 2000-2014. Exposure assessment 
for this study will be based on data from the national networks, which are readily available and 
have been previously used extensively by Center Investigators. Time series analysis will be 
based on air pollution data obtained at the nearest site. Our previous research demonstrates that 
pollution mixtures and related health effect estimates vary considerably between US 
geographical locations; therefore, we will focus more on differences between than on differences 
within locations (e.g., counties or zip code groups). In addition, this Core will provide expertise 
for assessing exposures to sources and mixtures in a subset of geographical locations from the 
National Study.  
 

1.3. Exposure Core Overview: The Core unites our research agenda by bringing all human 
Projects together to address a common set of exposure assessment-driven hypotheses. Since 
much of the information included in this Core proposal is critical to all 4 of our human studies 
(Projects 2-5), we are presenting the Exposure Core prior to descriptions of the individual 
Projects. The Core proposal follows the Exposure Overview (Table 1). First, we discuss the 6 
exposure metrics and then present the 6 exposure assessment methodologies we propose to 
employ. Due to space limitations we have minimized descriptions of methodologies that have 
been widely used and published (e.g. standard measurement techniques and monitoring 
networks, trajectory analysis, source apportionment). In contrast, we describe in detail the 
important features of new concepts, methodologies and analyses developed for the proposed 
Center that are critical to the realization of the proposed research. These include: 1) the use of 
data from the Boston Supersite, Regional and National monitoring networks; 2) the use of 
satellite AOD measurements; 3) development and application of spatiotemporal and long-term 
exposure models; 4) the application of temporal and spatial clustering techniques; and 5) the use 
of data from a multi-pollutant spatial network. 
 

2. PRELIMINARY STUDIES:  
 

2.1 Air Pollution in New England:  
Most air pollution in this Region is associated with sources located outside the Region. These 
include large urban centers, power plants, industries and biogenic sources, mainly located in the 
continental USA. Pollution is transported to the Region by prevailing southern to northwestern 
winds. Consequently, the characteristics of pollution on a given day are intrinsically linked to: 1) 
the trajectories of the air masses carrying emissions to the Region from source-specific locations; 
and 2) the meteorological conditions that control formation and transformation of pollutants. We 
have used temporal clustering to group days according to their pollutant mixture fingerprints and 
linked these clusters to specific meteorological conditions. Unlike other regions that are mostly 
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impacted by indigenous sources and exhibit consistent pollution mixtures (e.g. Los Angeles), the 
Northeastern US is impacted by multiple mixtures, determined by the prevailing weather 
conditions. Table 2 presents the means as well as the 25th and 75th percentiles of daily PM2.5, 
particle number (PN), ozone (O3), black carbon (BC), S, Si and Ni concentrations in Boston 
during the period 2003-2008. Concentrations of individual pollutants exhibit considerable 
temporal variability (~2 to 4-fold; with nearly all 75th/25th percentile ratios >2.2). To examine the 
variability in air pollution composition, we normalized pollutant concentrations to PM2.5 mass 
and calculated the mean and 25th and 75th percentiles of the resulting ratios. We found that even 
the normalized levels vary considerably, confirming that air pollutant mixtures vary 
substantially. Accordingly, the temporal variability in PM levels and composition in this Region 
provides an excellent opportunity to investigate the health effects of short-term exposures. 
Table 2: The variability in PM2.5 mass and composition and O3 in Boston during 2003-2008 
 
 

 
To assess the Regional 
importance of transported 
pollution, we examined 
the spatial profiles of 
annual PM2.5 in MA, CT 
and RI (Figure 1, left). 
These concentrations 
were estimated for the 
year 2003 using satellite 
data (see Section 2.4 for 
methodology). These 
findings suggest a 
Regional background of 
about 10 μg/m3, observed 
in the northern areas of 
Central and Eastern 
Massachusetts, that was 
approximately 1.5-2.0 

μg/m3 lower than values observed in the suburban and urban areas of the three states. The higher 
PM2.5 levels in populated areas are due mostly to the impact of higher traffic emissions. 
Independently, results from our BC spatiotemporal model (Figure 1, right), described in the 
Biostatistics Core (Section 3.2.1), show corresponding spatial gradients in traffic exposures in 
Eastern Massachusetts. Taken together, the results in Table 2 and Figure 1 suggest that: 1) a 

Pollutant Mean 25th 75th Ratio 
75th/25th

Pollutant
Ratio Mean 25th 75th Ratio 

75th/25th 
PM2.5 (µg/m3) 9.6 5.3 11.9 2.2      

PN (#/m3) 18,770.0 10,947.0 24,143.0 2.2 PN/PM2.5 2,677.0 1,185.0 3,632.0 3.1 
O3 (ppb) 24.6 16.5 36.3 2.2 O3/PM2.5 3.5 1.9 4.5 2.4 

BC (ng/m3) 661.0 394.0 849.0 2.2 BC/PM2.5 77.1 52.3 94.3 1.8 
S(ng/m3) 954.0 475.0 1,145.0 2.4 S/PM2.5 97.6 75.7 117.4 1.6 

Si (ng/m3) 34.9 16.3 45.3 2.8 Si/PM2.5 4.2 1.9 5.5 2.9 
Ni (ng/m3) 2.4 0.9 3.2 3.6 Ni/PM2.5 0.3 0.1 0.4 4.0 

          

 
 
 

         

Figure 1: PM2.5 levels in the Region (left) and BC levels in the Greater 
Boston area (right).
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large fraction of pollution is transported to the Region; 2) transported pollution exhibits 
considerable temporal variability both in terms of pollutant levels and mixtures; and 3) traffic 
emissions are important near populated areas and vary spatially.  
 

2.2. Can Boston Supersite measurements be used to capture the temporal variability of exposures 
for individuals residing in the Region? To compare pollution levels among sites in the Region and 
assess the relationships between the Boston Supersite and the other sites, we compared data from 
the Boston Supersite and other Regional speciation sites (5 in MA; 2 in CT; 1 each in RI, CT and 
VT). Table 3 shows the range of concentrations for 46 days with no missing data from any of the 
sites during 2007-2008. Mean PM2.5 concentrations ranged from 7.8 μg/m3 at the rural Lye 
Brook, VT to 15.1 μg/m3 at the New Haven, CT site, located next to Interstate 95. The next 
highest mean (13.9 μg/m3) was observed at the Chicopee site in western MA (means for these 46 
samples are not comparable to the annual averages in Figure 1). Elemental Carbon (EC) 
concentrations were relatively low at most of the sites, but the mean varied 5-fold across sites. 
The lowest mean EC levels (0.19 and 0.24 μg/m3 respectively) were seen at the rural Cape Cod 
and Martha’s Vineyard sites.  
Table 3: Comparison of concentrations at Supersite, 8 regional speciation sites and 28 summer O3 sites  
 

 
 
 

 

Boston Supersite 
 

Regional Speciation Sites 

 
Pollutant 

 
Mean ± SD 

Mean ± SD Pearson 
Correlations Between 

HSPH and Regional Sites 

 
Range of Means 

Mean Pearson 
Correlations Among 

Regional Sites 
     

PM2.5 (μg/m3) 12.4 ± 7.8 0.8 ± 0.1 7.2 - 15.1 0.9 ± 0.1 
EC (μg/m3) 0.40 ± 0.19 0.5 ± 0.1 0.19 - 0.96 0.5 ± 0.2 
S (μg/m3) 1.2 ± 1.0 0.8 ± 0.1 0.9 - 1.4 0.9 ± 0.1 
Al (ng/m3) 28.8 ± 16.7 0.4 ± 0.2 7.5 - 23.0 0.3 ± 0.3 
Si (ng/m3) 49.4 ± 33.6 0.4 ± 0.1 37.7 – 102.0 0.7 ± 0.1 
K (ng/m3) 44.3 ± 24.6 0.4 ± 0.1 29.7 - 61.0 0.7 ± 0.1 
Ni (ng/m3) 2.1 ± 1.8 0.3 ± 0.2 0.3 - 5.9 0.2 ± 0.2 
     

O3 (ppb) 25 ± 10 0.8 ± 0.1 25 – 41 0.8 ± 0.1 
 

 

The highest mean EC was found at the New Haven site (0.96 μg/m3), followed by the urban 
Roxbury, MA site (0.67 μg/m3). Both of these sites are impacted by significant local traffic. 
While the pollutant levels varied among the Regional sites, most pollutants showed generally 
strong correlation with the Supersite, as well as with each other. As expected, correlations were 
high for PM2.5 and S among the sites, but even EC, Si and K concentrations, which tend to vary 
spatially, were fairly well-correlated. There are also 8 year-round and 28 summer O3-monitoring 
sites in the Region. Although O3 is not measured at the Supersite, we used the nearby Roxbury 
O3 site for comparison. Average O3 concentrations at these sites during the period April 2007-
April 2008 ranged 25-41 ppb, and Pearson correlations between the sites ranged 0.6-0.9 As seen 
in the PM measures, O3 concentrations vary considerably in the Region but tend to be highly 
correlated, indicating that common factors affect O3 concentrations at various sites in the Region. 
In summary, since our analysis suggests a high degree of correlation between concentrations 
measured at the Boston Supersite and the regional sites, we propose to use Boston Supersite data 
to represent exposures for all of our acute health effects studies. We will also assess short-term 
exposures to PM2.5, BC and O3 using satellite remote data and spatiotemporal models (Sections 
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4.5 and 4.6). Finally, because the comparison of data from the Regional networks suggests that 
these pollutants exhibit spatial variability, we will use different spatial models to assess long-
term exposures to PM2.5, BC, O3, and each of the other pollutants.  

2.3. A New Paradigm for Investigating the Joint Effects of Mixtures: Relationships among PM and 
gaseous pollutant concentrations exhibit considerable temporal variability. Multi-pollutant 
relationships are indicative of the types of sources impacting a receptor site and the 
meteorological conditions governing the transport and transformation of the emitted pollutants. 
Therefore, by grouping days based upon their multi-pollutant profiles using temporal clustering, 
we will be able to investigate whether risks associated with exposure to individual pollutants 
(e.g. PM2.5 mass) vary across the clustered groups of days. For example, we will be able to 
analyze the effects of PM2.5 mass using “cluster type/mixture type” as an effect modifier. This 
approach will permit identification of toxic multi-pollutant mixtures, thus enhancing our 
understanding of pollutant combinations that pose higher risks to public health. Central to this 
proposed research is our introduction of a temporal clustering approach to identify prevalent 
mixtures encountered in the Region and in 10 selected counties of the National Study. We will 
analyze the resulting clusters to characterize their physico-chemical properties and toxicity and 
to characterize meteorological conditions that favor mixtures posing higher risks.  

2.3.1. How to identify and characterize air pollutant mixtures? We applied cluster analysis (PROC 
FASTCLUS, SAS, v. 9.1) to 2007 and 2008 Boston Supersite data including PM2.5 mass, PN, 
and particulate species, and to O3 and CO from nearby state monitoring sites. We grouped 
sampling days according to their pollutant profile patterns (relationships among pollutant 
concentrations) rather than pollutant levels. For each day, all variables, including gases, particle 
species and PN, were normalized with the respective PM2.5 mass concentration, and cluster 
analysis was applied to the normalized data. This analysis yielded 5 clusters, including 51-186 
sampling days per cluster (Table 4). For each cluster the average concentration of each pollutant 
was calculated, using the measured concentrations (not the normalized values) from the 
corresponding days. To aid in cluster interpretation, we also calculated pollutant concentration 
ratios of selected species (Table 4). These ratios served as diagnostic tools to aid in attributing 
the 5 multi-pollutant mixtures to certain types of pollution sources/events. Specifically: 1) higher 
EC/OC ratios indicate a larger contribution of primary emissions from traffic and other local 
combustion sources; 2) lower OC/(NH4)2SO4 ratios indicate a sulfate-dominated system, 
reflecting predominance of power plant emissions vs. traffic and biogenic emissions; 3) higher 
K/Si ratios indicate a larger contribution from wood burning vs. soil dust (days around July 4 
were excluded because K is also emitted by fireworks); 4) higher Fe/Si ratios indicate a larger 
road dust contribution, relative to soil dust (assuming no impact of Fe point sources, such as steel 
mills); and 5) higher PN to PM2.5 mass ratios, an index of size, indicate a particle size 
distribution with a relatively greater number of smaller particles. These diagnostic ratios permit 
simple comparisons between cluster types.  
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Table 4: Pollution mixtures obtained from the temporal cluster analysis of Boston Supersite data 
 

Variable 
Cluster 1 
(186 days) 

Sulfate Events 

Cluster 2 
(84 days) 
Soil Rich 

Cluster 3 
(51 days) 
Primary 

Emissions 

Cluster 4 
(181 days) 
All Year 
Events 

Cluster 5 
(59 days) 
Low PM- 
High O3 

           
Pollutant Levels:           

  PM2.5  (μg/m3)  15.2  6.5  7.8  8.6  5.6 
  PN (#)  10,932  15,674  20,894  15,658  17,442 
  O3 (ppb)  31  27  20  19  28 
  CO (ppm)  0.29  0.27  0.28  0.28  0.27 
  OC (μg/m3)  4.0  3.3  2.9  3.7  2.9 
  EC (μg/m3)  0.47  0.35  0.47  0.46  0.25 
  (NH4)2SO4 (μg/m3)  6.6  1.8  2.4  2.5  2.2 
  Ni (ng/m3)  1.4  1.1  3.4  1.4  1.1 
  V (ng/m3)  2.5  1.2  5.5  1.3  1.3 
  Se (ng/m3)  0.0005  0.0002  0.0001  0.0003  0.0003 
  Cu (ng/m3)  0.002  0.003  0.002  0.002  0.001 
  Zn (ng/m3)  0.010  0.011  0.011  0.014  0.007 
  K (ng/m3)  0.041  0.036  0.034  0.043  0.028 
  Si (ng/m3)  0.046  0.070  0.027  0.033  0.023 
  Ca (ng/m3)  0.029  0.043  0.026  0.024  0.023 
  Fe (ng/m3)  0.065  0.084  0.056  0.062  0.035 
  Na (ng/m3)  0.143  0.048  0.066  0.051  0.098 
           

Pollutant Ratios:           
  Fe/Si  2.0 (0.8)*  1.4 (0.3)  2.7 (1.0)  2.6 (1.1)  1.9 (0.9) 
  K/Si  1.3 (0.9)  0.6 (0.2)  1.7 (1.0)  1.8 (1.1)  1.6 (1.1) 
  OC/(NH4)2SO4  0.7 (0.3)  2.0 (0.9)  1.4 (0.4)  1.7 (0.8)  1.4 (0.6) 
  EC/OC  0.12 (0.04)  0.11 (0.03)  0.18 (0.05)  0.12 (0.04)  0.10 (0.05) 

  PN/PM2.5 (Size Index)  863 (495)  2,589 (931)  2,883 (1,172)  1,990 (751)  3,294 
(973) 

 

* Standard deviations are in parenthesis;  Increase or decrease relative to the other ratios; 
 

2.3.2. Temporal clustering analysis results: We also analyzed cluster temporal patterns and 
prevailing meteorological conditions. In our preliminary analysis we calculated a limited number 
(5%) of back trajectories using the HYSPLIT model. In the proposed research we will compute 
back trajectories for a larger fraction of days. Table 4 presents the characteristics of the 5 clusters 
attributed to specific types of pollution events. Cluster 1 (186 days) is characterized by its higher 
(NH4)2SO4, PM2.5 and Se concentrations and lower PN and size index. It occurs more frequently 
during the warm season. This cluster reflects sulfate episodes that are largely associated with SW 
winds as suggested by the back trajectory analysis (Figure 2, left panel). The higher levels of Se 
suggest coal emissions. The lower PN and size index suggest particles in the accumulation mode, 
which provide a large particle surface area for heterogeneous coagulation of the freshly 
generated ultrafine particles  
Cluster 2 days (n=84) occurred during spring and fall and were characterized by relatively lower 
PM2.5 and (NH4)2SO4 levels, high winds, and low overall pollution levels. Relatively higher 
concentrations of soil elements, including Si, Ca and Fe, were found, and ratios of these elements 
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to PM2.5 were 
considerably higher 
than those found for 
the other clusters (not 
shown in Table 4). 
The lower K/Si and 
Fe/Si ratios indicate a 
higher fraction of K 
and Fe originates 
from soil dust in 
Cluster 2, compared 
to other clusters. 
Also, a relatively high 
OC/(NH4)2SO4 ratio 
was seen, possibly 
due to re-suspended 
organic material. 
 

Cluster 3 (51 days) was dominated by primary emissions, as indicated by the considerably higher 
EC/OC ratio combined with higher PN and lower O3 concentrations. The higher size index 
suggests freshly generated mixtures containing a large number of ultrafine particles. This cluster 
occurred between December and February, with low temperatures and frequent inversions that 
trap locally emitted pollutants. The high concentrations of Ni and V and the high Fe/Si and K/Si 
ratios indicate local sources, such as domestic heating, wood burning and road dust during the 
winter season.  
Cluster 4 (181 days) included days spread throughout the year and had average levels of most 
pollutants, except O3 which was relatively low. In addition, the OC/(NH4)2SO4 ratio was higher 
than for other clusters, indicating that OC was the dominant secondary particle species. Limited 
trajectory analysis suggested that this cluster corresponded to either southern winds passing over 
urban areas across the east coast or western winds passing over urban areas along the US-Canada 
border.  
Cluster 5 (59 days) occurred mostly during early spring or mid-fall and was characterized by 
lower PM2.5 levels and relatively higher O3 and PN. The high size index indicates more ultrafine 
particles, which is expected for relatively clean atmospheres with low levels of accumulation-
mode particles. High O3 concentrations in conjunction with low PM2.5 levels might suggest 
intrusion of stratospheric O3, since tropopause folding can occur during the spring.1 However, 
the presence of higher Na suggests that air masses may have passed over the ocean. Limited 
trajectory analysis showed that this cluster was indeed associated with urban emissions from the 
mid-Atlantic region that moved over the sea and then came back to Eastern Massachusetts 
(Figure 2, right). During this oceanic transport, O3 is constantly generated by photochemical 
reactions, while NO is diminished by reaction with O3 in conjunction with a lack of fresh 
emissions, allowing O3 concentrations to build up by the time the air masses return to the coastal 
areas. This may explain why O3 levels are higher at the Cape Cod site compared to other sites in 
the Region (based on the analysis of data from MA O3 monitoring sites).  
In summary, we propose to use this powerful new clustering method to identify distinct multi-
pollutant mixtures and relate them to source types and meteorological events. Our preliminary 

Figure 2: Backward trajectories for Cluster 1 (left) and Cluster 5 (right)
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analysis demonstrated that each of these mixtures has unique characteristics. Therefore, 
associations between acute health effects and the different types of mixtures can provide 
meaningful information about combinations of pollutants and/or types of sources posing higher 
risks. Each human Project (2-5) discusses how it will employ exposures to these distinct 
pollutant mixtures to assess health effects.  
 

2.4. Using Satellite Measurements for PM2.5 Exposure Assessment Studies: With broad spatial 
coverage, satellite data should allow us to expand pollutant data well-beyond ground monitoring 
networks into rural and suburban areas and enhance our ability to estimate subject-specific 
exposures. Satellite sensors determine the AOD, a quantitative measure of particle abundance in 
the atmospheric column. Given that AOD provides a direct, albeit noisy, measurement of PM2.5 
loading over an area, researchers have attempted to establish quantitative relationships between 
AOD and ground-level PM2.5. Over the past six years we have analyzed AOD data from the 
following three major satellite platforms: Moderate-resolution Imaging Spectroradiometer 
(MODIS); the Multiangle Imaging SpectroRadiometer (MISR); and the Geostationary 
Operational Environmental Satellite (GOES). These investigations have focused on the 
development of models that predict ground-level PM2.5 concentrations using AOD and 
meteorological parameters.2-8 However, these models, developed by us and others, generally 
predict <60% of the variability in daily PM25 concentrations.9-13 Additional time-varying 
parameters influence the PM25-AOD relationship, including PM2.5 vertical and diurnal 
concentration profiles, PM optical properties, surface reflection and others. Therefore we 
propose approaches to more fully exploit satellite data, as follows. 
 

2.4.1. Exploring the full potential of satellite sensing: Although the PM2.5-AOD relationship varies 
day-to-day, we hypothesize that it varies minimally spatially on a given day within a region such 
as New England. This is because parameters influencing this relationship, such as PM 
composition, diurnal profile and meteorological conditions, exhibit little spatial variability. Our 
preliminary calculations show that on a given day it is possible to establish quantitative 
relationship between PM2.5 concentrations observed at spatial sites within the Region and AOD 
values measured at the corresponding grid cells, using a mixed effects model with random 
intercepts and slopes: 

 

PMij = (α + uj) + (β1 + vj)*AODij + β2*Sitei 
 

(uj vj ) ~ [(o o), Σβ ] 
 

where PMij is the PM2.5 concentration at a spatial site i on a day j; AODij is the AOD value in the 
grid cell corresponding to site i on a day j; α and uj are the fixed and random intercepts, 
respectively; β1 and vj are the fixed and random slopes, respectively and; Σβ is the variance-
covariance matrix for the random effects. AOD represents the average optical depth at a given 
grid cell (10x10 km), whereas the corresponding PM2.5 concentration obtained at a site i may not 
be representative of the grid cell area. To control for potential site bias we have included in the 
model a term Sitei to serve as an indicator for sites located near high traffic areas, so that the 
AOD calibrations are not biased. We omit this term when predicting grid cell PM2.5 
concentrations from AOD values, because AOD values are representative of the corresponding 
cells and thus are not biased. We tested this new approach to analyze the 2003 MODIS data for 
MA, RI and CT. Daily PM25 concentrations from 26 spatial sites located in these states were 
regressed on the corresponding AOD values. This analysis yielded statistically significant fixed 
effects (α=9.4: p<0.0001 and β=8.4: p=0.0002), indicating that both slopes and intercepts vary 
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considerably by day. This supports our hypothesis 
that the effects of parameters influencing the PM2.5-
AOD relationship vary daily but not spatially. In 
addition, we found a positive effect for sites situated 
near high-traffic areas, justifying the need to control 
for site bias. PM25 concentrations measured at the 
different sites were also regressed on the 
corresponding AOD values using the standard 
approach that does not calibrate on a daily basis. The 
predictions from both the new and original models 
were regressed on the observed PM2.5 concentrations 
for each site separately. Figure 3 shows the 
distribution of the R2 values for both models. While 
the predictive ability of the original model is modest 

and varies considerably by site, the new model prediction is excellent for most of the sites. These 
results indicate that predicting PM2.5 within a domain requires the use of daily calibrations, 
explaining why previous investigations have failed to demonstrate that AOD can be a robust 
predictor of PM2.5. Using the new AOD calibration model we estimated daily PM2.5 
concentration levels for all 397 cells in the study domain for days when AOD data were 
available. 

2.4.2. Predicting daily PM2.5 levels in the study domain during non-retrieval days: Frequently AOD 
values are not available to predict daily PM2.5 concentrations in the study domain, due to cloud 
cover, high surface reflectance (e.g., snow cover) or retrieval errors. For instance, during 2003 
only 60 to 90 AOD values were reported per grid cell. To overcome this limitation we have 
introduced a grid calibration method to predict PM2.5 concentrations in the study domain when 
AOD values are not available. This approach includes two major steps: 1) For each grid cell 
daily PM2.5 concentrations are estimated when AOD values are available using the AOD-
calibration models. For each of the grid cells, the estimated daily PM2.5 concentrations from the 
calibration model are then regressed against the mean of the daily PM2.5 concentrations measured 
at the spatial sites (or regional daily PM2.5 concentration). The number of available 
measurements per day varies, due to differences in sampling schedules among sites and missing 
data. Using this method we found high R2 values and statistically significant slopes and 
intercepts, indicating strong relationships between grid cell concentrations and the regional daily 
mean PM2.5. Both slopes and intercepts of the grid-specific calibration equations differed by grid, 
reflecting the distinct relationships between a given grid and the regional concentrations; 2) In 
the second step, we used the grid-specific PM2.5 calibration models and the regional daily PM2.5 
concentrations to predict daily PM2.5 grid levels for non-retrieval days. Here we assumed that 
within the study domain, similar concentration relationships exist between a grid and the regional 
concentrations during the retrieval and non-retrieval days. To validate our overall approach, we 
compared the relationship between PM2.5 concentrations observed at the different spatial sites 
with those estimated for the corresponding grid cells, using data for both retrieval and non-
retrieval days. The average Pearson correlation for all 26 sites was r=0.92 (range 0.71-0.98), 
which suggests that predicted PM2.5 concentrations across the Region can be used for time-series 
health effects studies. Finally, we examined the agreement between the observed and predicted 
average PM2.5 concentrations (Figure 4) and found that observed and predicted concentrations 

Figure 3: Predictions by the original and new models
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for the 26 sites were highly correlated. This suggests that our proposed exposure assessment 
methodology can be used to conduct cross-sectional studies in the Region. Because the number 
of samples varies by site, the estimated observed and predicted site average levels correspond to 

different sets of sampling days, and the levels 
in Figure 4 do not reflect true annual means. 
Nevertheless, our proposed approach is 
advantageous because it yields ground-level 
data for every day over the entire Region, 
enhancing the yield of useful data vs. that 
from only ground-level measurements at 
monitoring sites with intermittent sampling.  

2.4.3. Preliminary Analysis: In Section 2.1, 
Figure 1 (left panel) shows the spatial 
distribution of annual PM2.5 means for the 
three states modeled using our satellite 
method. As expected, higher levels were 
estimated for densely-populated areas such as 
New Haven, Hartford, Springfield, Providence 

and Boston. Of particular interest is the gradient of exposures in the Boston Metropolitan region, 
which reflects the population and traffic density patterns. Based on our numerous air pollution 
studies of Eastern Massachusetts and our knowledge of spatial patterns of air pollution in this 
area, we consider the results of this new analysis method particularly exciting, and we are 
confident that we can cost-effectively produce comprehensive and accurate daily exposure 
estimates of PM2.5 across this Region.  
 
 

3. EXPOSURE METRICS 
 

The following exposure metrics will be employed by all four human health studies: 
 

3.1 Short-term Exposures to individual Pollutants:  
3.1.1 Regional Studies: For the New England Studies, we will assess daily exposures to individual 
pollutants, including PM2.5 mass, PN, elements, ions, BC, EC and OC, as well as PM10 and PM10-

2.5, using data from the Boston Supersite. Daily concentrations for O3, VOCs and other criteria 
gases will be obtained from the Boston monitoring sites. In addition, participant-specific daily 
(outdoor) exposures to PM2.5 will be assessed using satellite data, and spatiotemporal models will 
be used for O3 and BC.  
 

3.1.2 National Study: For the National Study, daily exposures to PM2.5, O3, EC, OC, elements, 
ions, VOCs, PM10 and PM10-2.5 will be assessed using data from the nearest PM2.5, speciation, O3 
and Photochemical Assessment Monitoring Stations (PAMS) sites (see Project 5).  
 

3.2 Short-term Exposures to individual Sources:  
3.2.1 Regional Studies: Exposures to daily contributions of individual PM sources, such as traffic, 
road dust and coal combustion, will be estimated using the Positive Matrix Factorization (PMF) 
method.14 Since source emissions and their profiles have been gradually changing over the last 2 
decades, we will calculate source apportionment by year. For the 3 Cohorts, estimates of daily 
exposures to individual source contributions will be based on the Boston Supersite data. Because 

Figure 4: Predicted and observed PM2.5 at different sites 
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most of the regional spatial sites operate only on a 1 in 3- or 6-day schedule, we cannot use data 
from these sites for daily exposures.  
 

3.2.2 National Study: For the National Study daily exposures to individual sources will be 
assessed for 10 selected counties using PMF. Because source profiles vary across regions, we 
will perform source apportionment for each county individually. Counties will be selected based 
on availability of PM2.5 speciation data and population density. Because most of the speciation 
sites do not provide daily measurements, our analysis will be limited to days with available data. 
 

3.3 Short-term Exposures to Individual Mixtures: Central to this proposed research is our 
introduction of a temporal clustering approach to identify prevalent mixtures encountered in the 
Region and in 10 selected counties of the National Study. We will analyze the resulting clusters 
to characterize their physico-chemical properties and toxicity and characterize meteorological 
conditions favoring mixtures posing higher risks, which is of particular interest.  
3.3.1 Regional Studies: Temporal clustering for the Region will be done using the Boston 
Supersite data. This assumes that on a given day the Region is predominantly impacted by 
similar sources and meteorological conditions. To test this assumption we will analyze data from 
other sites in the Region, and the characteristics of clustered days will be compared to 
corresponding data from the Boston Supersite analysis.  
 

3.3.2 National Study: For the National Study the selected counties will be the same (10) as those 
to be selected for the source apportionment studies (Section 3.2.2.). 
 

3.4 Long-term Exposures to Individual Pollutants:  
3.4.1 Regional Studies: Data from the Regional sites indicate that we must account for 
considerable spatial variability of BC, O3 and PM2.5 mass and components. More importantly, 
concentration gradients differ by species, which offers a unique opportunity to disentangle 
individual pollutant effects. Long-term spatially resolved exposures will be obtained using: 1) 
PM2.5 will be estimated using MODIS and GOES satellite data starting in 2001, as presented in 
section 2.4; 2) spatiotemporal models for BC and O3 will be used to assess exposures starting in 
1995, as presented in sections 4.6.1 and 4.6.2 and in more detail in the Biostatistics Core; and 3) 
long-term spatial models will be developed for the remaining pollutants, including EC, OC and 
elements, as well as VOCs, NO2 and PM10-2.5, as presented in section 4.6.3 and in the 
Biostatistics Core.  
 

3.4.2 National Study: For the National Study long-term exposures will be estimated by averaging 
daily exposures from the nearest monitoring site. As discussed above (Section 3.2.2), we will not 
investigate the spatial profiles of air pollutants within the counties. 
 

3.5 Long-term Exposures to Individual Sources:   
3.5.1 Regional Studies: A separate source apportionment analysis will be performed for each of 
the speciation sites in the Region using the PMF method. Analysis will be performed by year. 
Because most of these sites operate only every 3rd or 6th day, we expect to have approximately 
50-100 samples per year. The daily contributions will be estimated for the entire lifespan of the 
site. For each of the identified sources in each season, we will spatially smooth these estimated 
source contributions using the long-term spatial models discussed in the Biostatistics Core 
(Sections 4.2.1 and 4.4.3.). Subsequently, a separate source-specific data set will be created for 
each source type combining all the site-specific data. These models will produce source-specific 
spatial surfaces of particle exposure by season. Our proposed approach assumes that similar 
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sources will be identified for each of the spatial sites. However, this assumption must be tested 
by comparing the source profiles between sites. If the number of sources varies by site, then the 
analysis will only be conducted for sources that are common to all sites.  
 

3.5.2 National Study: Source apportionment analysis will be conducted for each of the 30 selected 
counties of the National Study by year. For each county long-term exposures to individual 
sources will be obtained by averaging the respective source contributions over a period of one 
year. In Project 5 we will use yearly average exposures to sources in our regression models for a 
sub-population of the 12 million Medicare enrollees living in the largest 30 US counties during 
2000-2014. 
 

3.6 Long-term Exposures to Mixtures: Spatial cluster techniques similar to those for temporal 
clusters (Section 2.3) will be used to determine long-term exposures to mixtures in the Regional 
and National Studies. These methods are presented in the Biostatistics Core (Section 4.2.1).  
3.6.1 Regional Studies: Using the estimated long-term exposures to the individual pollutants 
(pollutant-specific spatial surfaces; Section 2.4), we will calculate average pollutant 
concentrations for each zip code in the Region, then perform cluster analysis to group the 
different zip codes according to their average multi-pollutant concentration profiles. This spatial 
clustering will enable us to identify zip code areas within the study domain with similar pollution 
mixtures. For instance, rural areas experience higher O3 levels compared to urban ones, whereas 
the opposite is true for BC concentrations. Thus, we anticipate that these urban and rural areas 
will be found in different spatial clusters. Cluster analysis may also separate coastal and inland 
areas that experience different pollutant profiles. Once the cluster types are identified and 
characterized, we will use mixture type for each zip code as an effect modifier for the health 
risks associated with long-term exposure to PM2.5. Through this approach we will assess the 
possibility of identifying cluster types or multi-pollutant mixtures that pose higher risks. 
 

3.6.2 National Study: We will calculate the annual mean concentrations for PM2.5 mass and 
species, as well as gaseous pollutants for all the counties included in the National Study. Cluster 
analysis will be performed to group US counties with similar multi-pollutant profiles. 
Subsequently, we will estimate county-specific health risks associated with long-term exposure 
to PM2.5. We are aware that effect estimates may have considerable inter-county variability. Our 
goal will be to compare inter- and intra-county cluster variability in an effort to examine the 
relative toxicity of the different pollutant mixtures encountered in various regions of the US. 
Therefore, heterogeneity will be examined between groups with similar multi-pollutant profiles, 
rather than across geographic areas as done in previous studies.   
 
4. EXPOSURE ASSESSMENT METHODS: 
 

4.1 Boston Supersite: The Boston Supersite is located on the roof of a Harvard building, about 
one mile from downtown Boston. It is five stories above ground level and 50 m from the nearest 
street. Traffic on this street is composed primarily of automobiles; it is not a significant truck 
route. In addition, the Supersite is not affected by local point sources. We have used data from 
this site for several major Harvard health effects studies, including those funded by our current 
and previous EPA Centers. The site has been in operation since 1997 with additional PM 
measurements collected at a previous HSPH site in South Boston during 1995-96. As a result, 
PM2.5 concentrations and composition in the Boston area have been well characterized for 
approximately 15 years. Funding for this Supersite is available until Summer 2010. Its operation 
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will continue if our proposed Center is funded. Since 2003 the site has been equipped with state-
of-the-art instrumentation. Daily integrated PM10 and PM2.5 samples are collected on Teflon 
filters with Harvard Impactors.15 PM2.5 filters are subsequently analyzed for BC and elements. 
For the proposed studies PM2.5 filters will be analyzed for elements and BC. During 1998-2003, 
only PM2.5 and PM10 filter samples were collected and analyzed for mass. We also have 
continuous monitors for BC, EC, SO4

2- and PN, presented in the Engineering Core; and O3, CO 
and VOC data will be obtained from the nearby Roxbury monitoring site.  
 

4.2 Regional Sites: Additional ambient pollution (PM2.5, PM10, O3, NO2 and VOC) data will be 
obtained from state and local monitoring networks in the Region. In the New England region, 
there are sites associated with several air quality monitoring networks, including criteria 
pollutant monitoring sites for O3, SO2, NO2, PM2.5 and PM10; STN sites for PM2.5 components, 
and; Interagency Monitoring of Protected Visual Environments (IMPROVE) sites, measuring 
PM2.5 speciation in more rural locations. Additional sites measure urban air toxics, such as 
VOCs, and PAMS sites measure both O3 precursor pollutants and VOCs. To assess exposures for 
study cohorts, monitoring data from all sites located in MA and RI will be used as well as all 
sites south to New Haven (CT) and north to Portland (ME), Lebanon (NH) and Rutland (VT). 
Table 5: Monitoring sites in the study Region 
 

 

Pollutant Period 
 

No. of Sites in the Region 
 

PM2.5 
1998-2002 

2002-Present 
More than 40 

Between 5 to 10 
STN 
IMPROVE 

2001-Present 
1998-Present 

2 in MA; 1 in CT, RI & NH 
3 in MA; 1 in VT and CT 

NO2 1995-Present Approximately 20 
O3 1995-Present Approximately 40 

PM10 
1998-2002 

2002-Present 
Approximately 35 
Between 16 to 19 

VOCs 1998-Present 8 in MA;  2 in CT, ME, 
NH, RI and VT 

 

When more than one monitor is available in a county, concentrations will be averaged over the 
county using a method previously described.16 PM2.5 speciation data include over 50 species; 
however, for each US region we will select only elements measured above analytical detection 
limits in >50% of the samples.  
 

4.4 HSPH Spatial Sites  
4.4.1 HSPH Rotating Spatial Sites: Between March 2006 and November 2008, we conducted 2-
week sampling at backyard sites of 54 homes located in Eastern MA, as part of an NIEHS-
funded Program Project. Sites were selected to represent different geographic locations 
expanding from the inner city to the suburbs, with varying degrees of urbanization and traffic 
density. Most of the home sites (34) were measured in two different seasons, 18 sites once, and 
two sites were tested for 4 seasons. During the 2-week period continuous measurements of PM2.5 
(SidePak) and BC (Aethalometer) were performed. In addition, on one of the sample days a 24-
hr PM2.5 sample was collected on a Teflon filter and analyzed for mass and for BC. The 
integrated samples were used to calibrate the continuous measurements. These filters have been 
stored and will be analyzed for elements using XRF. We will use the elemental data to develop 
and calibrate the long-term spatial models.  

4.3 National Sites: Project 5 will rely 
upon similar monitoring networks to 
those presented in Table 5. Daily 
ambient pollution concentrations will 
be obtained for criteria pollutants 
(PM10, PM2.5, O3, NO2, CO) for all 
available Federal Information 
Processing Standards (FIPS) 
throughout the United States. PM2.5 
data are available as 24-hr integrated 
samples, usually on a 1-in-3- or 1-in-6-
day sampling schedule. 
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4.4.2 HSPH Multi-pollutant Spatial Sites: Data from the HSPH multi-pollutant spatial network 
will be critical to our efforts to develop the long-term spatial models. We will conduct 
measurements at 40 sites in the Region using a long-term multi-pollutant sampler we developed 
(see Engineering Core Section 3.1.2).17 We will use the sampler to measure a large spectrum of 
pollutants including: PM2.5 and PM10 mass, BC, EC, OC, elements, O3, NO2, SO2 and VOCs. At 
each of the 40 sites, 4 one-month samples will be collected in January, April, July and October, 
during the first four years of the Center. Sites will be placed in communities in the Region where 
subjects of the three Cohorts reside, with high priority given to communities with more subjects. 
Maps indicating the areas where the Cohort participants reside are presented by the respective 
Projects. 
 

4.5 Use of Satellite Sensing for Particle Exposure Assessment: We will use satellite data to assess 
daily exposures to PM2.5 within the Region starting in 2001. These daily estimates will be used to 
assess short-term and long-term exposures for all Cohort Studies in the Region. Above we 
described how we used AOD grid calibration equations to estimate the temporal and spatial 
patterns of PM2.5 for MA, RI and CT using 2003 MODIS data (Section 2.4). Using the same 
approach, we will expand our time and space domain by including more years and participants 
living in southern NH, ME and VT. MODIS AOD data are of higher quality than GOES data. 
However, spatial resolution for the GOES data is superior to that of MODIS (4x4 km versus 
10x10 km). Previously we have used GOES AOD data to estimate PM2.5 levels in New 
England.8 We propose to analyze GOES data using our new calibration approach (Section 2.4.2). 
If we succeed in producing exposure estimates of a similar or only slightly lower quality to those 
obtained using the MODIS data, then we will use GOES to assess exposures. The performance 
of these methods will be based on their ability to predict concentrations at the different sampling 
sites, as described above. For quality assurance purposes we will compare MODIS and GOES 
exposure estimates. Finally, we will consider joint analysis of the MODIS and GOES data to 
achieve higher spatial resolution, by taking advantage of the best features of both. 
 

4.6 Spatial Models: 
4.6.1 BC Spatiotemporal model: Daily ambient BC levels will be estimated for outside the study 
participants’ homes using our GIS-based model,18 described in the Biostatistics Core (Sections 
3.2.1 and 4.4.1). This is a spatiotemporal model that includes both a regression approach 
(prediction by variables such as distance to road, traffic counts, etc.) and a geospatial smoothing 
term. The model will use: 1) Boston Supersite BC data, starting in 1995; 2) spatial data measured 
at other permanent and intermittent monitoring sites during the entire study period; and 3) geo-
coded information for all Cohort participants. The model was originally employed to predict BC 
levels for Eastern MA and will be expanded to cover the entire Region. In the proposed Center 
we will collect data from additional spatial sites to expand this model (Section 4.4.2).  
 

4.6.2 O3 Spatiotemporal model: Although O3 concentrations are correlated among sites in the 
Region, they exhibit substantial spatial variability. In general, concentrations at the rural areas 
are higher and decrease as air masses move from rural to suburban to inner city areas. As we 
have shown previously O3 exposure levels decrease as traffic emissions (or population density) 
increase.19 Therefore, using a spatiotemporal model that uses data from the O3 monitoring sites 
and spatial sites as well as geo-coded information should provide reasonable concentration 
estimates. More specifically, we propose to develop an O3 model similar to the BC model to 
predict exposures throughout the Region. Because there are not enough sites within the urban 
areas, where many of the participants live, we will use O3 monthly measurements from the 
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HSPH multi-pollutant sites (Section 4.4.2) to further develop and characterize the model. We are 
optimistic that our approach is sound. However if model performance is not satisfactory, we will 
apply simple spatial models. The accuracy of the BC and O3 spatiotemporal models will be 
assessed using an out-of-sample validation strategy. This will be an iterative process with 
systematic exclusion of individual sites, which estimates concentrations for monitoring sites not 
included in the model and then compares these predicted values to the observed concentrations 
(see Section 4.4.1 in the Biostatistics Core).  
 

4.6.3 Long-term spatial models: We propose to use simpler models to characterize the long-term 
spatial variability for PM2.5, PM10, PM10-2.5, BC, OC, EC, elements, O3, NO2 and VOCs. This is 
because of the paucity of spatial data and the lack of well-established parameters that can be used 
to predict spatial patterns. For instance, for BC and O3 models, traffic or population density could 
be included as predictors, whereas this may not be the case for PM10-2.5 or elements that are 
associated with a number of sources. The long-term spatial models that will be used to predict 
geo-coded seasonal average levels for individual pollutants are described in the Biostatistics 
Core (Section 4.4.3). These models will include two components: 1) a spatial component that 
will use data from the 40 HSPH multi-pollutant spatial sites collected during 2010-2014; and 2) a 
temporal component that will use Boston Supersite data. The models we develop will also be 
employed to predict retrospective exposures for the period 2001-2009. For these calculations we 
will use the same spatial structure developed for the period of 2010-2014 and Boston Supersite 
data to account for yearly pollution trends during 2001-2009. These predictions will be validated 
using measurements from the spatial networks collected during 2001-2009.  
 
5. EXPECTED RESULTS: The Core will assess exposures for each of the four human studies. 
This will make it possible to investigate the effects of individual pollutants, sources and 
mixtures. In addition, a number of novel exposure approaches will be developed as part of this 
Core, which, if successful, will be highly useful to other Investigators outside the Center.  
 
6. INVESTIGATORS: The Core study will be directed by Dr. Koutrakis. He has conducted 
numerous large air quality as well as exposure assessment studies in the US and abroad over the 
last 25 years. He has developed and applied source apportionment techniques20 and applied them 
to health effects studies21 as well as other statistical approaches to characterize air quality.22,23 
Dr. Coull will serve as Core Co-Director and will oversee the development and application of 
statistical models to assess exposures. Dr. Coull has developed many important statistical 
methods which have been implemented in the exposure assessment field (e.g. the BC spatial 
model).18 Drs. Koutrakis and Coull, who have worked together closely during the last decade, 
will work collaboratively with the PIs of Projects 2-5 to prepare exposure data sets for the health 
outcomes analyses of those Projects.  
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