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Air pollutant concentrations vary with local meteorological conditions and can have
deleterious effects on human health. This dissertation adapts an integrated approach to
improve understanding about the role of meteorological factors on air pollution
concentrations and their cumulative effects on public health in Newark and the
Meadowlands, New Jersey.

Filter-based samples of particulate matter (PM) were collected and meteorological
variables were monitored in Newark from August to October 2009 and from December
2010 to January 2011. Measurements of daily maximum ground-level ozone (O3) were
obtained from Newark Firehouse, a monitoring station in the New Jersey Department
network (NJDEP). Ambient concentrations of nitrogen oxides (NOx) and O3 were
measured and meteorological variables were monitored at the Meadowlands
Environmental Research Institute (MERI) from June 2007 to May 2008, to characterize
the temporal and seasonal variations of gas-phase air pollutants. Health records of
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respiratory hospital admissions were obtained from St. Michael’s Medical Center in
Newark and the New York State Department of Health and Senior Services (NJDHSS).
Statistical analyses were conducted by using time series, multiple linear and principal
component regression techniques.

The results show that ambient l e v e l s o f PM2.5 and O3 were influenced mainly by
temperature and wind speed . Positive associations demonstrated among O3, PM and
hospital admissions suggest that even below current federal standards, air pollutant
levels could be associated with an increased risk for respiratory illnesses. Variability of
NOx and O3 were altered by distinct atmospheric conditions and chemical interconversions of the pollutants. There was an inverse relationship between concentrations
of NOx and O3; the latter was dominant in summer and specific time of the day (early
afternoon). Seasonal variations of NOx were less distinct with strong diurnal patterns of
traffic-related peaks during the early morning rush hour. There was a strong association
between NOx and respiratory hospital admissions mainly in the winter season. For O3,
association with hospital admissions was strongest at 2 lag days. Both climate-induced
and pollution-induced health effects of NOx and O3 suggest that current national
standards may not adequately provide a safe threshold for air pollutants from a public
health perspective.

iii

Acknowledgements
My experience as a doctoral student was stimulating and productive because of a number
of individuals. I thank my dissertation committee members who generously gave their
time and challenged the scope of my work by posing questions that helped to expand my
work. I thank my advisor, Dr. Yuan Gao for the opportunity to establish my career in
environmental science. Her constructive criticisms, insightful comments and revisions
helped in the refinement of my manuscripts. I also appreciate her faith in my ability to
complete my degree requirements on time.
I thank Dr. Alexander Gates for his sincere dedication and genuine interest in student
success and purpose-based research. I was fortunate to have joined the Department of
Earth and Environmental Sciences with Dr. Gates as Chairman. He has been a great role
model for me and has been instrumental in connecting students to needed resources and
institutional support. I am immensely grateful to him for endorsing my applications for
the National Science Foundation fellowship and the Minority Bio-medical Research
Support Program that funded significant portions of my research.
My heartfelt gratitude is extended to Dr. Evert Elzinga who patiently helped me lay the
foundation of my laboratory experience at Rutgers. His gentle demeanor and valuable
insights were exemplary. I was motivated by his willingness and good-natured support,
particularly for fellowships which I partly obtained on the strength of his
recommendation. It has also been an honor to have Dr. Abate Mammo as a member of
my dissertation committee. His intellectual feedback has helped tremendously to focus
iv

my research from a public health perspective. Without Dr. Mammo’s help, navigating the
Department of Health and Senior Services system through the Institutional Review Board,
and expediting the process to access health data would have been virtually impossible.
I am very grateful to Minglu Wang, Data Services Librarian, for her resourcefulness and
assistance with accessing alternative software for data analysis. I thank Fei Song, Lu
Wang, Rafael Jusino-Astrino, Jianqiong Zhan and Guojie Zu for their assistance with
sampling logistics and helpful discussions. I thank Liz Morrin for her dependability and
diligence in facilitating access to the sampling platform through the Physical Plant and
Public Safety Department, especially on weekends. I deeply appreciate support from the
Professional Staff Congress/The City University of New York over the years, particularly
Dr. Stanley Schleifer, Dr. Nazrul Khandaker and Pauline Miles.
Finally, I am indebted to my husband, Berkley, and children Alissa, Darin and Ajani for
their patience, sacrifice and kind indulgence throughout my research. I thank my loving
mother and siblings for their love, encouragement and prayers. Looking back, I have
surmounted the challenges because of you all and without your support, completing this
dissertation would have been a very lonely experience. Now forward-looking, I am filled
with exhilaration and an immense scale of excitement for the reward this experience will
bear. For this I am eternally grateful.

v

TABLE OF CONTENTS
Chapter 1: Introduction
1.1. Overview
1.2. Research objectives
1.3. Major findings

1
1
3
5

Chapter 2: Evaluation of air pollution,
local meteorology and urban public health
2.1. Introduction
2.2. Materials and Methods
2.2.1. Study Site
2.2.2. PM Sampling a Meteorological Data Collection
2.2.3. Collection of O3 Data and Hospital Admission Record
2.3. Results and Discussion
2.3.1. Trend Analysis
2.3.2. Statistical Analysis
2.3.3. Air Pollutant Concentrations and Meteorological Parameters
2.3.4. Hospital Admission and Pollutant Concentrations
2.4. Conclusions

7
8
12
12
12
14
15
15
21
23
26
31

Chapter 3. Seasonal characteristics of ambient nitrogen oxides and
ground-level ozone in metropolitan northeastern New Jersey
3.1. Introduction
3.2. Materials and methods
3.2.1. Study region
3.2.2. Sampling methods
3.2.3. Data analysis
3.3. Results and discussion
3.3.1. Seasonal patterns
3.3.2. Monthly patterns
3.3.3. Diurnal variations of NOx and O3
3.3.4. Weekday/weekend comparisons
3.4. Meteorological influences
3.5. Conclusions

33
34
36
36
38
39
40
40
43
46
49
53
58

Chapter 4: Impact of gas-phase air pollution on public health in
Northeastern New Jersey
4.1. Introduction
4.2. Materials and methods
4.2.1. Study site
4.2.2. Sampling methods
4.2.3. Meteorological and public health data
4.2.4. Data analyses

60
61
63
63
65
65
67

vi

4.3. Results and discussions
4.3.1. Seasonal variations
4.3.2 Seasonal effect on hospital admissions
4.3.3. Air pollution concentrations and daily hospital admissions
4.3.4. Weekend effect on hospital admissions
4.3.5. Meteorological factors and hospital admissions
4.3.6. Statistical analysis
4.4. Conclusions

67
68
69
72
75
77
79
84

Chapter 5. Conclusions
5.1. Overall conclusions and contributions
5.2. Recommendations for future research

86
86
89

References

91

Curriculum vitae

109

vii

LIST OF TABLES
Table 2.1: Descriptive data of primary air pollutants and
meteorological variables ................................................................................. 20
Table 2.2: Monthly concentrations of ambient air pollutants and meteorological
variables .......................................................................................................... 21
Table 2.3: Pearson(r) and Multiple Regression (p-value) correlations ............................. 22
Table 2.4: Correlation between pollutants and hospital admissions ................................. 23
Table 3.1: Summary of monthly and yearly average
concentrations and variations .......................................................................... 41
Table 3.2: Comparisons of O3 concentrations with other nearby sites on
US East Coast ................................................................................................. 44
Table 3.3: Comparisons of NO2 concentrations with other nearby sites on
US East Coast ................................................................................................. 46
Table 3.4: Model summary of variables associated with
pollution concentrations .................................................................................54
Table 4.1: Model summary of variables associated with hospital admissions ...............80

viii

LIST OF FIGURES
Figure 2.1a. Map showing the situation of study site in Newark,
New Jersey (top) .........................................................................................13
Figure 2.1b. Map of hospital discharge rates for asthma cases in
New Jersey (bottom) ...................................................................................13
Figure 2.2. Time series of average daily temperature and maximum ozone
from August to October 2009 .......................................................................16
Figure 2.3. Concentrations of PM2.5 and PM10 ................................................................17
Figure 2.4. Relationship between concentration of PM2.5 and temperature ....................18
Figure 2.5. Relationship between concentration of PM2.5 and wind speed .....................24
Figure 2.6. Wind rose highlighting prevailing south westerly winds in Newark ............25
Figure 2.7. Relationship between PM2.5 and hospital admissions....................................27
Figure 2.8. Relationship between ozone and hospital admissions ..................................28
Figure 3.1. Situation of study site/monitoring station in proximity to highways
and pollutant source regions .........................................................................37
Figure 3.2. Temporal variations of the daily average (a) O3 and (b) NOx
concentrations during the one-year period ...................................................42
Figure 3.3. Seasonal variations of monthly average NOx and O3 concentrations
box plots of (a) NOx and (b) O3 concentrations ...........................................45
Figure 3.4. Diurnal variations of NO, NO2, NOx and O3 measured over 24-hour
period. Morning NO, NO2, NOx peaks followed by O3
photochemical peak later in the day .............................................................47
ix

Figure 3.5. Daytime/nighttime comparison of correlations between
NOx and O3. Maximum O3 concentrations enhanced by NOx
precursors in the day are inhibited at night ..................................................48
Figure 3.6. Variations in yearly average NOx and O3 concentrations on
weekdays with smaller variations on weekends (Sat. and Sun.)
than on weekdays mainly for NOx ...............................................................50
Figure 3.7. Diurnal variations of NOx and O3 on weekdays and weekends.
The O3 peak is similar for both weekdays and weekends,
NO, NO2 and NOx display much smaller morning peaks on
weekends than on weekdays .......................................................................51
Figure 3.8. Weekday/weekend comparison of the correlations
between NOx and O3.....................................................................................53
Figure 3.9. Residual Plots of Regression Model for (a) O3 and (b) NOx.
Residuals show symmetry and are along a straight line
with no specific pattern against meteorological variables
around zero ...................................................................................................56
Figure 3.10. Inverse relationship between O3 and wind speed. Ozone
concentrations decrease as wind speeds increase ....................................58
Figure 4.1. Map of study site showing situation of monitoring station in
proximity to highways and pollutant source regions....................................64
Figure 4.2. Temporal variations of the daily average (a) O3 and (b) NOx
concentrations from June 1, 2007 to May 31, 2008. ............................................69
x

Figure 4.3. Time series of hospital admissions show (a) pronounced increase
in winter, (b) fluctuations in spring and (c) summer, and (d) an
increase followed by a gradual decrease in the fall season ..........................71
Figure 4.4. Respiratory hospital admissions show (a) a corresponding increase
with monthly mean NO2 concentrations (b) from late fall through
early spring.....................................................................................................73
Figure 4.5. Diurnal variations of NOx and O3 on weekdays and weekends ....................75
Figure 4.6. Meteorological parameters: increasing trend in wind speed (a)
and decreasing trend in temperature (b) from June 1, 2007
to May 31, 2008............................................................................................77
Figure 4.7. Boxplots of respiratory hospital admissions on
weekday and weekends ................................................................................81
Figure 4.8. Boxplots of O3, NO, NOx and NO2 depicting the distribution
of each variable over the study period ........................................................82
Figure 4.9. Residual diagnostic distribution of hospital admissions.
The symmetrical histogram plot of residuals confirms
the normality assumption .............................................................................82
Figure 4.10. Residual diagnostic Q-Q plot for hospital admissions ................................83
Figure 4.11. Path analysis of predictors of respiratory hospital admissions. ...................84

xi

LIST OF ILLUSTRATIONS
Appendix I. Computations for principal component analysis......................................... 102
A-1. Descriptive statistics for all variables................................................................ 102
A-2. Stepwise regression model for (a) ozone using the original independent
variables, (b) logOzone, (c) logNO2 ………………………………………………. 102
A-3. Pearson correlation matrix of independent variables.........................................103
A-4. Rotated principal component loadings (Rotation method: varimax
with Kaiser normalization…………………………………………………………..103
A-5. Final calculations for partial regression model……………………………… .104
Appendix II. Satellite image of downtown Newark…………………………………… 106
Appendix III. Satellite image of the Meadowlands District (Inset: MERI)…………… 106
Appendix IV. PM Sampling platform on roof of Bradley Hall……………………….. 107
Appendix V. Formula used for mass concentrations of particulate matter……………. 107
Appendix VI. Correlation matrix of weather variables, pollutants and admissions .......108

xii

1

Chapter 1: Introduction
1.1 Overview
The natural composition of the atmosphere may be altered by dangerous substances or air
pollutants in the form of particles and gases that come from both natural and
anthropogenic sources. Air pollutants can have adverse effects on human health by
aggravating pre-existing or chronic diseases, increasing susceptibility to infections,
reduce lung function, inducing systemic inflammation and degrading the status of healthy
individuals (Forastiere et al. 2005). Motor traffic is a leading source of air pollution in
cities (Frumkin, 2002; Gurjar et al., 2008). Other major sources include fossil fuel
combustion for electricity generation from power plants, industrial waste incinerators,
cement plants, iron and steel mills, emissions of dust from urban construction and
quarries, open burning at solid waste dumpsites and domestic heating.

Following their emission, a number of synoptic conditions influence the dispersion,
secondary transformation and concentrations of air pollutants, particularly local
meteorology to which pollution levels are inextricably linked (Vukovich et al., 2002;
Triantaflyllou et al.; 2002; Hussein et al., 2006). The direct emission of primary
pollutants such as nitrogen oxides (NOx), contribute to the large-scale production of
ground level ozone (O3) and particulate matter (PM) that affect local air quality but they
are also transported over long distances by prevailing winds (Gurjar et al, 2008). The
highest pollution levels have been observed about 20 to 40 miles downwind from the
main source (Frumkin, 2002). The public health impact of air pollution is better
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understood by studying the spatial effects and meteorological conditions on which
pollutant levels depend (Varadarajan, 2007).

Variations in prevailing atmospheric conditions can result in corresponding differences in
air pollution concentrations (Guttikunda and Gurjar, 2011). Since it is formed in the
presence of heat and sunlight, O3 is commonly referred to as a summertime air pollutant.
The variations observed in PM concentrations are also strongly influenced by their
emission source and subsequent interactions with meteorological variables on different
time scales (Madsen and Motolla, 2003). In fact, PM is classified based on its
aerodynamic properties which govern its transport, removal from the air and deposition
into the respiratory system (Pope et al., 2002; Brook et al., 2004).

The respiratory system is the principal route of entry for air pollutants (Jamal et al., 2004).
Thus, public health and scientific interest in air pollutants has resulted mainly from
epidemiological studies. Previous research has found that hospital admissions for
respiratory diseases may increase disproportionately on days with elevated air pollution
levels (Frumkin, 2002, Jamal et al., 2004). Evidence of the relationship between air
pollution levels and public health is, however, sparse in New Jersey. Knowledge of the
mechanisms that enhance air pollution concentrations gained in this study can lead to
better regulation and a novel target for minimizing respiratory and inflammatory diseases
of the airways.
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A number of hypotheses were tested in this dissertation to investigate the relationship
between local meteorological conditions and air pollution concentrations as a plausible
explanation of respiratory illnesses. The main premise is that, as precursors, weather
variables contribute both to the production and variable concentrations of air pollutants,
and provide evidence for the identification of respiratory health effect indicators. To this
end, it demonstrates that an understanding of the relationship between meteorological
parameters and pollutant levels may be a useful predictor of respiratory hospital
admissions. The investigation was carried out in Newark and the Meadowlands, two
metropolitan areas in New Jersey that are surrounded by numerous air pollution sources.
The key pollutants, nitrogen oxides (NOx), ground-level ozone (O3) and fine particulate
matter (PM) are criteria pollutants that are routinely monitored elsewhere and are known
to have adverse effects on public health in US cities and major urban areas worldwide.

1.2. Research Objectives
There are three primary objectives of this study under which several specific objectives
are listed as follows:
1. Evaluate the relationship between meteorological conditions and air pollution
concentrations to account for respiratory health problems in Newark.
a. Collect daily samples of fine and coarse size fractions of PM (PM2.5 and
PM2.5-10) to estimate their mass concentrations with simultaneous rooftop
observations of weather variables.
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b. Monitor meteorological parameters to investigate their influence on PM and
O3 concentrations.
c. Obtain a record of daily maximum O3 concentrations in close proximity to
the PM sampling station to assess dependence on meteorological parameters
and possible influence on daily respiratory hospital admissions.
d. Analyze the cumulative effects of variable weather conditions and air
pollution levels by comparing the record of total daily respiratory admissions
from a nearby hospital.
2. Characterize the relationships among ambient NOx and O3 concentrations and
meteorological factors to identify their seasonal variations in the Meadowlands.
a. Obtain measurements of NOx and O3 and meteorological variables from
rooftop observations over a one-year period to distinguish seasonal patterns.
b. Identify the critical characteristics of NOx and O3 and the influence of the
primary meteorological parameters (temperature, wind speed, wind direction,
relative humidity and atmospheric pressure) on their ambient concentrations.
c. Investigate the fundamental mechanisms that drive nitric oxide (NO) when
altered under variable atmospheric conditions to further explain its role both
as a precursor to O3 production and as a catalyst for O3 consumption.
3. Evaluate the relationship between meteorological parameters and ambient levels
of NOx and O3 for a better understanding of their combined effects on respiratory
hospital admissions in the Meadowlands.
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a. Examine the relationship between pollutants and hospital admissions through
path analytic models, multiple regression analysis and bivariate correlations.
b. Determine whether hospitalization for respiratory illnesses is accelerated by
short-term exposure to air pollutants.
c. Explain whether the seasonal and diurnal patterns of air pollutants can
provide a guide for reducing risks to air pollution exposure.
d. Identify the diurnal patterns of air pollutants to explore the feasibility of
establishing more than one averaging period to improve current air pollution
standards from a public health point of view.

1.3. Major findings
In general, time series and regression analyses indicated that the two meteorological
factors that accounted for the greatest variability in air pollution concentrations were
temperature and wind speed. Elevated pollutant concentrations were characterized mainly
by low wind speed although there were times when O3 concentrations increased
paradoxically by 0.6 units (p<0.001), with one unit increase in wind speed due to
downwind accumulation from emission sources. Conversely, NOx concentrations showed
greater dependence on diurnal source emissions than on meteorological factors. The
association between pollution concentrations and hospital admissions was, in many
instances, both positive and statistically significant.
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Meteorological influence on the formation and reaction rates of O3 can potentially lead to
greater health risk for exposure in summer, mid-days and on weekends. Higher
respiratory hospital admissions mainly in winter and cool seasons rather than in the
summer, were particularly related to exposure to elevated NO2 concentrations. On the
other hand, marked associations between O3 concentrations and lagged hospital
admissions were more apparent than a direct health effect based on the strong seasonal
pattern of O3.

The results of this study suggest that the underlying mechanisms of toxicity linked to air
pollutants are more clearly understood when studied in the context of meteorological
factors. It makes a contribution to current knowledge by reducing the complexities
presented in previous air quality and epidemiological studies that obtain data from central
monitoring stations that do not detect the synoptic effects of air pollutants. By linking air
pollution and hospital admissions, this study has the advantage of explaining the unique
qualities that characterize the relationship between atmospheric conditions and public
health effects on a local scale. These findings may inform policy makers regarding the
need for more practical regulations that can more effectively reduce the risk to air
pollution exposure.
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Chapter 2: Evaluation of air pollution, local meteorology and urban public
health1
Abstract
The relationship between meteorological conditions and air pollution was assessed as a
plausible explanation for respiratory health problems in Newark, New Jersey on the US
east coast. Pollutants in both particle (PM2.5 and PM10) and gas phase (O3) were
collected and analyzed. We find that PM2.5 concentrations decreased by 30.8% (95% CI:
–43.2%, –15.8%) when the prevailing westerly wind speeds increased by 1 unit. A 0.01
ppm increase in O3 was associated with a rise in daily respiratory hospital admissions
by 2.16 (95% CI: 0.72, 3.59) on 1 lag day. A small decrease in the monthly mean PM2.5
concentration was associated with a corresponding decrease in hospital admissions.
These initial findings suggest that local meteorological conditions influence the
concentrations of both particulate and gas phase pollutants which in turn, can affect
respiratory health problems in this urban area. More comprehensive investigations will
be followed based on this pilot study.

1

This chapter is in press as Roberts-Semple, D. and Gao, Y. (2012) ‘Evaluation of air pollution,
local meteorology and urban public health’, Int. J. Environmental Technology and Management,
Vol. X, No. Y, pp. 000-000.
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2.1. Introduction
Air pollution is an environmental problem of global concern that has driven
a considerable amount of field research worldwide, and the adverse health effects
of exposure to ambient air pollutants are well-known (Frumkin, 2002; Bell, 2006;
Brauer et al., 2008). Fuel combustion sources, primarily vehicular emissions (Alam et
al., 2011; Vanderstraeten et al., 2011), produce large amounts of primary pollutants that
can react in the atmosphere to form secondary pollutants, such as fine aerosol particles
and ozone (O3) (Bell, 2006; Peters et al., 2009). Ambient particulate matter (PM)
comprises a heterogeneous mixture of solid and liquid fine particles with an aerodynamic
diameter of ≤ 2.5 μm (PM2.5) that can penetrate into the deepest parts of the human
lungs (Pope et al., 2002; Madsen and Mottola, 2003). Coarse particles, with an
aerodynamic diameter of 2.5 to 10 μm (PM10) are generally deposited in the human
upper respiratory system (Brook et al., 2004). Ground-level ozone, formed in intense
heat and sunlight, can also be toxic to humans (Bell, 2006; Seinfeld and Pandis, 2006;
Wei et al., 2007).

The primary objective of this study is to investigate whether ambient PM and O3
levels are dependent on meteorological conditions, to explain an association with daily
hospital admissions in Newark. The key pollutants discussed, O3 and PM2.5, are two
of the six criteria pollutants assigned by the National Ambient Air Quality Standard
(NAAQS) as a requirement of the EPA under the Clean Air Act (Madsen and Mottola,
2003; Dominici et al., 2006). Despite regulations, observed levels have repeatedly
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exceeded the federal standards that protect human health (Madsen and Mottola, 2003;
Rosenzweig et al., 2005; Engler et al., 2011). Long-term exposure to O3 can
aggravate asthma, chronic bronchitis, reduce lung capacity, and cause permanent lung
damage (Pope et al., 2002; Stieb et al., 2002; Tager et al., 2005; Bell, 2006). Short-term
respiratory problems include pneumonia, irritation of lung airways, inflammation and
breathing difficulties during deep inhalation and exercise (Seinfeld and Pandis, 2006;
Bell, 2006; Wei et al., 2007). Even at levels below the Environmental Protection Agency
(EPA) standard, exposure to O3 can cause adverse health effects necessitating
hospitalization and medical treatment (Weisel et al., 1995, 2002; Madsen and Mottola,
2003; Tager et al., 2005; Bell, 2006). Ren et al. (2010) found a 1.96% (95% CI: –1.83%,
5.90%) increase in respiratory disorders, with a 0.01 ppm increase in the four-day
moving average of maximal eight-hour O3.

In New Jersey, hourly air quality readings in 2003, 2004 and 2005 with 28, 19 and 29
days of exceeded O3 levels, respectively, motivated a proposal to implement the
California Low Emission Vehicle program in 2009 (NJDEP, 2006). In central and
northern New Jersey, average O3 levels greater than 0.06 ppm, resulted in emergency
room visits 28% more frequently, demonstrating that O3 can potentially have serious
health effects at levels far below the EPA standard of 0.08 ppm during an eight-hour
period (Weisel et al., 1995; Madsen and Mottola, 2003; USEPA, 2006). Although
O3 levels observed in the present study did not exceed this standard, based on
previous findings, they may still pose a threat to public health. This investigation
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demonstrates that current standards do not necessarily guarantee protection nor provide
a threshold below which health effects of air pollutants are not expected to occur.

High PM levels have been linked to a range of health problems (Jameson et al., 1997;
Holman, 1999; Pope et al., 2002; Gurjar et al., 2008) including decreased lung function,
bronchitis and emphysema (Frumkin, 2002; Pope et al., 2002; Wilson et al., 2005). In
the bloodstream, PM2.5 can cause cardio-respiratory diseases (Frumkin, 2002; Stieb et
al., 2002; Bell, 2006); and among other effects, the relative risk is highest for respiratory
hospital admissions and mortality (Bell et al., 2009; Brunekreef et al., 2009). According
to Peng et al. (2009), in multiple-pollutant models, an interquartile range increase in
PM2.5 components was associated with a 1.01% (95% PI, 0.04% to 1.98%) increased
risk of respiratory admissions on the same day. At least 50% of the PM10 mass in most
urban centers in the US comprise PM2.5 and estimates of the effects on hospital
admissions largely reflect the PM2.5 component with consistency for respiratory
diseases (Dominici et al., 2006). While few studies have assessed the association
between PM2.5 and hospitalization (Dominici et al., 2006), even fewer studies have
been conducted on the daily count of hospital admissions, since these data are not always
readily available (Stieb et al., 2009).

Due to the potential effects on human health, there is a need to reduce ambient air
pollution levels. To address this need, the EPA has implemented an alert system with
published PM and O3 levels, including next-day forecasts and real time air quality
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information for more than 150 cities in the USA (Brook et al., 2004; White, 2010).
National and regional studies provide useful data from central monitoring stations but
often present limitations of the real effects of air pollutants. This is partly because data
collection on such a large scale is cumbersome, while spatial variability due to local
meteorology and location is often overlooked (Forastiere et al., 2005; Varadarajan, 2007).
In addition, some studies show that individual exposure to toxic agents of air
pollution may vary within a single city as much as across different cities (Brook et al.,
2004).

By linking air pollutants and meteorological data with hospital admission records from a
common geographic location in Newark, this study provides an

analysis of the

spatial-temporal effects and meteorological conditions on which ambient air pollution
levels strongly depend. Although extensive air pollution research has been conducted in
New Jersey, including the characterization of aerosol particles and precipitation at the
study site (Zhao and Gao, 2008a; Song and Gao, 2009), it remains unclear how toxic
agents such as ambient PM and O3, are influenced by meteorological and concomitant
respiratory infectious agents. The lack of new evidence should not be treated as a lack of
effect since this often impairs the identification of the most relevant health effect
indicators (WHO, 2003). Knowledge gained from this study can serve as a useful
reference to improve regulations and controls that lead to the mitigation of inhalable
gaseous and particle pollutants in the ambient air.
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2.2.

Materials and Methods

2.2.1 Study Site
Aerosol sampling was conducted in Newark, New Jersey located at 40° 44′ N and
74°10′ W on the US Northeast coast [Figure 2.1(a)]. Newark lies at 83.3 m above sea
level in Essex County, with humid summers and high temperature often exceeding 32°C.
It is the largest metropolitan centre in New Jersey, where serious respiratory health
effects have been observed [Madsen and Mottola, 2003; Figure 2.1(b)]. Surrounded by
many highways and industrial activities, Newark is a heavily polluted environment.
Densely populated urban areas and residential suburbs border the city centre to the
south and west, while industrial areas are located in the north. The Newark Bay and the
Passaic River form the eastern boundary.

2.2.2. PM Sampling and Meteorological Data Collection
Aerosol

samples were collected using a Partisol Model 2000-D Dichotomous Air

Sampler (ThermoElectron Corporation, East Greenbush, New York), mounted on the
roof of a building at ~20 m above the ground on the Rutgers University campus. A total
of 184 samples of fine (PM2.5) and coarse PM (PM2.5-10) were collected on
ZefluorTM membrane filters (Pall Corp., 47 mm in diameter, 1 μm pore size) at 24hour intervals daily for three consecutive months from August to October, 2009. Filters
were prepared in a 100-class clean bench.
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(a)

(b)

Figure 2.1 Map showing (a) situation of the study site in Newark, New Jersey (b)
hospital discharge rates for asthma cases in New Jersey.
NJDHSS (2008)
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The PM mass concentrations were obtained by pre- and post-weighing each filter
under controlled temperature and humidity conditions in a laboratory at the
Environmental and Occupational Health Sciences Institute (EOSHI) at Rutgers
University in New Brunswick, using a microbalance (Model MT5 Mettler Toledo
MT/UMT). The filters were stored in a refrigerator in pre-washed petri dishes both
before and after weighing. These filters were placed in the weighing room at least 24
hours prior to weighing to be equilibrated at 20 ± 1°C and 35 ± 5% temperature and
relative humidity, respectively. Meteorological parameters, mainly temperature, wind
speed, wind direction and relative humidity, were obtained simultaneously from
rooftop observations, with the Davis Vantage Pro2 Unit (Davis Instruments, Hayward,
California), also mounted on the PM sampling platform. For continuous weather data,
sampled data were supplemented with data from the Newark Museum meteorological
station nearby.

2.2.3 Collection of O3 Data and Hospital Admission Record
To better evaluate the overall impacts of PM, O3 and meteorological factors on public
health, the daily maximum 24-hour a v e r a g e s of O3 concentrations during the
period of observation were obtained from the Newark Firehouse. It is a monitoring
station in the New Jersey Department of Environmental Protection (NJDEP) network
and a part of the National Photochemical Assessment Monitoring Station (PAMS)
program. Hourly measurements of O3 precursors – 54 volatile organic compounds
(VOCs) that affect O3 formation – were followed by daily retrieval and extensive

15

review for subsequent validation (NJDEP, 2007). Hospital admissions were used as
potential respiratory health indicators for O3 and PM. Health records of daily total
respiratory hospital admissions were obtained from Saint Michael’s Medical Center, a
nearby hospital t h a t r e p o r t s d a t a the New Jersey Department of Health and Senior
Services (NJDHSS).

The daily total hospital admissions in the study are based on

International

Classification of Diseases, Ninth Revision, clinical modification (ICD-9-cm) codes
consistent with an application submitted to the Institutional Review Board (IRB), for
use in a subsequent one-year dataset as a continuation of this pilot study. The data
contained no individual identifiers, thus no patient consent was necessary. ICD-9
codes included acute upper respiratory infections of multiple unspecified sites, acute
bronchitis [465] and bronchiolitis [466], chronic sinusitis

[473], other

diseases of

upper respiratory tract [478], bronchitis (not specified as acute/chronic) [490], chronic
bronchitis [491], emphysema

[492], asthma [493], bronchiectasis [494], extrinsic

allergic alveolitis [495], chronic airways obstruction, not specified elsewhere [496],
respiratory conditions due to other and unspecified external agents [508], other
respiratory diseases of the lung [518] and other diseases of respiratory system [519].

2.3. Results and Discussion
2.3.1 Trend Analysis
Figure 2.2 shows a continuous decline in temperature from August through
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October with a corresponding decline in O3, suggesting that the production of O3 is
temperature -dependent, consistent with previous studies (Weisel et al., 2002;
Forastiere et al., 2005; Bell, 2006). Estimates of the daily measurements of O3 in the
multiple regression analysis indicated a reasonable performance with an R2 value of
0.55, further explained by Forastiere et al. (2005).

Figure 2.2 Time series of average daily temperature and maximum ozone from
August to October 2009.
As shown in Figure 2.3, the highest concentrations of both PM2.5 and PM10 occurred
early September, although not the warmest month in the study period. It is noteworthy,
that relative humidity did not seem to influence PM concentrations probably due to
counteracting effects of nucleation, condensation and other related processes (Hussein
et al., 2006; Varadarajan, 2007). These are determined by measuring the particle
number concentrations (Hussein et al., 2006) which was not done in this study.
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Figure 2.3 Concentrations of PM2.5 (Cf) and PM10 (Cc).

Temperature was presumably a primary factor contributing to the elevated PM
concentration levels. This observation is further illustrated in Figure 2.4. As indicated
by the oval rings, low temperature and high concentrations of PM2.5 occurred in early
September and October. This trend was also observed by Hussein et al. (2006), over a
three-year study period and may also be related to higher particle number concentrations.
Particle number concentrations increased with low ambient temperatures, attributed to
stable atmospheric stratification and controlled by atmospheric pressure (Hussein et al.,
2006). Similar results were found in Erfurt, Germany (Ebelt et al., 2001) where higher
PM2.5 concentrations occurred in colder months than during the summer months.
This suggests that stable stratification, related to atmospheric pressure, may influence
ambient PM concentrations indirectly (Ebelt et al., 2001; Hussein et al., 2006 Engler et
al., 2011); however, a stronger influence is observed when combined with temperature
inversions.
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Figure 2.4 Relationship between concentration of PM2.5 (Cf) and temperature
(a) Slope, R2 = 0.0124 (b) Time series.
In addition, the higher PM concentrations during colder periods may be explained by
higher vehicular emissions associated with an increase in commute to avoid exposure to
colder temperatures, and less complete combustion under colder climatic conditions
(Ebelt et al., 2001). Although statistical analysis was not done to confirm this
relationship, similar studies that conducted both visual and statistical analyses to assess
this relationship over time, have linked higher PM concentrations with increased traffic
and energy production during colder months (Engler et al., 2011). On the other hand,
the trend line in Figure 4 indicates that there was a gradual overall decline in PM2.5
levels, with a corresponding decline in temperature during the study period, from
August to October. This finding is consistent with several air pollution studies that
examine the influence of temperature on fine PM concentration (Lee et al., 2002;
Rosenzweig et al., 2005; Lai and Cheng, 2009).

Higher temperatures are also enhanced by tall buildings which retain heat over longer
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periods (Rosenzweig et al., 2005). This confirms that temperature is one of the major
factors controlling the concentrations of fine PM in urban areas, and further suggests
that the higher levels of PM2.5 that occurred with warmer temperature, were partly
due to temperature inversions, a feature that is common under stagnant conditions in
urban areas (Rosenzweig et al., 2005; Hussein et al., 2006; Engler et al., 2011). High
day-time surface temperatures generate convective winds within the urban boundary
layer. At night, however, a reversal of this daytime atmospheric mixing is evident due
to the absence of solar heating; atmospheric convection decreases with increasing
stabilization in the urban boundary layer and the development of an inversion layer. The
formation of a shallow radiation inversion in Newark, was due to the development
of a stable boundary layer attributed to limited cooling rates in summer 2008
(Thuman CC, unpublished master’s thesis).

Table 2.1 presents a summary of the primary variables which were all normally
distributed. Appropriate ranges were selected for each variable to match the number of
observations in each month. The most frequent temperatures 16.6°C to 27.7°C (62°F to
82°F), occurred in August and September when O3 was greater than 0.04 ppm. There
was little variation in wind speed in the selected categories (< 4 mph and > 4 mph)
but

the prevailing south

frequently.

westerly winds in sector 271° to 360° occurred most
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Table 2.1 Descriptive data of primary air pollutants and meteorological variables
Variable

Range

Temperature (0F)

41-61
62-82
83-103
<4
>4
0-900
91-1800
181-2700
271-3600
<0.006
>0.006
<0.04
>0.04

Wind Speed (mph)
Wind Direction

PM2.5 (μg/m3)
O3 (ppm)

Number of Observations per month
August
0
26
6
12
19
2
5
13
11
1
30
8
23

Note: Total number of observations = 92

September
2
27
0
15
15
4
6
2
17
5
25
7
23

October
23
8
0
11
20
5
4
8
15
7
24
1
30

The monthly arithmetic mean, median and standard deviation of the different variables
are presented in Table 2.2, indicating an increase in the concentrations of both PM2.5
and PM10 from August to September followed by a decline in October. A similar trend
was observed for hospital admissions; however, an inverse relationship existed between
PM and wind speed. Conversely, consistent with temperature, O3 showed a steady
decline while wind speed and relative humidity both decreased from August to
September and increased in October. Based on these initial observations, the hypothesis
to evaluate the relationship between meteorological conditions and air pollutants was
tested.
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Table 2.2 Monthly concentrations of ambient air pollutants and meteorological variables
Variable

Monthly mean (median)

Standard Deviation

PM2.5
(µg/m3)
PM10 (µg/m3)

August
0.051
(0.049)
0.013
(0.011)
0.007(0.006)

Admissions

68.26 (69)

September
0.034
(0.035)
0.015
(0.012)
0.015
(0.011)
70.23 (69)

Temp (0F)

77.4 (77.7)

67.33 (68)

56.06 (55.8)

10.24

4.47

7.22

Wind Spd
(mph)
R.H. (%)

3.91 (3.8)

3.89(3.6)

4.62 (4.2)

1.63

1.63

2.23

60.07 (57)

57.87 (55)

59.45 (56)

18.84

19.50

23.45

O3 (ppm)

October
0.02 2(0.022)

August
0.017

September
0.011

October
0.008

0.011 (0.011)

0.005

0.010

0.007

0.003 (0.001)

0.005

0.014

0.003

65.68 (67)

12.26

10.15

10.53

In general, there was a positive association between local meteorological factors and air
pollutants, with the exception of wind speed (Table 2.3). The investigation determined
the statistical significance of the apparent relationships demonstrated and whether
ambient air pollution levels were sufficiently influenced by local meteorology to
result in increased hospitalizations. The mean hospital admission could be explained by
a lag time in O3 concentrations which showed a consistent decline from August to
October with means of 0.05, 0.03 and 0.02, respectively.

2.3.2 Statistical Analysis
Statistical analyses were conducted primarily with the SPSS (Version 11.0) software
package for the estimated Pearson correlation coefficient (r), a time series regression
analysis in which the p-value was in agreement with Pearson correlation.
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Table 2.3 Correlation matrix of pollutants, wind speed, temperature and admissions.
Pollutant

Wind Speed

Temperature

Hospital Admissions

PM2.5

-0.128

0.111

0.011

PM10

-0.146

0.190

0.215*

O3

-0.134

0.74

0.195

*Correlations are significant at 0.05 level (2-tailed)

There is no direct measure for attributing changes in hospital admission to changes in
meteorological variables. Therefore, the association between meteorological variables
and ambient air pollutants was first determined and then linked to hospital
admissions using stepwise multiple regression, to determine whether the statistical
significance varied from day-to-day. In this method, the important coefficients were
automatically selected and statistically significant variable was inserted into the model in
turn. Once the significance level was determined for each variable, any variable with a
statistical significance of more than 0.05 was removed from the model. This procedure
was repeated until all variables with possible relationships were added to the model.

The dependent variable was the daily total number of hospital admissions for all
respiratory illnesses and the independent variables: PM and O3 were linked to
demonstrate possible relationships. Lag analyses were automated by SPSS and SAS to
reduce the potential confounding effect of meteorology, similar to Dominici et al. (2006).
A lag of 0 days, corresponding to the association between concentrations of PM2.5,
PM10 and O3 on a given day, and the risk for hospital admission on the same day
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was first applied, followed by tests of up to four lag days. In other words, we sought to
find out whether there wa s a lag effect of PM2.5, PM10 and O3 on hospital admission.
This means that exposure to an air pollutant on a particular day, may result in hospital
admission on that same day or up to four days later, denoted as lags 0, 1, 2, 3 and 4,
respectively. Dominici et al. (2006) found positive associations between day-to-day
variation in PM2.5 concentration and hospital admissions for all respiratory outcomes,
with the largest effect occurring at lags 0 and 1 for chronic obstructive pulmonary
disease (COPD) and lag 2 for respiratory tract infections.

Table 2.4: Correlation between pollutants and respiratory hospital admissions
Pollutant

Respiratory Hospital Admissions
Lag 0

Lag 1

Lag 2

Lag 3

Lag 4

PM2.5

0.01

0.02

0.18

-0.03

0.04

PM10

0.22

0.17

0.01

-0.01

0.04

O3

0.21

-0.02

-0.11

-0.01

-0.03

2.3.3 Air Pollutant Concentrations and Meteorological Parameters
Studies involving a range of meteorological parameters have demonstrated that wind
speed is one of the most important meteorological parameters influencing ambient
PM concentration levels (Hussein et al., 2006; Hu et al., 2009). The daily means of
ambient air pollutant concentrations and meteorological data show meaningful
relationships in both multiple regression analysis (p-value) and Pearson correlation
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coefficient (Table 2.4). The value was identical in both tests. The lowest PM
concentrations were associated with high wind speed (Figure 2.5). PM2.5 was negatively
correlated with wind speed as suggested by the Pearson correlation of r = –0.13 which
agreed with the multiple regression analysis (R2 = 0.02). This relationship was not
statistically significant.

(b)
(a)

Figure 2.5 Relationship between concentration of PM2.5 (Cf) and wind speed (a) Time
series (b) Slope
These

results are consistent with recent studies in Southeast Kansas, Helsinki,

Finland and Santa Monica, Southern California (Guerra et al., 2006; Hussein et al.,
2006; Hu et al., 2009). Generally, high wind speeds result in the removal of PM10 from
the atmosphere. Hussein et al. (2006) showed that there was a significant dependence
of PM concentrations on wind speed: elevated concentrations coincided with low
wind speeds and vice versa. Hu et al. (2009) also found a steady pattern of increased
pollutant dispersion with higher wind speeds, consequently reducing the concentrations
of ultra-fine particles during afternoon hours. In their study, Guerra et al. (2006) found
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that the second highest PM concentrations were recorded when winds were calm.
There is also a significant association between fine PM and wind direction which may
indicate the source regions of transported particles (Hussein et al., 2006; Hu et al., 2009).
Accordingly, higher concentrations of fine PM occurred with calm conditions and
under the influence of prevailing south westerly winds in Newark (Figure 2.6).

N
NW

NE

W

E

SW

SE
S

Figure 2.6 Wind rose highlighting prevailing south westerly winds in Newark
Previous studies have found that higher temperatures are associated with increased air
pollutant concentrations (Lee et al., 2002; Rosenzweig et al., 2005; Lai and Cheng,
2009). In this study, there was a strong positive correlation between temperature and O3,
r = 0.74. The correlation between PM2.5 and PM10 with temperature was also positive
but not statistically significant; there was low co-linearity among these variables:
PM2.5, r = 0.11 and PM10, r = 0.19. The log of both PM2.5 and PM10, however,
were statistically significant, r= 0.22 (p=0.04) and r=0.5 (p=0.0001), respectively.
Similarly, Stafoggia et al. (2008) found that high temperature levels during the summer
were associated with higher PM levels than in the winter. Large variations in
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temperature have also been shown to correspond with variations in air pollutant
concentrations in several studies (Vukovich and Sherwell, 2002; Hussein et al., 2006);
however, meteorological variables, notably atmospheric pressure and temperature
inversions, can also influence this trend (Hussein et al., 2006; Hu et al., 2009).

2.3.4 Hospital Admission and Pollutant Concentrations
Daily hospital admissions for respiratory symptoms attributed to PM and O3 exposure
were linked to these pollutant concentration levels for an associated health effect.
Hospital admission was not very well explained by pollutant concentrations; however,
as indicated by the trend lines in Figure 2 . 7, in general, hospital admissions
decreased as PM2.5 concentrations decreased. The analysis showed a positive
correlation but poor co-linearity among ambient air pollutants and hospital admission:
PM2.5 and PM10, r = 0.01 and r = 0.22, respectively, and for O3, r = 0.21. These
values were identical to R2 in the regression analysis but were not statistically
significant, except for the log of PM10, r=0.23 (p=0.03). The corresponding decline in
hospital admission and fine PM concentration levels indicated by the trend lines
complement evidence found in other studies based on hospitalization for respiratory
illnesses due to PM2.5 exposure. In their investigation of the effect modification of
short-term effects of PM2.5, temperature and O3, Dominici et al. (2006) found that
both county and regional average temperature positively modified the association
between PM2.5

and hospital admission rates for two respiratory outcomes. An

estimated 18 and nine additional hospital admissions in 10,000 individuals per 10-
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μg/m3 increase in PM2.5 for COPD and respiratory tract infections, respectively were
found in the warmer of two regions that differed by 1°C (Dominici et al., 2006).
Brook et al. (2004) found that there were increases in hospital admission of 0.7% and
0.8% with a corresponding increase in PM10 by as much as 10-μg/m3. Stafoggia et al.
(2008) also found that higher PM levels in summer resulted in a 2.54% increase in risk
of death (95% CI: 1.31, 3.78) compared with 0.20% (95% CI: –0.08, 0.49) in winter.

(b)
(a)

Figure 2.7 Relationship between PM2.5 (Cf) and hospital admissions (a) Time series (b)
Slope
The relationship between hospital admission and O3 are presented in Figure 2.8. Despite
the overall low co-linearity between hospital admission and air pollutants over the
three-month period, a more significant relationship is evident in August for O3, for
which relatively high concentrations were observed. This is followed by a gradual
decline associated with temperature variations in September and October. The trend line
indicates more distinctly, however, that with a decline in maximum O3 concentration
levels, there was a corresponding decline in daily total hospital admissions. There were
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more frequent hospital admissions when the mean O3 levels were > 0.04 ppm than
when they were < 0.04 ppm. This finding contributes to current knowledge of the
potential health risks of O3, and the meteorological conditions that may enhance or
aggravate respiratory health conditions.

(b)
(a)

Figure 2.8 Relationship between ozone and hospital admissions (a) Time series (b) Slope

To demonstrate the adverse short-term health effects in relation to day-to-day variations
in air pollution concentrations, some studies have employed lag times with varying
levels of significance due to the susceptibility of populations observed, meteorology,
commute and exposure times, etcetera (Brook et al., 2004). The effect between
exposure and response can be spread over several days. Therefore, specifying the lag
association would allow better comparison and provide greater insight into the
relationship between concentration of a specific air pollutant and hospital admission
(Schwartz, 2000; Stieb, 2009).
The automated lag association used in this study was done with the consideration that the
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number of admissions on a single day may be influenced by exposure to air pollution
both on that day and on previous days. The statistical significance between hospital
admissions and air pollutants, however, did not improve with an increase of up to four
lag days for PM2.5, r = 0.02, 0.18, –0.03 and 0.03 and for O3, r = –0.02, –0.11, –0.01
and –0.03 (Table 2.4). The only exception was that a rise in O3 was associated with
an increase in daily respiratory hospital admissions at one lag day, consistent with
similar short-term studies. The strongest lag association automated by the multiple
stepwise regression model, showed that one unit increase in O3, was associated with an
increase in hospital admissions on one lag day (R2 = 0.091). In other words, with an
increase in O3 by 0.01 ppm on 1-lag day, there was an associated increase in daily
respiratory hospital admissions by 2.159 (95% CI: 0.721, 3.596).

Chan et al. (2009) also found that the effect of four air pollutants, including O3 and
PM10, on emergency room visits of up to two lag days was not statistically significant.
One of the largest studies in the USA, NMMAPS, reported no difference in health
effects of particle pollutants when 0 to 2 lags were employed, and therefore they based
their estimates only on one lag day instead (Brook et al., 2004). Yet another study in
Canada of O3, PM and other pollutants; O3 was most consistently associated with
respiratory hospital emergency department visits over a period of two lag days
particularly in the warm season (Stieb et al., 2009). These findings suggest that the
effect of O3 and PM did not worsen with time after initial exposure to the air
pollutants. It eliminates the assumption of a linear relationship or that the respiratory
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health conditions in response to O3 and PM is transient.

Weisel et al. (1995) identified a consistent pattern in the magnitude of reported
effects, time lag between exposure and response for four health indices, including
hospital admissions for respiratory response to O3 exposure in Central New Jersey.
To reduce error in the association between asthma and emergency visits, they
made

a comparison with the mean

O3 of

lags 1 and 2, respectively, u s i n g

stepwise multiple regression analysis. Their findings indicated no significant
relationship between O3 exposure and emergency department visits when the time lags
were employed during a five year period. Peng et al. (2009) found an increase in risk of
respiratory admissions on the same day: lag 0 (95% PI, 0.04% to 1.98%) with exposure
to PM2.5. In addition, a study conducted in Rome showed that the effect of air
pollution was strongest on the event day: lag 0 (Forastiere et al., 2005).

Despite slight variations, these studies have demonstrated that even in the short term
and at significantly low concentrations, both ambient particulate and gas-phase
pollutants are capable of affecting human health (Weisel et al., 2002; Brook et al., 2004).
Epidemiological studies demonstrate statistical association between air pollutants and
hospital admissions for respiratory problems but they do not link the effect to
meteorological influence. In a specific high-risk population such as Newark where such
data are lacking, and where an investigation of this nature is unprecedented, the results
from this study are valuable.
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2.4. Conclusions
The data presented in this pilot study demonstrated that ambient PM and O3 levels
are dependent on meteorological conditions, particularly temperature and wind speed.
The combined effects of weather parameters and their interaction with ambient air
pollutants indicate an association with daily hospital admissions. There was a positive
association among O3, PM and hospital admission suggesting that air pollutant
concentration levels, even below current EPA standards, could be associated with
an increased risk for respiratory illnesses in New Jersey. The study contributes to a
fundamental understanding of the key characteristics and controls of these variables in
Newark. Admittedly, there were other variables that could potentially influence
these results, which render our understanding of the relationship between ambient
air pollutants and public health incomplete.

Unlike other studies which utilize modeling techniques to predict the association between
air pollution and health effects, however, the present study linked real hospital
admissions and sampled air pollution data in a local geographic location. The in-situ
sampling method used is useful in environmental health research and practice. It can
stimulate interest among other institutions to carry out their own analyzes to aid in the
reduction of respiratory illnesses in similar urban areas. Further, it provides a rationale
for continued investigation of the characteristics of particle and gas-phase pollutants in
the ambient air. Future longer-term studies at this site would determine the chemical
composition and toxicity of air pollutants to improve understanding of the interaction
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between meteorology and respiratory toxic agents. This will strengthen current evidence
that warrants the reduction of PM and O3, and hence, respiratory hospital admissions
in Newark.

33

Chapter 3: Seasonal characteristics of ambient nitrogen oxides and ground-level
ozone in metropolitan northeastern New Jersey1
Abstract
Nitrogen oxides (NOx) and ground-level ozone (O3) were measured and meteorological
parameters were monitored to determine the seasonal variations of gas-phase pollutants
in the Meadowlands. O3 and NOx were inversely related; the highest average NOx
concentration (29ppb) occurred in winter while average O3 concentrations peaked in
summer up to 36.2ppb. The seasonal variations of O3 were more distinct than NOx. In
multiple linear and principal component regression analysis, ambient levels of NO2 and
O3 were influenced primarily by wind speed. In time series and regression analysis, NO2
and O3 displayed an inverse relationship with wind speed but O3 paradoxically increased
with wind speed downwind.

The seasonality of O3 was amplified mainly by wind speed and temperature, while NOx
displayed stronger dependence on diurnal source emissions. Concentrations of NOx and
O3 were also influenced by differences in chemical processing through their complex
emission-production and consumption mechanisms, making them interdependent. In
intense solar radiation, O3 was NOx-dependent but as O3 levels were inhibited by lower
temperatures, NOx concentrations increased. Higher O3 on weekends indicated an

1

This chapter is published as Roberts-Semple, D., Fei Song, Gao, Y., 2012. Seasonal
characteristics of ambient nitrogen oxides and ground-level ozone in metropolitan northeastern
New Jersey, A t m o s p h e r i c P o l l u t i o n R e s e a r c h 3, 247–257. DOI: 10.5094/APR.
2012.027
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apparent sensitivity to VOC precursors. This study provides a basis for improved air
quality standards primarily in summer and during daily O3 peaks. Additionally, plans for
protection against health problems caused by O3 and NOx are feasible in this region.

3.1. Introduction
Nitrogen oxides (NOx) and ozone (O3) are two of the six criteria pollutants assigned by
the National Ambient Air Quality Standard (NAAQS), regulated by the United States
Environmental Protection Agency (USEPA). NOx comprise a mixture mainly of nitric
oxide (NO) and nitrogen dioxide (NO2), prominent in air quality studies (Brook et al.,
2004; WHO, 2003). Although NO is a simple molecule, its production secondarily
generates strong oxidizing agents and reactive nitrogen species notably NO2, that may
modulate the development of chronic inflammatory airway diseases (Ricciardolo et al.,
2004). Nitrogen dioxide has been generally kept at low levels through alert systems with
published levels, next-day forecasts, real time air quality information and the Low
Emission Vehicle program (Brook et al., 2004; NJDEP 2006; USEPA, 2006). As a
precursor pollutant of O3, however, NO2 poses a threat to public health (Ito et al., 2007;
López-Villarrubia et al., 2010; Linares et al., 2010; Berti et al., 2009; Kelly et al., 2011;
Namdeo et al., 2011).

Produced from both natural and anthropogenic sources, NOx is formed in the atmosphere
by the action of lightning on molecular oxygen and other chemical reactions involving
naturally occurring nitrogen and volatile organic compounds (VOCs) (Sillman, 1999;
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Godish, 2004; Brown et al., 2006). Previous studies have shown, however, that NOx
emissions from anthropogenic sources exceed natural sources (Godish, 2004). Increased
combustion of fossil fuels and exhaust fumes may be extremely pervasive, causing
serious environmental degradation, illnesses and deaths (Farrell et al., 1999; Ricciardolo
et al., 2004; Godish, 2004; Gurjar et al., 2008). In the eastern United States, vehicular
traffic contributed more than half of the total NOx emissions with an increasing trend
since the 1990s (Butler et al., 2005; Parrish, 2006). High temperature causes the
oxidation of atmospheric N2, first to NO and then to NO2 (Sadanaga et al., 2008; Geddes
et al., 2009), which plays a major role in the formation of ground-level O3 (Farrell, 1999;
Godish, 2004).
NO2 + hν
O + O2 + M
O3 + NO+ hv
NO + RO2

NO + O
O3 + M
NO2 + O2
NO2 + RO

R1
R2
R3
R4

Although O3 originates mainly from the upper stratosphere via convection movements,
tropospheric O3 production is largely dependent on the concentration of NOx (Clapp and
Jenkin 2001) in photochemical reactions, as shown above (R1-R2). The complexity of
these series of reactions results both in the production and destruction of O3 (R3). The
photolysis of NO2 to NO and oxygen atoms, is the first in the reaction series. By
oxidizing NO to NO2, a reactive oxygen-containing molecule (RO2) such as a VOC (R4),
helps to promote O3 production in the presence of bright sunlight or high energy radiation
(Seinfeld and Pandis, 2006; Brown et al., 2006; Song et al., 2011). While many VOCs are
short-lived or exist in trace amounts well below the detection limit of current sampling
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methods (Godish, 2004), NOx and O3 rapidly interconvert within minutes to hours via
photochemical reactions (Seinfeld and Pandis, 2006; Wei et al., 2007; Sadanaga et al.,
2008; Geddes et al., 2009), posing major risks to public health (Blanchard and
Tanenbaum, 2003; Torres-Jardon and Keener, 2006; Bigi and Harrison, 2010).

Over the past decade, there has been a steady decline in NOx emissions but despite
regulations, the national health-based O3 standard has been repeatedly exceeded in many
parts of the country (Sillman, 1999; Godish, 2004; Sadanaga et al., 2008; USEPA, 2006),
including New Jersey (Madsen and Mottola, 2003; NJDEP, 2006). It is unclear how NOx
and O3 interact with atmospheric conditions in northeastern New Jersey. The main
objective of this study, therefore, is to assess the meteorological conditions on which
ambient concentrations of NOx and O3 may strongly depend in this region. It attempts to
characterize the seasonal patterns of NOx and O3 when concentrations are enhanced by
local meteorology, and highlights the fundamental mechanisms that drive NO when
altered under variable atmospheric conditions. These aspects of air quality research have
not been fully studied particularly in the Meadowlands. An understanding of such
mechanisms may lead to better regulation and provide a novel target in the reduction of
air pollutants that cause respiratory and inflammatory diseases of the airways.

3.2. Materials and Methods
3.2.1. Study Region
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The Meadowlands District is located in northeastern New Jersey (41ºN, 74ºW)
approximately four miles west of New York City. This heavily industrialized and densely
populated region comprises residential developments and occupies 83 km2 mostly at sea
level (Fig. 3.1). The prevailing winds blow from the southwest in summer and from the
northwest in winter. On hot summer days, southwesterly winds are laden with air
pollutants from the Washington, Baltimore and Philadelphia metropolitan areas that reach
the

Meadowlands

and

other

areas

(http://www.co.hunterdon.nj.us/mun/Holland/Climate.pdf).

in

New

Air

quality

Jersey
in

the

Meadowlands has been affected by surrounding major highways and transit systems,
including the New Jersey Turnpike in the south.

Figure 3.1 Situation of study site/monitoring station in proximity to highways and
pollutant source regions.
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3.2.2. Sampling Methods
Measurements of NOx and O3 were obtained from June 1, 2007 to May 31, 2008 at the
Meadowlands Environmental Research Institute (MERI) in Lyndhurst, New Jersey (41ºN,
74ºW), ~ 1 km away from major highways. A 42i-D NOx analyzer (Thermo Electron
Corporation, Franklin, MA) and 49i O3 analyzer (Thermo Electron Corporation, Franklin,
MA) were installed on the roof of the MERI building 8 m above the ground in spring
2007. Air was pumped into the instruments from inlets via two separate plastic tubes. To
assure data reliability, reduce bias and associated errors, the sampling and monitoring
instruments (analyzers) were calibrated bi-weekly (Munger et al., 1998). Inevitably, due
to the large data set, there are minor gaps in the data collection resulting primarily from
routine instrument calibrations.

Nitrogen oxides were determined on line by detecting the chemiluminescence in a range
of 600 nm to 3,000 nm, and O3 was measured by the UV photometric method since O3
molecules absorb infrared radiation at a wavelength of 254nm. The relationship between
absorbance of UV-light and O3 concentration follows the law of Lambert-Beer. Hourly
averaged data were derived from the original 5-minute interval data. Based on the
Chauvenet's criterion, the data point in each 1-hour range was treated as an outlier if it
fell outside of 3 times the standard deviation from the mean: 0.006%, 0.17% and 0.03%,
for O3, NO and NOx respectively. In addition, consistent with EPA guidelines for NO2
and O3, 8-hour, daily and yearly averages were generated from the hourly averaged data.
In this case, a valid day is defined as one with at least 75% of the possible 8-hour

39

averages in the day. A day that is less than 75% complete is only considered valid if the
daily maximum is greater than the standard (www.epa.gov).

For each day, the hourly averages were grouped into daytime (7:00 hrs to 19:00 hrs) and
nighttime (19:01 hrs to 6:59 hrs) based on average solar radiation changes during a day in
the spring time of N.J. (www.underground.com). Data collected for these two periods
were distinguished mainly by the photochemical activity of O3 and its precursors, similar
to the approach used by Abdul-Wahab et al (2005). Meteorological data obtained from
MERI were supplemented with data from Weather Underground, a reliable and accurate
web source containing specific localized weather conditions. The primary meteorological
parameters were temperature, wind speed, relative humidity and atmospheric pressure.

3.2.3. Data Analyses
Time series plotting techniques were used to visualize the seasonal, monthly, diurnal and
weekday versus weekend patterns of NO, NO2, NOx and O3 concentrations. Autocorrelations of the daily pollutant concentrations were conducted to estimate pollutant
persistence, and cross-correlations between meteorological variables and pollutants were
conducted to test the same day or lagged relationships between them. Multiple linear
regression techniques are known to be effective in explaining significant relationships
between weather parameters and seasonal characteristics (Ainslie and Steyn, 2007;
Hatzianastassiou et al., 2007; Abe et al., 2009). This approach has also been central to the
regulatory policy process and is useful in evaluating the risks of air pollution (Dominici
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et al., 2004; Ainslie and Steyn, 2007). In this study, therefore, the stepwise regression
modeled the association between air pollutants and meteorological parameters, similar to
the method used by Weisel et al. (1995) and Abdul-Wahab et al. (2005). The regression
model was given as follows:
y = β0 + βixi + ε + β2x2+β3x3 + …+ βpxp

where y is the dependent variable (O3/NO2), xi is the ith independent variable, β1 is the
regression coefficient, β0 is the intercept, p is the number of independent variables, and ε
is the error with mean zero. To overcome possible multicollinearity among the
independent variables in the stepwise regression and to validate the relationship between
air pollutants and meteorological variables, the principal component analysis (PCA)
described by Liu et al. (2003) and Abdul-Wahab et al. (2005) was employed. The PCA, a
special case of factor analysis, was conducted by transforming highly correlated
independent variables, particularly O3 precursors and wind speed, into principal
components that are independent of each other (Liu et al., 2003; Abdul-Wahab et al.,
2005; Gvozdić et al., 2011). Statistical analyses in this study were conducted with
Statistical Package for the Social Sciences (SPSS) version 18.0, Statistical Analysis
System (SAS) 9.2, and MINITAB 16 software packages.

3.3. Results and Discussion
3.3.1. Seasonal Patterns
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The seasonal cycles of O3 and NOx were driven by their response to local meteorological
conditions and resultant chain reactions among them. The average monthly/annual
concentrations and variations of O3, NOx, NO and NO2 (Table 3.1), and time series graph
show opposing trends in NOx and O3 concentrations (Fig. 3.2), either amplified or
diminished by a summer maximum and winter minimum.

Table 3.1 Summary of monthly and yearly average concentrations and variations
Month
1
2
3
4
5
6
7
8
9
10
11
12
Yearly

Concentrations (ppb)
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum
Average± StdEv
Minimum
Maximum

O3
14.1±6.3
1.6
24.9
15.2±8.8
1.1
29.4
23.2±8.4
7.2
36.2
25.0±8.8
7.3
41.7
27.4±9.3
3.8
45.4
36.2±11.6
15.3
63.0
30.5±11.9
9.9
55.6
29.0±12.9
5.2
52.0
22.5±9.4
5.5
46.6
16.3±8.0
6.7
38.1
11.5±6.0
0.2
20.7
11.1±7.2
0.3
27.2
21.9±11.9
0.2
63.0

NO
12.1±19
0.9
79.6
7.3±7.3
1.1
30.0
6.4±8.0
0.6
38.0
7.5±6.7
0.8
26.0
6.3±7.8
0.6
31.7
3.7±4.0
0.5
15.7
2.7±2.3
0.2
9.6
5.0±3.4
0.3
13.7
5.0±5.0
0.6
17.8
7.4±7.9
0.5
32.4
5.4±6.5
0.8
31.0
9.1±12.3
0.7
64.0
6.5±8.9
0.2
79.6

NOx
29.0±24.7
7.0
109.9
23.2±13.8
7.0
58.0
22.7±16.3
4.6
72.8
27.7±16.3
4.3
73.9
24.0±17.1
5.2
60.1
19.3±9.5
4.6
46.9
17.0±9.3
4.4
38.4
19.6±8.2
5.4
39.9
20.6±11.5
7.2
52.1
23.8±14.3
8.2
65.5
18.2±10.3
6.0
47.7
25.8±17.1
6.1
94.4
22.6±15.0
4.3
109.9

NO2
16.9±7.1
6.0
30.3
15.9±7.2
5.5
29.0
16.3±9.1
4.0
34.7
20.2±10.8
3.4
53.5
17.7±10.4
4.7
37.4
15.5±6.2
4.1
33.3
14.3±7.6
4.1
34.0
14.6±5.9
3.3
28.6
15.5±7.0
5.8
34.3
16.4±6.7
7.2
33.1
12.9±4.9
5.1
24.8
16.7±8.0
5.4
46.5
16.1±7.9
3.3
53.5
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The monthly average diurnal variations of NOx and O3 display a gradual increase in O3
variations from March to June, with pronounced variations until September, followed by
a decrease through December. Such variations are apparently caused by photochemical
differences across seasons. In months with relatively lower diurnal variations, the more
prominent O3 peaks were apparently obscured by lower peaks in months with relatively
higher variations. Conversely, NOx showed no pronounced diurnal variations except in
April and May.
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Figure 3.2 Temporal variations of the daily average (a) O3 and (b) NOx concentrations
during the one-year period (June 1, 2007 to May 31, 2008). Ozone displays summer
maxima and winter minima with pronounced variations in the colder months; NOx
displays the opposite trend. Variations in NOx are greater in the summer than in winter.
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The annual average O3 concentration was 21.9ppb, with pronounced variations mainly in
summer. Daily mean O3 values displayed summer highs with a gradual decline into
spring (March to August) and winter lows (December to February). The monthly NOx
concentrations ranged from 17.0 to 29.0ppb and the annual average was 22.6ppb with an
increasing trend towards the winter. The seasonal variations in NOx were common to
several studies (Khoder, 2009; Smith et al., 2011; Guttikunda and Gurjar, 2011),
attributed to the poor dependence of NOx on meteorological conditions. Similar trends
observed for NO and NO2 consisted of a winter peak and summer minima (Khoder, 2009;
Bigi and Harrison, 2010; Kan et al., 2010; Smith et al., 2011). This enhanced seasonality
of NOx levels in winter may be partly attributed to increased fossil fuels for domestic
heating and driving. Therefore, anthropogenic sources seem to play a greater role in NOx
build-up than local meteorological conditions in winter; NO from traffic emissions is
converted to NO2 while the photochemical formation of O3 is inhibited by the lack of
intense solar radiation (Sadanaga et al., 2008; Geddes et al., 2009).

3.3.2. Monthly Patterns
Figure 3.3 shows variations in monthly average NOx and O3 concentrations. Average O3
ranged from 11.1ppb to 36.2ppb, with wide distribution ranges from June through August,
and increased in the winter. The distribution ranges displayed for NOx were narrower in
summer, June to August, than in winter and spring, December to May. Table 3.2
compares the average monthly concentrations of NOx and O3 with other locations in the
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US East Coast. Maximum O3 values in the study area, 94.3, 94.0, 93.0 and 92.0 ppb,
respectively, were relatively higher than most sites within the EPA network.

Table 3.2. Comparisons of O3 concentrations with other nearby sites on US East Coast
Sites
1

Lyndhurst, NJ (This Study)

2

EPA Standard

3

Oceanville, NJ

4
5

8-Hour Mean (ppb)
st

nd

1 Max

2 Max

3rd Max

4th Max

Days > Std

# Days

94.3

94.1

92.7

92.1

10

282

75 (8-hour average)
76

72

72

72

1

173

Leonia, NJ

89

89

85

82

6

172

Bayonne, NJ

90

86

81

81

7

175

6

East Brunswick, NJ

94

89

86

83

13

183

7

89

86

86

83

10

183

West Long Branch, NJ

8

Chester, NJ

86

84

82

81

9

162

9

Jackson, NJ

100

90

85

85

15

182

10

88

84

78

77

5

195

11

84

81

78

77

5

203

12

90

87

82

82

6

207

13

94

93

85

83

8

202

14

101

91

86

82

10

186

15

105

102

90

88

14

172

16

91

83

83

82

8

182

17

84

80

78

75

3

212

18

82

65

62

62

1

212

19

86

81

79

78

5

182

20

83

73

72

72

1

178

21

89

84

82

81

6

214

22

88

83

83

81

5

195

23

84

79

79

79

7

214

24

81

77

74

74

2

209

25

88

86

85

77

4

175

26

102

90

81

80

6

213

27

88

82

79

79

4

179

Albany, NY
New York, NY
New York, NY
East Farmingdale, NY
White Plains, NY
Greenwich, CT
Middletown, CT
Hagerstown, MD
Baltimore, MD
Lynn, MA
Boston, MA
Cooleemee, NC
Greensboro, NC
Pittsburgh, PA
State College, PA
East Providence, RI
Mclean, VA
Hampton, VA
1

Present study, 2-27 http://www.epa
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The 8-hour average O3 concentrations calculated for 8 consecutive hours on a given day,
denoted as “Days > Std”, exceeded the EPA standard of 75ppb on 10 days at the study
site and were higher than levels at EPA sites. On the other hand, the annual average NO2
concentration (53ppb) satisfied the EPA requirement (Table 3.3). Despite high maximum
NO2 levels, the average concentration (16.1ppb) was within the EPA standard and there
were no exceedances (“# Exceed”). The 1st and 2nd maximum and mean concentrations
were also comparable to other sites.
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Figure 3.3. Seasonal variations of monthly average NOx and O3 concentrations.
Box plots show (a) NOx and (b) O3 concentrations from June 1 2007 – May 31,
2008.
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Table 3.3. Comparisons of NO2 concentrations with other sites on US East Coast
Sites
1

2nd Max

Mean

# Exceed

77.4

72.7

16.1

0

-

-

53

-

Leonia, NJ

84

83

19

0

East Orange, NJ

79

76

21

0

Bayonne, NJ

82

80

18

0

East Brunswick, NJ

56

53

11

0

2

EPA Standard
3

4

5

7

Chester, NJ

49

48

6

0

8

Elizabeth, NJ

93

89

27

0

New York, NY

89

87

25

0

97

90

36

0

Lynn, MA

61

61

8

0

Boston, MA

54

50

7

0

Pittsburgh, PA

113

94

14

0

State College, PA

42

41

6

0

East Providence

31

31

6

0

16

Mclean, VA

72

68

13

0

Westport, CT

62

60

12

0

New Haven, CT

9

10

New York, NY
11

12
13
14

15

17
18

64

62

15

0

19

Beltsville, MD

49

49

9

0

20

Baltimore, MD

78

73

18

0

Winston-Salem, NC

61

61

11

0

59

58

11

0

21

22

Charlotte, NC

1

Annual Mean

1st Max

Lyndhurst, NJ (This Study)

6

1-Hour Mean (ppb)

Present study, 2-22 http://www.epa

3.3.3. Diurnal Variations of NOx and O3
Figure 3.4 presents the diurnal variations of NOx and O3. The major O3 peak lasted from
late morning until early afternoon. This photochemically active period was apparently
accentuated by a preceding build-up of precursors and increased electrical loads for air
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conditioning particularly in the summer. This feature demonstrates O3 dependence both
on emissions and meteorological conditions. The lowest O3 concentration (~12ppb)
occurred around 6:00 A.M. but it increased steadily to its highest peak (~33ppb) around
2:00 P.M. High levels were maintained until 4:00 P.M. but decreased rapidly until 8:00
P.M., then gradually until 6:00 A.M. of the next day.

NO
NO2

Concentrations (ppb)

40

O3
NOx

30
20
10
0

0

2

4

6

8

10 12 14 16
Time (Hour)

18

20

22

24

Figure 3.4. Diurnal variations of NO, NO2, NOx and O3 measured over 24-hour
period. The morning NO, NO2, NOx peaks are followed by an O3 photochemical
peak later in the day.
Conversely, NOx displayed morning and late afternoon peaks which coincided with rushhour traffic. The accumulation process commenced from 4:00 A.M., reached a peak of
38ppb around 7:00 A.M., then diluted rapidly until 10:00 A.M. to ~18ppb; however,
while NO2 was also characterized by two daily peaks, NO was devoid of a second peak.
The earlier NO2 peak might be caused by nighttime balancing, where concentrations were
higher than NO at night due to the oxidation of NO to NO2 by O3, in the absence of solar
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radiation (Song et al., 2011); these levels were maintained until early morning hours. The
accumulation of NO2 contributes to O3 formation; however, O3 is “scavenged” where
there is an abundance of NO, resulting in lower O3 concentrations in heavy traffic
(Abdul-Wahab et al., 2005; Ainslie and Steyn, 2007; Sadanaga et al., 2008; Geddes et al.,
2009).
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Figure 3.5 Daytime/nighttime comparison of the correlations between NOx and O3.
Maximum O3 concentrations are enhanced by NOx precursors in the day but are inhibited
at night.

The effect of NOx on O3 is further demonstrated when compared to specific NOx
concentrations. Maximum O3 levels during the day were at times much lower than in the
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nighttime (Figure 3.5), indicating that NOx could inhibit O3 concentrations more
significantly in the daytime than at night. Hence, photochemical reactions greatly
inhibited at night, were apparently the primary factor responsible for these differences.
Abdul-Wahab et al. (2005) found in their stepwise multiple regression analysis, that solar
levels contributed significantly to high daytime O3 concentrations with NO as the
principal precursor, while at night, NO2 was the primary influence.

Temperature inversions, a feature that is common in urban areas, may also contribute to
this process (Hussein et al., 2006). These are caused when high daytime surface
temperatures generate convective winds within the urban boundary layer, while at night a
reversal of daytime atmospheric mixing occurs with the absence of solar heating (Hussein
et al., 2006). Atmospheric convection decreases with increasing stabilization in the urban
boundary layer and the development of an inversion layer. Atmospheric stability restricts
vertical motions and increases pollution concentrations near the surface, particularly
when accompanied by radiation induced inversions during early morning hours, thus
enhancing NOx concentrations (Ainslie and Steyn, 2007; Guttikunda and Gurjar, 2011).

3.3.4. Weekday/Weekend Comparisons
In Figure 3.6, both NOx and O3 displayed smaller variations on weekends than on
weekdays. NOx and O3 levels were similar on Saturday and Sunday and their variations
were higher on Saturday than on Sunday. Of the two components of NOx, however, NO2
showed less pronounced weekday variations than NO (Fig. 3.7). The contrast between
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NOx and O3 concentrations on weekdays and weekends were further demonstrated by
their diurnal variations, often influenced by cyclical patterns of local meteorological
factors. While O3 concentrations on weekdays and weekends displayed a unimodal peak
in the early afternoon hours, bi-modal peaks were observed for NOx and NO2; there was a
single NO peak. The first NOx peak was more significant than the second, particularly for
weekday concentrations.
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Figure 3.6 Variations in yearly average NOx and O3 concentrations on
weekdays. There are smaller variations on weekends (Sat. and Sun.)
than on weekdays especially for NOx.
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Figure 3.7 Diurnal variations of NOx and O3 on weekdays and weekends. While
the O3 peak is similar for both weekdays and weekends, NO, NO2 and NOx display
much smaller morning peaks on weekends than on weekdays.
The average NOx concentrations were much lower on weekends than on weekdays,
reflecting reduced levels of vehicular emissions on weekends. Conversely, average O3
concentrations on weekends were higher than on weekdays. The negative correlation in
hourly average NOx and O3 concentrations suggested that VOC rather than NOx,
contributed to elevated O3 concentrations, by the so-called "weekend effect". Lower NO
levels and VOC emissions on weekend mornings consume less O3 which accumulates
later by photochemical reactions (Pudasainee et al., 2006). While a direct relationship
existed between NOx emissions and ambient concentrations on weekdays, the reduction
of NOx did not automatically lead to a proportional decrease in O3 levels on weekends. In
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fact, several studies have shown that O3 levels in the ambient air paradoxically increased
when emissions of NOx decreased (Heuss et al., 2003; Bernstein et al., 2004; Sadanaga et
al., 2008). Similar observations were made in a potential nonattainment area of
Cincinnati, Ohio where a reduction in NO emissions contributed to an increase in local
O3 (Torres-Jardon and Keener, 2006). Khoder (2009) also found many sites with elevated
O3 on weekends when traffic and O3 precursor levels were substantially reduced, since
motor vehicle emissions near busy streets are known to contribute to high local NOx
concentrations.

Apparently, temporal changes, proximity to emission source and meteorological factors,
particularly temperature differences play a smaller role in weekend O3 behavior; however,
they do not necessarily explain the weekend effect but may modify it (Munger et al,
1998). Weekday/weekend differences in O3 are intricately related to interactions with its
chemical precursors: NOx and VOC, respectively (Sadanaga et al., 2008). Compared to
weekdays, however, O3 could range much smaller for specific concentrations of NOx on
the weekends, even though NOx concentrations were relatively lower than O3
concentrations (Fig. 3.8). This might be an indication that on weekends, the inhibition
effect of NOx on O3 concentrations was more significant.
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Figure 3.8 Weekday/weekend comparison of the correlations between NOx and O3.
3.4. Meteorological Influences
When examined by individual series with lagged observation to test for autocorrelations,
the most significant correlation was at 24 hour lags. Except for O3 and temperature which
showed a consistent pattern of positive autocorrelations, there were slight variations
among the other variables after 24 hour lags. On the other hand, in the test of crossvariability O3 showed a negative correlation with all meteorological variables except
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temperature. While O3 demonstrated a negative correlation with NO, there was a positive
correlation with NO2 up to 48 hour lags.
Table 3.4. Model summary of variables associated with pollution concentrations
Independent Variables
Coefficients (Cum R2)

Dependent Variables
Log O3
NO2

O3

O3

NO

.412***
(.260)
-.375***
(.456)
-7.349***
(.499)
.598***
(.514)
__

NO2

__

.388***
(.260)
-.361***
(.456)
-.736***
(.494)
.422*
(.514)
-.253*
(.522)
.059
(.523)

Temperature
Relative humidity
Barometric pressure
Wind speed

p-values < 0.05*
p-value <0.01**
p-value <0.001***

.009***
(.169)
-.011***
(.411)
-.172**
(.448)
.015**
(.489)
-.018***
(.527)
.009***
(.544)

.029
(.005)
.070**
(.109)
1.729
(.165)
-.449***
(.333)
.657***
(.537)
__

log NO2

.000
(.006)
.004***
(.156)
.090*
(.235)
-.019***
(.419)
.015***
(.537)
__

Table 3.4 presents a summary of the variables associated with O3 and NO2 concentrations
in the stepwise regression model. The analysis showed that with one unit increase in
temperature and wind speed, mean O3 concentrations increased by 0.4 and 0.6 units
respectively, when the other weather variables were kept constant. The high numerical
value of the coefficient corresponding to barometric pressure (-7.349), demonstrated the
sensitivity of O3 concentrations to a single unit change; the maximum, minimum and
average values were 30.74Hg, 28.90Hg and 30.02Hg, respectively. Variability in O3 with
the meteorological parameters increased slightly, from 51% to 52% after NO and NO2
were included in the regression model, and the log of O3 showed greater variability
(54%); variations in the log of NO2 were similar (>53%), although NO2 was apparently
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less dependent on meteorological variables. With one unit increase in wind speed, NO2
concentrations decreased by 0.4 units.
In the stepwise regression the diagnostic tests for regular normality assumption of the
residuals for NOx and O3 confirmed independent normal distribution (Fig. 3.9); however,
significant correlation among certain independent variables, notably NO, NO2 and wind
speed, was expected. Therefore, these variables were transformed into principal
components, making them independent of each other, to improve the estimate of
variability among them. From principal component regression equations, partial
regression coefficients and constants were computed. The transformation of the
standardized to general linear regression for LogO3 and LogNO2 was computed, with
temperature (Temp), wind speed (Wind), relative humidity (Hum) and atmospheric
pressure (Press); the final general partial regression model given as:
Log(O3) = 2.085584 + .007906 Temp -.009584 Hum -.01629 Press +.022426 Wind
-.025547 NO -.011489 NO2
Log(NO2) = .55519229 + .00098969 Temp + .006073206 Hum + .009186 Press - .03839 Wind
+.02248296 NO

Consistent with the linear regression analysis, PCA demonstrated similar relationships
between the log of O3 and meteorological variables. There is a positive association with
temperature and wind speed, whereas the coefficients of relative humidity and barometric
pressure are negative. Similarly, there were positive associations between the log of NO2
and all variables except with wind speed, comparable to the coefficients in the linear
regression model. In both time series and regression models, wind speed accounted for
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the greatest variability in the concentrations O3 and NO2 than any other meteorological
variable.

(a)

(b)

Figure 3.9 Residual plots of the regression model for (a) O3 and (b) NOx.
Residuals show symmetry and are along a straight line with no specific
pattern against meteorological variables around zero.
The overall trend was an inverse relationship between wind speed and O3 concentrations
(Fig. 3.10). The dispersal of pollutants by strong winds through vertical mixing and
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forced convection apparently contributed to lower O3 and NO2 concentrations. Ito (2007)
found that NO2 exhibited a very strong negative correlation with wind speed; however,
while pollutant concentrations are generally inversely proportional to wind speed,
concentrations may increase downwind even at high wind speeds (Kim et al., 2004;
Ainslie and Steyn, 2007). The monitoring site was downwind of constant traffic on the
New Jersey Turnpike and other heavily traveled roadways. While NO2 concentrations
decreased with wind speed, the increase in O3 concentrations could be due to prevailing
southwesterly winds from east coast urban areas, the direction associated with transport
of precursor pollutants over hundreds of miles downwind from their original emission
sources before being transformed into O3 (Farrell, 1999; Ainslie and Steyn, 2007).

Figure 3.10 Inverse relationship between O3 and wind speed. Ozone concentrations
decrease as wind speeds increase.
While high O3 concentrations are generally associated with conditions that suppress
vertical mixing, such as relatively light winds and thermal inversions in the atmosphere
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(Sillman, 1999, Godish, 2004), previous studies have shown a non-linearity between
concentrations of gas-phase pollutants and wind speed (Bigi and Harrison, 2010). In a
two-stage model, Kim et al (2004) found that downwind direction was an important
determinant of increased exposure to traffic pollutants. Abdul-Sabal et al. (2005) reported
that O3 was weakly correlated with wind speed but was positively correlated with wind
direction. Similar observations were made by Ainslie and Steyn (2007) of higher O3
concentrations downwind in a multiple linear regression model.

3.5. Conclusions
In this study, the temporal variability of NOx and O3 concentrations was shown to be
governed by the seasonality of atmospheric processes which acted interdependently.
Based on the analysis, the seasonal patterns of NOx and O3 are altered under variable
atmospheric conditions and chemical mechanisms that are inextricably related. Elevated
O3 concentrations are primarily influenced by wind, solar energy and temperature as well
as chemical inter-conversions with NOx. These chemical characteristics exist on short
timescales in concert with emission sources, particularly the mechanisms that drive NO
either to destroy or enhance ambient O3 levels. Although adjustments were made to
reduce bias caused by such factors, the methods used in this study could not authenticate
the level of uncertainty pertaining to the role of these factors. Despite this limitation, the
evidence is adequately consistent and plausible to draw reasonable conclusions.
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If these results can be replicated at other locations, it may be possible to reduce future
exposure to pollutants by developing a health and weather risk-warning system, based on
the patterns of high pollutant concentrations. In terms of minimizing concentrations of
pollutants from the perspective of abatement, this approach presents additional challenge
to the attainment of in-state controls. It can increase the benefits of improved ambient air
quality that have not been completely achieved. The health implications of O3 exposure in
the summer and on weekends when its association with atmospheric conditions and
chemical processing are the strongest, should be explored in future studies.

60

Chapter 4: Impact of gas-phase air pollution on public health in northeastern
New Jersey1
Abstract
To characterize the impact of urban air pollution and local weather conditions on human
health, ambient concentrations of nitrogen oxide (NOx) and ground-level ozone (O3) were
measured over the Meadowlands in Lyndhurst, NJ (41ºN, 74ºW) from June 1, 2007 to
May 31, 2008. Meteorological parameters, including temperature, wind speed, relative
humidity and barometric pressure, were obtained from Weather Underground, to analyze
the dependence of air pollutants on atmospheric conditions. Respiratory health data were
used to examine the relationship between pollutants and hospital admissions through path
analytic models by using stepwise multiple regressions and bivariate correlations.
There was a positive relationship between hospital admissions and personal exposure to
NO2 (r=0.359) and NOx (r=0.317) over the short-term. With one unit increase in O3,
respiratory hospital admissions increased by 0.7 (95% CI: 0.254, 1.23) at 2 lag days and
by 0.5 (95% CI: 0.107, 0.969) for NOx. Unlike O3, NOx did not show consistent seasonal
behavior; however, respiratory hospital admissions were not strongly distinguished by
high O3 levels in the summer. The lowest NOx concentrations occurred in months with
maximum photochemical activity. There were 31 more hospital admissions in the fall, 29
in winter and 32 in spring than in summer, if other factors were kept constant. This study
provides evidence for the need of developing additional plans for protection against
respiratory illnesses and for setting improved air quality standards in this region.

1

This chapter is currently in review by the Environmental Research Journal.
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4.1. Introduction
Previous studies have shown that nitrogen oxides (NOx) and ozone (O3) pose major risks
to public health (Blanchard and Tanenbaum 2003; Torres-Jardon and Keener 2006;
McConnell et al. 2010; Namdeo et al. 2011). While there has been a steady decline in
NOx emissions typically below the National Ambient Air Quality Standard (NAAQS), O3
levels have consistently exceeded the national standard in many areas (Godish 2004;
Williams et al. 2009; USEPA 2010). Lower levels of NOx can result in higher O3 levels
(Kelly et al. 2011). Nitrogen oxides comprise a mixture mainly of nitric oxide (NO) and
nitrogen dioxide (NO2) (Samet and Utell 1990; Brook et al. 2004; WHO 2003). They
form in the atmosphere through the reaction of lightning with molecular oxygen and
other processes involving naturally occurring nitrogen and volatile organic compounds
(VOCs) (Sillman 1999; Godish 2004; Brown et al. 2006); however, emissions from
anthropogenic sources exceed natural sources (Godish 2004). In the eastern United States,
vehicular traffic contributed more than half the total NOx emissions. Therefore,
concentrations are known to be higher in heavily travelled areas (Godish 2004; Tramuto
et al. 2011; Washam 2011).

Ground-level O3 comes from two major sources: regionally from the upper stratosphere
via convection movements (Godish 2004), and locally by photochemical reactions. The
latter is largely dependent on NOx concentrations that act as a catalyst in cycles to
produce O3 and to oxidize VOCs (Brown et al. 2006; Song et al. 2011). With the addition
of RO2, a reactive oxygen-containing molecule such as a VOC, NO is consumed when
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oxidized to NO2, increasing O3 formation in bright sunlight or high energy radiation
(Atkinson 2000; Seinfeld and Pandis 2006; Yerramilli et al. 2011). Many VOCs produced
by photochemical reactions are short-lived or may be found in trace amounts well below
the detection limit of current sampling methods (Godish 2004); however, NOx rapidly
interconvert within minutes to hours (Seinfeld and Pandis 2006; Wei et al., 2007;
Sadanaga et al. 2008; Geddes et al. 2009).

Although NOx and O3 have varied reaction properties, they may cause similar acute and
chronic effects to certain systems and organs in the human body, ranging from minor
upper respiratory irritation to chronic and acute respiratory infections (Fusco et al. 2001;
Peel et al. 2005; Orazzo et al. 2009; Ji et al. 2011; Washam 2011). They can aggravate
pre-existing heart, lung disease and asthmatic conditions causing premature mortality and
reduced life expectancy (WHO 2003; Peters et al. 2009; Qian et al. 2010; Kan et al.
2010). The production of NO under oxidative stress conditions secondarily generates
strong oxidizing agents and reactive nitrogen species that may modulate the development
of chronic airway diseases and/or amplify inflammatory response (Ricciardolo et al. 2004;
Ji et al. 2011). Clinical data indicate that NOx and O3 levels cause adverse physiologic
responses and functional deficits from effects on airways and chronic respiratory
conditions in both healthy individuals and asthmatic patients (Samet and Utell 1990;
Torres-Jardon and Keener 2006; Orazzo et al. 2009; Ji et al. 2011). Fewer studies,
however, have analyzed NOx and O3 (Godish 2004) to characterize the underlying
mechanisms of toxicity and respiratory impacts from the perspective of spatial and
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seasonal patterns (Ito et al. 2007). In addition, many monitoring networks lack local
information, particularly for traffic-generated pollutants known to vary on small scales
(Kan et al. 2010; Giles et al. 2011).

The health-based O3 standard has been exceeded in many states (Sillman 1999; Godish
2004) including New Jersey (Madsen and Mottola 2003), where 19 and 29 unhealthy O3
pollution days occurred in 2004 and 2005, respectively (NJDEP 2006). In central and
northern New Jersey, average O3 levels greater than 0.06 ppm, caused emergency room
(ER) visits 28% more frequently, suggesting that O3 can have serious health effects at
levels below the EPA standard (0.075 ppm/8-hour period) (Weisel 1995; Madsen and
Mottola 2003; USEPA 2010). This chapter assesses the impact of NOx and O3 on human
health due to the influence of local meteorology in the Hackensack Meadowlands. It may
provide insight and consequent alleviation of respiratory and inflammatory airway
diseases through further reduction of targeted gas-phase pollutants. It will also highlight
the fundamental mechanisms driving NO when altered under atmospheric conditions, its
role in enhancing O3 concentrations and potential health effects that are not fully studied
in New Jersey.

4.2. Materials and Methods
4.2.1 Study Site
The Meadowlands District is located in northeastern New Jersey, a heavily industrialized
and densely populated region of the United States. It comprises residential developments
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and occupies 83 square kilometers approximately four miles west of New York City (Fig.
4.1). The prevailing winds are from the northwest in winter. On summer days, winds are
usually from the southwest laden with air pollutants from the Washington, Baltimore and
Philadelphia metropolitan areas. Air pollution in the Meadowlands has worsened with
extensive highways and transit systems (Madsen and Mottola 2003), such as Route 46 in
the east, Routes 1 and 9, and a freight rail line in the south, the Port Authority TransHudson (PATH) commuter rail lines; and Route 17, Pascack Valley Line and Kingsland
rail line in the west.

Figure 4.1 Map of study site showing situation of monitoring station in
proximity to highways and pollutant source regions.
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4.2.2 Sampling Methods
To obtain ambient concentrations of NOx and O3, a 42i-D NOx analyzer (Thermo
Electron Corporation, Franklin, MA) and 49i O3 analyzer (Thermo Electron Corporation,
Franklin, MA), were installed on the roof of the Meadowlands Environmental Research
Institute (MERI) at Lyndhurst, New Jersey (41ºN, 74ºW), ~ 1 km away from major
highways from June 1, 2007 to May 31, 2008. Air was pumped into the instruments from
inlets. To assure data reliability, the analyzers were calibrated bi-weekly (Munger et al.
1998). Inevitably, there were minor gaps in data collection resulting from routine
instrument calibrations.

Nitrogen oxides were measured by chemiluminescence and O3 by ultraviolet photometric
absorption. Hourly averaged data were derived from the 5-minute interval data. Based on
the Chauvenet's criterion, the data point in each 1-hour range was treated as an outlier if it
fell outside the 3 times standard deviation from the mean: 0.006%, 0.17% and 0.03%, for
O3, NO and NOx, respectively. Consistent with EPA guidelines for NO2 and O3, 8-hour,
daily and yearly averages were generated from the hourly averaged data. A valid day was
defined as one with at least 75% of the possible 8-hour averages. Any day less than 75%
complete was considered valid only if the daily maximum was greater than the standard
(www.epa.gov).
4.2.3 Meteorological and Public Health Data
Meteorological data from the Lyndhurst site were supplemented with data from Weather
Underground (www.underground.com). The primary meteorological variables were
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temperature, wind speed, wind direction and barometric pressure. The daily counts of
both emergency department (ED) and hospital admission data were obtained from the
New Jersey Department of Health and Senior Services (NJDHSS). Health records that
contained International Classification of Diseases, Ninth Revision (ICD-9) clinical
modification codes, were made available after approval by NJDHSS by the Institutional
Review Board (IRB). Since the data included non-confidential hospital records,
individual identifiers were not necessary and IRB approval was granted without consent
from patients.

Respiratory conditions for both newly diagnosed and chronic cases were considered for
specific zip codes in the Meadowlands with ICD-9 diagnosis codes for the following
fourteen conditions: acute upper respiratory infections of multiple unspecified sites [465]
acute bronchitis and bronchiolitis [466], chronic sinusitis [473], other diseases of upper
respiratory tract [478], bronchitis (not specified as acute/chronic) [490], chronic
bronchitis [491], emphysema [492], asthma [493], bronchiectasis [494], extrinsic allergic
alveolitis [495], chronic airways obstruction, not specified elsewhere [496], respiratory
conditions due to other and unspecified external agents [508], other respiratory diseases
of the lung [518] and other diseases of respiratory system [519]. The number of ED visits
and hospital admissions were determined by summing the daily counts of each health
condition using only primary diagnoses.
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4.2.4 Data Analyses
Data analysis was conducted with SAS 9.2 and MINITAB 16 software packages; SPSS
18.0 was used for intermediate data processing. Time-series analysis using stepwise
multiple regression was applied to reduce potential confounding bias in the association
between air pollution and seasonal fluctuations in health outcomes, day-of-week,
weekend effects and meteorological factors. The dependent variable, total number of
hospital admissions for all respiratory illnesses and the independent variables, NOx and
O3, were linked by day to estimate possible relationships. This approach has been central
to the regulatory policy process and has provided epidemiological evidence used to
evaluate the risks of air pollution levels (Dominici et al. 2004; Ainslie and Steyn 2007).

The effect between exposure and response can be spread over several days; lag analyses
were automated since admissions on a single day may be influenced by exposure to air
pollution both on that day and preceding days. A lag of 0 days corresponds to the
association between NOx and O3 levels on a given day and risk for hospital admission on
that day. This was followed by tests of up to five lag days to allow better comparisons for
greater insight into the relationship between the concentration of each pollutant and
hospital admission (Steib 2009). It suggests adverse short-term health effects of O3 and
NOx in relation to day-to-day variations at varying levels of significance based on time of
day, ambient meteorology, etc. (Brook et al. 2004; Dominici et al. 2004).

4.3. Results and Discussion
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4.3.1 Seasonal Variations
Low O3 concentrations occurred from September to May during which NOx displayed a
single moderate peak. There was a broad O3 peak from June to August. Conversely, NOx
concentrations were at their lowest during the summer months but did not display a
strong seasonal pattern (Fig. 4.2), probably attributed to poor dependence on
meteorological conditions (Khoder 2009; Smith et al. 2011). Similarly, NO and NO2
consisted of a moderate winter maximum and summer minimum (Khoder 2009; Bigi and
Harrison 2010; Smith et al. 2011). In a source-apportionment study conducted by
Guttikunda and Gurjar (2011), pollutant concentrations including NOx, were invariably
40% to 80% higher in winter. Smith et al. (2011) observed higher NO2 levels in winter
apparently when anthropogenic sources play a greater role in NOx build-up than
meteorological conditions. Enhanced seasonality may be partly attributed to increased
fossil fuels for domestic heating and commuting. Traffic emissions (NO) are converted to
NO2 while the photochemical formation of O3 is inhibited by the lack of intense solar
radiation (Sadanaga et al. 2008; Geddes et al. 2009).

69

Figure 4.2 Temporal variations of the daily average O3 and hospital admissions
over the one-year period (June 1, 2007 to May 31, 2008). Ozone displays summer
maximum and winter minimum with pronounced variations in the colder months
with no apparent comparison to hospital admission trends.
The relationship between O3 and NOx is non-linear. O3 molecules produced per molecule
of NOx consumed or production efficiency increases as NOx decreases (Seinfeld and
Pandis 2006; Yerramilli et al. 2011). Maximum photochemical generation and O3
production in summer has made it difficult for local and regional regulatory agencies to
meet a stringent 8-hr O3 standard (Williams et al. 2009). Therefore, assessing uncertainty
of future estimates related to photochemical processes and NOx sources remains a
challenge. Nevertheless, quantifying the magnitude and chemical evolution of NOx is
fundamental to our understanding of the health impact of anthropogenic emissions.

4.3.2. Seasonal Effect on Hospital Admissions
The greatest effect of air pollution on respiratory hospital admissions is evident in the
winter season, consistent with previous investigations. Figure 4.3 (a) shows a steady
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increase in hospital admissions in winter, followed by a gradual decrease in spring (Fig.
4.3b) and fluctuations in summer (Fig. 4.3c). In the fall (Fig. 4.3d), hospital admissions
showed an increasing trend followed by a slight decrease. The average respiratory
hospital admissions were 564 (fall), 560 (winter), 584 (spring) and 549 (summer). When
compared to summer, there were approximately 23, 18 and 31 more individuals
hospitalized everyday in the fall, winter and spring, respectively. These results are
consistent with previous studies utilizing multiple approaches to analyze both long- and
short-term air pollution data. Qian et al. (2010) found statistically significant (p<0.05)
cause-specific respiratory mortality in generalized additive models that estimated the
seasonal effect of air pollution including NO2, over a four-year period in China. They
showed a clear seasonal pattern with the strongest effects in winter.

Kan et al. (2010) in natural-spline, single- and multi-pollutant models over a four-year
time-series study, found more pronounced associations between air pollution, including
NO2 and O3, in the cool season than in the warm season. Seasonal variations for health
effects of NO, NO2, O3 and NOx were observed in a multilevel logistic regression model
for respiratory symptoms with no obvious differences in health when winter air pollution
was generalized (Linares et al., 2010). In contrast, Jariwala et al. (2011) analyzed a oneyear data set of daily NOx, O3, SO2, and pollen counts at seven major Bronx hospitals in
New York City and, similar to the present study, found increased health effects in winter,
spring and fall. The spring peak also coincided with high tree pollen counts; however,
Rossi et al. (1993) observed much higher ED visits in winter than in summer in Finland,
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and found no association with airborne pollen levels. Instead, the most significant
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correlations were found between asthma visits and NO2 levels over the one-year period.
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Figure 4.3 Time series of hospital admissions show (a) pronounced increase in the
winter, (b) fluctuations in the spring and (c) summer seasons, and (d) an
increase followed by a gradual decrease in the fall season.
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In Leipzig, Germany, Mutius et al. (1995) found that NO2 exacerbated respiratory health
problems in winter when concentrations were at their highest. Daily mean NOx
concentrations showed a significant association with upper respiratory illnesses in winter,
although concentrations only slightly exceeded those in summer. A previous study in
Munich showed that NOx might irritate the lung by altering the immune system. Human
volunteers who inhaled weakened influenza virus after exposure to NOx were more
susceptible to infection than a control group that did not inhale NOx (Mutius et al. 1995).
Abe et al. (2009) measured daily air pollution levels including NOx and meteorological
data in Tokyo and observed that colder temperatures were related to an increased risk for
significant exacerbation of asthma in adults necessitating ED visits. Furthermore, NOx
decreases the ability to generate antibodies when challenged by pathogens, reducing the
ability of the respiratory system to remove foreign particles such as bacteria and viruses
from the lung, particularly in the cold season (Abe et al. 2009). The inflammatory
response to infections exacerbated by oxidants and aggravated symptoms can lead to an
increase in respiratory-related hospital admissions (Fusco et al. 2001).

4.3.3. Air Pollution Concentrations and Daily Hospital Admissions
The gradual increase in hospital admissions during the winter and fall seasons might be
associated with higher NO2 concentrations. There was an increasing trend in the monthly
mean NO2 concentrations and a corresponding significant increase in hospital admissions
for respiratory illnesses during the same period (Fig. 4.4a-b). Increased NO2
concentrations can cause changes in lung function and susceptibility to lung-related
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illness in children and the elderly (Mutius et al. 1995; Abe et al., 2009). The present study
did not examine the age-related effect of air pollutants; however, daily gaseous pollutant
levels may be associated with hospital respiratory admissions at all ages, and may be
more severe without the increased use of medication by asthmatic subjects, which
effectively mask the adverse effects, especially of O3 (WHO 2003).

Figure 4.4 Respiratory hospital admissions show (a) a corresponding increase
with monthly NO2 concentrations (b) from late fall through early spring season. .
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The association between air pollutant concentrations and health effects may occur at
different time lags that spread over several days, depending on response and exposure
(Steib 2009). The number of admissions on a single day may be influenced by exposure
to air pollution on the same day or up to four days later, further explained under
Section 2.3.4. In this study, one unit increase in O3 at 2 lag days was associated with an
increase in hospital admission by almost 0.7 units, and 0.56 for NOx, if other variables
were kept constant. Ozone and NOx are known to induce lung function impairment and
airways inflammation during episodes of elevated concentration (WHO 2003; Grineski et
al. 2010; Kelly et al. 2011).

Weisel et al. (1995) compared the mean O3 on one and two previous days: lag 24 and lag
48 (hours), respectively using a stepwise multiple regression analysis and found no
significant relationship between O3 exposure and ED visits in time lags during the five
year period. Similar findings were observed in Rome on the event day (Forastiere et al.
2005). Chan et al. (2009) found no statistical significance in the effect of air pollutants,
including O3 on ED visits, up to two lag days. Conversely, in Canada O3 was most
consistently associated with respiratory hospital ED visits up to two lag days (Steib et al.
2009). In addition, estimates from the National Morbidity, Mortality and Air Pollution
Study (NMMAPS) reported 0.41% increase in mortality associated with an increase of 10
ppb (20μg/m3) in daily O3 concentrations on the same day in the summer. A larger effect
was found at lag 2, independent of other pollutants.
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4.3.4. Weekend Effect on Hospital Admissions
Consistent with previous studies including the Meadowlands, the average NOx
concentrations were lower on weekends than on weekdays (Song et al. 2011); the
opposite was true for O3 concentrations (Fig. 4.5). This weekend cycle indicates a
possible negative influence of NOx on O3 due to elevated VOC concentrations, a
phenomenon commonly known as the "weekend effect" (Paschalidou and Kassomenos
2004; Khoder 2009; Song et al. 2011). Changes in the timing and location of emissions
and meteorological factors play smaller roles in weekend O3 behavior but temperature
differences might modify rather than explain the weekend effect (Munger et al. 1998).
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Figure 4.5 Diurnal variations of NOx and O3 on weekdays and weekends.
The O3 peak is similar for both weekdays and weekends whereas NO, NO2
and NOx display much smaller morning peaks on weekends than on weekdays.
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The weekend cycle, however, did not correlate with hospital admissions as a response to
higher O3 concentrations in the study area; 166 more people were admitted to the hospital
on weekdays than on weekends. This difference might not be attributed to the relative
proportions of air pollutant concentrations per se but may be explained by varying
hospital staffing levels, usually lower on weekends than on weekdays, despite a
presumably consistent day-to-day burden of respiratory diseases (Bell and Redelmier
2001; Arabi et al. 2006). Based on staffing levels, it is also uncertain whether hospital
admissions differ according to severity of a respiratory illness or whether personal factors
affect the way respiratory patients are admitted on weekends versus weekdays such as the
choice to remain at home on weekends.

4.3.5. Meteorological Factors and Hospital Admissions
Concentrations of NOx and O3 vary temporally and spatially with local meteorological
parameters (Abe et al. 2009; Khoder, 2009). In health effect models, Ito et al. (2007)
analyzed spatial variations, temporal relationships, extent and nature of multi-collinearity
among air pollutants including O3 and NO2 at multiple monitors in New York City from
1999-2002. They concluded that the health effects regression on pollutants would provide
better results if analyzed by season with the most meaningful results for asthma cases (Ito
et al. 2007). This limitation was corrected in the present study to link meteorological and
seasonal variations in air pollution concentrations to health effects.
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The results showed that one unit increase in relative humidity and barometric pressure
was associated with a decrease in hospital admissions by 0.52 and 32, respectively;
however, these variables indirectly influenced hospital admissions primarily through the
effect of wind speed. The coefficient corresponding to barometric pressure was very high
in numerical value due to its small range (29.41 - 30.66), making one unit change very
sensitive to hospital admissions. Low temperature (discussed in section 4.1. above) and
wind speed, appeared to have the greatest effect on air pollutant concentrations and
consequently, respiratory hospital admissions. Temperature differences partly explain the
opposing trends in NOx and O3 concentrations, either amplified or diminished by a
summer maximum and winter minimum. Obviously, the lowest temperatures occurred
from December to February (Fig. 4.6a), when NOx concentrations were highest and O3
concentrations were lowest.

(b)

(a)

Figure 4.6 Meteorological parameters: temperature (a), show a decreasing trend and wind
speed (b), show an increasing trend and from June 1, 2007 to May 31, 2008.
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In a time series analysis and multivariable-adjusted autoregressive integrated moving
average model, Abe et al. (2009) compared daily ED visits for asthma with air pollution
levels including NOx and meteorological data. They found that minimum temperatures
were significantly associated with air pollution increase and exacerbation of asthma,
requiring emergency care (Abe et al. 2009).

The lowest wind speeds were observed in late July to September when O3 concentrations
peaked (Fig. 4.6b). Conversely, the highest wind speeds occurred when O3 concentrations
declined to a minimum, generally from October to May. Wind speed explained more than
43% variability of NO2 concentrations. The prevailing southwesterly winds were most
dominant from December through February, corresponding to the highest peak in NOx
concentrations and hospital admissions. With one unit increase in wind speed, two
additional individuals were admitted to the hospital for respiratory illnesses. When the
lag 2 value of O3 was proportionate to hospital admissions; that is, when O3 increased by
one unit, hospital admissions also increased by one unit.

Kim et al. (2004) conducted a school-based cross-sectional study in the San Francisco
Bay Area in a two-stage multiple logistic regression model. Associations were found
between respiratory symptoms and exposure to relatively low traffic-related air pollutants
including NOx and NO2. The downwind direction was an important determinant of
increased exposure to traffic pollutants (Kim et al. 2004). Ainslie and Steyn (2005) made
observations of higher downwind O3 concentrations in a multiple linear regression model.
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In the present study, this was particularly true for periods with prevailing southwesterly
winds from east coast urban areas, which presumably enabled the transport of precursor
pollutants over hundreds of miles downwind from their original emission sources, and
later transformed them into O3. These trans-boundary characteristics make the study of
O3 a more complex problem as well as a challenge to attain in-state controls and federal
O3 standard (Farrell et al. 1999, Sillman 1999).

4.3.6. Statistical Analysis
Associations among meteorological parameters, O3, NOx and respiratory hospital
admissions were analyzed in a three-stage modeling strategy. A multiple linear regression
equation was fitted by entering or removing the “candidate variables” in a stepwise
manner to arrive at a set of variables with the greatest strength of prediction. The best
possible subset of predictors that explain variability in hospital admission was selected in
sequence and fitted in both forward and backward stepwise regression. This process was
finalized by the goodness of fit of the regression model, established by several diagnostic
analyses of residuals and partial correlation graphs that confirm multi-collinearity.
Similar methods were used in previous air pollution and health related studies (Weisel et
al. 1995). The regression model was given as
y = β0 + βixi + β2x2+β3x3 + …+ βpxp + ε
where y is the dependent variable (respiratory hospital admissions), xi is the ith
independent variable, βi is the regression coefficient, β0 is the intercept, p is the number of
independent variables, and ε is the error term with mean zero. The final model (R2) is:
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Hospital admissions = 1310.926 + 165.798 weekday - 0.456 relative humidity - 29.758
barometric pressure + 0.742 O3 lag 2 + 0.538 NOx + 30.607 fall + 28.612 winter +
32.089 spring + 0.459 NOx lag 5
After deleting all missing values, the first model selected explained 69% of the total
variability. In the diagnostic test, all residuals were along a straight line but the histogram
did not display complete symmetry due to a few outliers; however, the normal
distribution of residuals fit well and confirmed the assumption of constant variance and
independence. The outlier detection identified 5 leverages and 8 large standardized
residuals.

Table 4.1 Model summary of variables associated with hospital admissions

1

Variable

Model 1

Model 2

Model 3

Hospital Admission
Weekday
Relative humidity
Barometric pressure
O3 lag 2
NOx
NOx lag 4
Fall
Winter
Spring
NOx lag 5
R21

1441
156
- 0.73
- 33.0
1.26
0.43
69.0%

1417.5
165.2
- 0.52
- 32.18
0.57
22.97
18.48
31.37
80%2

1311
166
- 0.46
- 29.76
0.74
0.54
30.61
28.61
32.09
0.46
81% 3

Variability of hospital admissions explained
344 data pts without lag values
3
295 data pts with lag values
2
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Figure 4.7 Boxplots of respiratory hospital admissions on weekday and
weekends. (1) = weekday or the day is neither Saturday nor Sunday,
(0) = weekend or the day is either Saturday or Sunday.
When compared to other weekdays, there were 4 unusually low (Fig. 4.7) and a few
missing values of O3, NOx, NO and NO2, that occurred on holidays (Fig. 4.8). These were
combined with the weekend variable; however, 14 unusually high values among the
leverage values of O3, NOx, NO and NO2; presumably caused by calibration problems,
were removed from the analysis to avoid bias. In the second model, we used 344 data
points (Table 4.1) excluding the original 7 missing values and 15 outliers detected in the
first model.

There was no problem of multi-collinearity and the p-value was less than .0001,
confirming a good fit (Figs. 4.9; 4.10). Additional variables: weekday/weekend factor, 5
lag days for O3, 5 lag days for NOx, and 4 seasons were included to estimate their
influence on hospital admissions.
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Figure 4.8 Boxplots of O3, NO, NOx and NO2 depicting the
distribution of each variable over the study period.
Weekday explained more than 77% of variability in hospital admissions, followed by
spring with 1% and the remaining 7 factors altogether explained approximately 80%
variability in hospital admissions (R2 = 0.804). Finally, air pollutants with lags, were
added with weather variables in the third model.

Figure 4.9 Residual diagnostic Q-Q plot for hospital admissions. All
residuals are along a straight line.
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Time lags (0 to 5 days) between daily pollution concentration and daily respiratory
admissions were tested. Unusually high values corresponding to lag values of NOx and
O3 were ignored, leaving 295 data points. Altogether, NOx lag 5, fall, winter, O3 lag 2,
barometric pressure, NOx and relative humidity explained more than 80% of total
variability in hospital admissions (Table 4.1).

Figure 4.10 Residual diagnostic distribution of hospital admissions.
The symmetrical histogram plot of residuals confirms the normality
assumption.
The path model (Fig. 4.11) illustrates the relative dependence of respiratory hospital
admissions on the key air pollutants and meteorological variables. Since O3 had the least
overall direct impact on respiratory hospital admissions, it was eliminated from the final
model.
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Among the pollutants, NO2 showed the strongest association with hospital admissions. Of
the meteorological factors, wind speed had the strongest effect on hospital admissions but
this association was strongly influenced by wind direction as well.

Figure 4.11 Path analysis of predictors of respiratory hospital admissions.
Model R = .421, F =12.623, p =.0001. The most significant pollutant predicting
respiratory hospital admissions was NO2 and the meteorological parameter with
the greatest effect was wind speed.
4.4. Conclusions
The statistical associations between levels of individual or combined gaseous air
pollutants and hospital admissions are attributable to respiratory diseases. We agree with
previous studies, that though useful, a complete analysis of the effect of atmospheric
changes on air pollutants and hospital admissions for respiratory symptoms is a challenge.
This is mainly due to the multiple variables related to health outcomes which no single or
combined model can completely take into account. With consideration of some
multifactorial effects linked to air pollution exposure, however, meaningful conclusions
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about the health impacts can be drawn. Although the present study could not completely
corroborate the significant associations between outdoor NOx and O3 concentrations with
adverse health outcomes, it presents evidence that is adequately consistent, coherent, and
plausible. It demonstrates that at ambient levels, NOx and O3 may be enhanced by certain
meteorological conditions with resultant health effects.

Personal exposure to respiratory health problems show association for O3 concentrations
in the summer but there is a stronger association for NOx in the fall, winter and spring
seasons. This finding is consistent with previous studies; however, despite the O3
production efficiency which limits precursor pollutants, NO2 seemed to have a greater
overall effect on respiratory hospital admissions, a valuable contribution to current air
pollution literature. Variations in O3 occurred by season and specific time of day, with the
highest concentrations in the summer and early afternoon, whereas traffic-related
pollutants, NO and NO2, spiked mainly during rush hour and in cold weather conditions.
Future studies should incorporate pollen and other health effects data to further confirm
these findings.
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Chapter 5: Conclusions
5.1. Overall conclusions and contributions
First, this study demonstrated that ambient levels of PM and O3 may be enhanced by
certain meteorological conditions with resultant health effects. The positive relationship
between temperature and PM, and the statistical significance of logPM2.5, r=0.22 (p=0.04)
and logPM10 concentrations, r=0.5, (p=0.0001) suggest that there may be a higher health
risk with exposure to PM due to its temperature-dependence. This finding supports the
proposal for improved air quality standards. In addition, more than one averaging period
may be established for pollutants based on short-term variations, particularly for O3. This
would address the challenge faced by local and regional regulatory agencies to meet the
current 8-hr O3 standard and for states that appear to be in compliance because time
periods during which people are at risk are masked by periods when O3 production is
negligible. By limiting the averaging period(s) to times when maximum pollutant
concentrations are observed, health effects can be reduced through more stringent
monitoring, assessment and warning systems.

Second, in both time series and statistical models, there was evidence of an association
between respiratory hospital admissions and air pollutant levels, whether in particle or
gas-phase. The positive and statistically significant relationship between hospital
admissions and both logPM10 and NO2, r=0.5, (p=0.0001) may have future policy
implications. Apparently, PM and O3 concentrations were mainly dependent on
meteorological factors whereas anthropogenic sources seemed to play a greater role in the
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elevation of NOx concentrations. Although the production efficiency of O3 is known to
impose limits on its precursor pollutants (NOx), a significant relationship was evident
between hospital admissions and NO2. This finding is a valuable contribution to current
air quality literature since the impact of NO2 may intensify as cities continue to expand
and an over-dependence on motor vehicular transport becomes likely. In addition, the
stronger association with NO2 and respiratory health problems in the cold season is
consistent with previous studies and is attributable to increased fossil fuel consumption.

Third, this study addressed the limitation acknowledged in national and regional studies
that employ large-scale data collection methods from central monitoring stations, where
spatial variability due to local meteorology and location has been overlooked. As
mentioned in chapter three, previous studies have indicated that air pollution may vary
within a single city as much as across different cities. At a single sample site,
observations represent the unique qualities of both the local area and each sampling event.
This is particularly true for PM measurement which is labor intensive and data from
multiple sites may be cumbersome, presenting additional complexities. Although the
health effects may be more distinguishable when the combined effects of pollutants are
considered at a common location, however, it would be beneficial to analyze air pollution
effects from multiple sites in future to compare the findings of the present study.
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Fourth, the strong O3 seasonal pattern may not always be indicative of a greater health
risk on the same day of exposure, particularly in summer. In Newark, the most significant
respiratory health effect of O3 occurred at 1 lag day. With an increase of 0.01ppm in O3,
there was a corresponding increase in hospital admissions by 2.16% (95% CI: 0.72, 3.59).
Similar observations were made in the Meadowlands but a stronger association was
observed at 2 lag days, where hospital admissions increased by 0.7 (95% CI: 0.25, 1.23)
with one unit increase in O3. These findings confirm previous research that employed
several statistical methods to analyze these relationships in similar urban settings. On the
other hand, consistent with the conclusion drawn in previous studies, due to the number
of variables related to health outcomes, no single or combined model could completely
take all factors that influence air quality and respiratory hospital admissions into account.
The findings in this study may contribute to a better understanding of the basic
mechanisms that are linked to air pollutant concentrations and their short-term health
effects.

Finally, this research emphasized that a study of the linkages between meteorological
conditions and air pollution on a local scale play a vital role in communicating complex
physical characteristics of atmospheric modeling in a simplistic manner. These
relationships must be understood to further elucidate pollution parameters and potential
health risks to maximize the effectiveness of anti-pollution initiatives. The analysis of
spatio-temporal effects in the study area may allow the design of a future health and
weather risk-warning system. It has practical value and may be useful in complementing
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epidemiological studies that show statistical associations between air pollutants and
hospital admissions for respiratory problems without establishing a cause-effect
relationship.

5.2. Recommendations for future research
To expand this research, additional PM data analysis should be conducted to further
investigate the seasonal variations and chemical composition of ambient PM in Newark.
The present work was limited by a pilot study, although a subsequent one-year PM data
set was collected at this site. Further analysis will provide stronger evidence of the
association between meteorological parameters and public health.

Pollen data should be obtained to assess the chemical composition and toxicity of
ambient air pollutants among high-risk populations through methods that adequately
adjust for confounding factors. Such methods should distinguish concurrent respiratory
responses to air pollutants from other outdoor exposures including fungal spores and
additional meteorological factors. These important considerations will explain the
etiological relationship between factors influencing ambient air pollutants and public
health that remain unclear to the respiratory physician. In addition, further study of the
complex interactive effects of weather, air pollution and other outdoor agents would
provide greater insight into the relative contribution of each factor to hospital admissions.
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Additional scientific investigations of this nature can establish improved standards for
sulfates, the most dominant chemical component in ambient PM in New Jersey and other
areas of the US North East Coast. These investigations will support an improvement of
the National Ambient Air Quality Standards that seek to protect public health. Future
studies of particle and gas-phase pollutants both in Newark and in the Meadowlands can
inform policy makers regarding the need for more practical regulations that effectively
reduce the risk to air pollution exposure throughout urban areas in New Jersey.
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Appendices
Appendix I. Computations for principal component analysis
A-1. Descriptive statistics for all variables
A-2. Stepwise Regression Model for (a) ozone using the original independent variables,
(b) logOzone, (c) logNO2
A-3. Pearson correlation matrix of independent variables
A-4. Rotated principal component loadings (Rotation method: varimax with Kaiser
normalization)
A-5. Final calculations for partial regression model
A- 1: Descriptive statistics for all variables
TEMP
HUM
PRESS
WIND
NO
NO2
OZONE
logOZONE
logNO2

N

Minimum

Maximum

Mean

Std. Deviation

344

16.00

88.00

55.00

16.77

344

25.00

90.00

61.52

13.98

344

29.41

30.66

30.02

0.23

344

1.00

18.00

6.31

3.20

344

0.22

39.89

5.70

6.03

344

3.29

37.37

15.64

7.20

344

0.24

55.56

22.05

11.57

344

-0.61

1.74

1.26

0.32

344

0.52

1.57

1.14

0.21

A-2a: Stepwise regression model for ozone using the original independent variables
Predictors
Coefficient
p-value
Adjusted R
square

Constant
241.792
0.001

TEMP
0.388

HUM
-0.361

PRESS
-7.364

WIND
0.422

NO

NO2
-0.253

0.059

0.000

0.000

0.001

0.022

0.017

0.506

0.258

0.453

0.489

0.508

0.515

0.514
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A- 2b: Stepwise regression model for log(ozone) using the original independent variables
Predictors
Coefficient
p-value
Adjusted R square

Constant

TEMP

6.480

HUM

0.009

0.001

PRESS

-0.011

WIND

-0.172

NO

0.015

NO2
-0.018

0.009

0.000

0.000

0.006

0.002

0.000

0.000

0.166

0.408

0.443

0.483

0.520

0.536

A- 2c: Stepwise regression model for log(NO2) using the original independent variables
Predictors
Coefficient
p-value
Adjusted R square

Constant

TEMP

HUM

PRESS

0.004

0.090

WIND

NO

-1.775

0.000

-0.019

0.015

0.165

0.555

0.000

0.030

0.000

0.000

0.003

0.151

0.228

0.412

0.530

A- 3: Pearson correlation matrix of independent variables
TEMP
TEMP

HUM

1.000

HUM

PRESS

WIND

NO

NO2

.172

-.272

-.290

-.110

.073

1.000

-.303

-.244

.273

.330

1.000

-.215

.140

.115

1.000

-.475

-.526

1.000

.683

PRESS
WIND
NO
NO2

1.000

A- 4. Rotated principal component loadings (Rotation method: varimax with Kaiser
normalization) Predictors: TEMP, HUM, PRESS, WIND, NO, NO2
Principal Component
1

2

3

4

5

6

TEMP

.973

.070

-.141

-.070

-.148

.026

HUM

.073

.963

-.166

.112

-.100

.134

PRESS

-.143

-.163

.967

.053

-.116

.050

WIND

-.179

-.112

-.134

-.214

.918

-.224

NO

-.091

.127

.060

.902

-.219

.333

NO2

.037

.161

.058

.348

-.240

.889

1.015

1.013

1.007

1.000

0.993

0.972

16.916

16.882

16.778

16.671

16.548

16.206

16.916

33.797

50.575

67.246

83.794

100.000

Eigenvalue
% of
Variance
Cumulative %
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A-5. Final calculations for the partial regression model
Zscore(logOZONE)=.432PC1-.422PC2-.133PC3-.365PC4+.162PC5-.034PC6
C1=.973 Zscore(TEMP)+.073 Zscore(HUM)-.143 Zscore(PRESS)-.179 Zscore(WIND)
-.091 Zscore(NO)+.037 Zscore(NO2)
C2=.07 Zscore(TEMP)+.963 Zscore(HUM)-.163 Zscore(PRESS)-.112 Zscore(WIND)
+.127 Zscore(NO)+.161 Zscore(NO2)
C3= -.141 Zscore(TEMP)-.166 Zscore(HUM)+.967 Zscore(PRESS)-.134 Zscore(WIND)
+.06 Zscore(NO)+.058 Zscore(NO2)
C4= -.07 Zscore(TEMP)+.112 Zscore(HUM)+.053 Zscore(PRESS)-.214 Zscore(WIND)
+.902 Zscore(NO)+.348 Zscore(NO2)
C5= -.148 Zscore(TEMP)-.1 Zscore(HUM)-.116 Zscore(PRESS)+.918 Zscore(WIND)
-.219 Zscore(NO)-.24 Zscore(NO2)
C6=.026 Zscore(TEMP)+.134 Zscore(HUM)+.05 Zscore(PRESS)-.224 Zscore(WIND)
+.333 Zscore(NO)+.889 Zscore(NO2)
Zscore(logOZONE)=.41029 Zscore(TEMP)-.414408 Zscore(HUM)
-.16144 Zscore(PRESS)+.2222 Zscore(WIND)
-.476916 Zscore(NO)-.255798 Zscore(NO2)
Final General Partial Regression Model:
Log(OZONE) = 2.085584 + .007906 TEMP -.009584 HUM -.01629 PRESS +.022426
WIND -.025547 NO -.011489 NO2
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Zscore(logNO2)=.046PC1+.511PC2+.306PC3+.115PC4-.409PC5
C1=.972 Zscore(TEMP)+.074 Zscore(HUM)-.142 Zscore(PRESS)-.177 Zscore(WIND)
-.080 Zscore(NO)
C2=-.07 Zscore(TEMP)+.135 Zscore(HUM)+.063 Zscore(PRESS)-.254 Zscore(WIND)
+.956 Zscore(NO)
C3= .073 Zscore(TEMP)+.968 Zscore(HUM)-.163 Zscore(PRESS)-.120 Zscore(WIND)
+.139 Zscore(NO)
C4= -.141 Zscore(TEMP)-.162 Zscore(HUM)+.967 Zscore(PRESS)-.134 Zscore(WIND)
+.064 Zscore(NO)
C5= -.157 Zscore(TEMP)-.110 Zscore(HUM)-.122 Zscore(PRESS)+.934 Zscore(WIND)
-.236 Zscore(NO)
Zscore(logNO2)= .077234 Zscore(TEMP)+ .394957 Zscore(HUM)
+.136886 Zscore(PRESS) -.57207 Zscore(WIND)
+.631254 Zscore(NO)

Final General Partial Regression Model:
Log(NO2) = .55519229 + .00098969 TEMP + .006073206 HUM + .009186 PRESS
- .03839 WIND + .02248296 NO
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Appendix II: Satellite image of downtown Newark

Appendix III. Satellite image of the Meadowlands District (Inset: MERI)
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Appendix IV. PM Sampling platform on roof of Bradley Hall, Rutgers-Newark

Appendix V. Formula used for mass concentrations of particulate matter
Cf =
Cc =

-

Cf

Ct = Cf + Cc
Where:

Cf = mass concentration [μg/m3] of fine particle fraction
Cc = mass concentration [μg/m3] of coarse particle fraction
Ct = mass concentration [μg/m3] of PM10
Mf = mass [μg] collected on fine particle fraction filter
Mc = mass [μg] collected on coarse particle fraction filter
Vf = volume [m3] of air sampled through fine particle fraction filter
Vc = volume [m3] of air sampled through coarse particle fraction filter
Vt = volume [m3] of air sampled through fine and coarse particle fraction
filter
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Appendix VI. Correlation matrix of weather variables, pollutants and admissions
Bivariate Correlations
Temp
Temp

Pearson Correlation

1

Sig. (2-tailed)
N
Hum

Press

Wind

Ozone

NO

NOx

NO2

Pearson Correlation

366
.159

.002

N

366

NO

NOx

NO2

Press

Wind

.159**

-.285**

-.270**

.530**

-.161**

-.077

.036

-.001

.002

.000

.000

.000

.002

.148

.495

.990

366

366

366

359

359

359

359

366

1

**

**

**

**

**

**

.021

**

Sig. (2-tailed)

Ozone

Hum

-.303

-.243

-.339

.188

.249

.263

Admissions

.000

.000

.000

.000

.000

.000

.691

366

366

366

359

359

359

359

366

-.285**

-.303**

1

-.200**

-.206**

.176**

.158**

.103

-.057

Sig. (2-tailed)

.000

.000

.000

.000

.001

.003

.052

.280

N

366

366

366

366

359

359

359

359

366

**

**

**

1

**

**

**

**

-.017

Pearson Correlation

Pearson Correlation

-.270

-.243

-.200

Sig. (2-tailed)

.000

.000

.000

N

366

366

366

.530**

-.339**

Sig. (2-tailed)

.000

N

Pearson Correlation

Pearson Correlation

.152

-.417

-.521

-.523

.004

.000

.000

.000

.752

366

359

359

359

359

366

-.206**

.152**

1

-.382**

-.357**

-.250**

-.092

.000

.000

.004

.000

.000

.000

.083

359

359

359

359

359

359

359

359

359

**

**

**

**

**

1

**

**

.217**

.000

.000

.000

-.161

.188

.176

-.417

-.382

.909

.604

Sig. (2-tailed)

.002

.000

.001

.000

.000

N

359

359

359

359

359

359

359

359

359

Pearson Correlation

-.077

.249**

.158**

-.521**

-.357**

.909**

1

.882**

.317**

Sig. (2-tailed)

.148

.000

.003

.000

.000

.000

.000

.000

N

359

359

359

359

359

359

359

359

359

Pearson Correlation

.036

.263**

.103

-.523**

-.250**

.604**

.882**

1

.359**

Sig. (2-tailed)

.495

.000

.052

.000

.000

.000

.000

N

359

359

359

359

359

359

359

359

359

**

**

**

1

Admissions Pearson Correlation

-.001

.021

-.057

-.017

-.092

Sig. (2-tailed)

.990

.691

.280

.752

.083

.000

.000

.000

N

366

366

366

366

359

359

359

359

**. Correlation is significant at the 0.01 level (2-tailed).

.217

.317

.000

.359

366
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